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Conference 9797:  
Bioinspiration, Biomimetics, and Bioreplication VI
Monday - Tuesday 21–22 March 2016
Part of Proceedings of SPIE Vol. 9797 Bioinspiration, Biomimetics, and Bioreplication 2016

9797-1, Session 1

Challenges for biomimetic night time 
sky polarization navigation (Keynote 
Presentation)
Javaan S. Chahl, Michael Lucas, Univ. of South Australia 
(Australia)

Studies on dung beetles have shown them to use the polarization pattern 
cast by the moon in the night sky to control heading. Additional heading 
cues are of value to autonomous systems, since the earth’s magnetic field 
is not uniform, often not available and is substantially modified by local 
phenomena. Our team has demonstrated flight control using a polarization 
compass in daylight conditions. As we develop the technology to achieve 
the same behavior at night, our requirements analysis has revealed some of 
the additional complexities created by low light levels.

Our data shows that unlike daytime conditions, at night the characteristics 
of illuminators on the ground strongly affect the polarization signal. From 
our data is it clear that insect navigation using the sky polarization pattern 
is likely to be disrupted at night near cities. The effect of atmospheric 
conditions combined with terrestrial illumination magnifies the effect, 
substantially modifying the sky polarization pattern observed at low 
altitude. We will show our data and demonstrate the distortions of the 
navigation heading solution that are generated by large nearby artificial 
light sources. In addition to the required low-light sensitivity of a night 
time polarization compass, additional complexities caused by the relative 
intensity of terrestrial sources must be overcome. We will show that the end 
result will tend to be a less reliable compass than the equivalent day time 
device.

9797-2, Session 2

Superior visual performance in nocturnal 
insects: neural principles and bio-inspired 
technologies (Invited Paper)
Eric J. Warrant, Lund Univ. (Sweden)

At night, our visual capacities are severely reduced, with a complete loss 
in our ability to see colour and a dramatic loss in our ability to see fine 
spatial and temporal details. This is not the case for many nocturnal animals, 
notably insects. Our recent work – particularly on fast-flying moths and bees 
and on ball-rolling dung beetles – has shown that nocturnal animals are able 
to distinguish colours, to detect faint movements, to learn visual landmarks, 
to orient to the faint pattern of polarised light produced by the moon and 
to navigate using the stars. These impressive visual abilities are the result 
of exquisitely adapted eyes and visual systems, the product of millions of 
years of evolution. Nocturnal animals typically have highly sensitive eye 
designs and visual neural circuitry that is optimised for extracting reliable 
information from dim and noisy visual images. Even though we are only 
at the threshold of understanding the neural mechanisms responsible 
for reliable nocturnal vision, growing evidence suggests that the neural 
summation of photons in space and time is critically important: even 
though vision in dim light becomes necessarily coarser and slower, it also 
becomes significantly more reliable. In collaboration with Toyota (to develop 
new types of low-light video technologies) we explored the benefits of 
spatiotemporal summation by creating a computer algorithm that mimicked 
nocturnal visual processing strategies. This algorithm dramatically increased 
the reliability of video collected in dim light – including the preservation of 
colour – strengthening evidence that summation strategies are essential for 
nocturnal vision.

9797-3, Session 2

The influence of active vision on the 
exoskeleton of intelligent agents
Theodore B. Terry, Patrice Smith, Walden Univ. (United 
States)

Chameleonization occurs when an intelligent agent’s active vision scans 
the surface of which it is perched causing the exoskeleton to changes 
colors exhibiting a chameleon effect. Intelligent agents having the ability 
to adapt to their environment and exhibit key survivability characteristics 
of its environments would largely be due in part to the use of active vision. 
Active vision would allow the intelligent agent to scan its environment 
and adapt as needed in order to avoid detection. The intelligent agent 
would have an exoskeleton which would change based on what it landed 
on or was perched upon, this is known as the “chameleon effect.” Not in 
the common sense of the term, but from the techno-bio inspired meaning 
as addressed in our previous paper. Active vision, utilizing stereoscopic 
color sensing functionality would enable the intelligent agent to scan an 
object within its close proximity, determine the color scheme, and match 
it; allowing the agent to blend with its environment. Through the use of its 
optical capabilities, the intelligent agent would be able to further determine 
its position, taking into account spatial and temporal correlation and spatial 
frequency content of neighboring structures further ensuring successful 
background blending. The complex visual tasks of identifying objects, using 
edge detection, and image filtering and feature extraction are essential for 
an intelligent agent to gain additional knowledge about its environmental 
surroundings.

9797-4, Session 3

Butterfly proboscis as a fiber-based self-
cleaning micro fluidic system (Invited 
Paper)
Kostya Kornev, Peter Adler, Charles E. Beard, Suellen 
Pometto, Golnaz N. Tomaraei, Clemson Univ. (United 
States)

Butterfly proboscis is a flexible fiber serving as a feeding device for 
almost 160,000 species of butterflies and moths. Evolution, organization 
and functionality of this feeding device are poorly understood, though 
its materials and fluid engineering design is attractive especially for 
making artificial probes. Using X-ray phase contrast imaging, high speed 
optical imaging and magnetic probes we were able to discover complex 
mechanisms of food uptake, proboscis self-cleaning, and self-repair. 
Theoretical studies of wettability of complex shaped proboscises allowed 
us to understand the role of surface morphology and elastocapillarity. Using 
the basic principles of proboscis functioning, we designed and produced 
flexible fiber-based probes for analysis of minute amount of fluids. Yarns 
made of nanofibers with double porosity have extraordinary ability to probe, 
deliver, and sense different fluids. 

9797-5, Session 3

Bioinspired functional materials (Invited 
Paper)
Cordt Zollfrank, Technische Univ. München (Germany)

Bioinspired materials research is a continuously growing field in 
interdisciplinary materials science and –engineering with large potential for 
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novel functional materials]. Biotemplating is a technique, which employs 
naturally occurring structured resources (plant tissue, wood, lignocellulosics, 
beetle and butterfly scales, microorganisms, algae, bacteria, viruses etc.) 
and processed materials (paper, cardboard, fiberboard, composites) as 
starting materials for the manufacturing of inorganic compounds. Natural 
structures and composites used as biotemplates are therefore promising for 
the formation of patterned and hierarchically structured inorganic functional 
and structural materials. Owing to their structural diversity, natural materials 
can be used at various levels from the molecular scale up to complex three-
dimensional parts. The replication of structural details of complex biological 
tissues over several levels of hierarchy down to the nanometer level is still 
a major challenge. The biological templates need to be (made) accessible 
for the precursor materials down to nanometers, and the desired inorganic 
replica often require a final (high-) temperature treatment with the danger 
of collapse of the nanostructure. The presentation introduces the current 
knowledge about the replication of hierarchical biological materials into 
structural and functional inorganic with the special emphasis on wood 
as a template. It will be shown that hierarchical replication down to the 
nanoscale requires a careful pre-preparation of the biological template, 
followed by elaborate template infiltration via gas or liquid phases and 
their transformation into a solid material, and finally, the gentle removal of 
the template. Not very surprisingly, retaining the replicated material in an 
amorphous or nanocrystalline state is a key-requirement for a successful 
nanoscale replication of biological materials.

9797-6, Session 3

Enhancing the physical properties of 
Kevlar through vapor phase infiltration
Mato Knez, Ana Zuzuarregui, Itxasne Azpitarte, CIC 
nanoGUNE Consolider (Spain)

Polyaramides, such as Kevlar ®, are of great technological importance 
for their extraordinary mechanical performance. Kevlar fibers are used in 
personal safety, for reinforcement of tires and ropes, and in further material 
composites that require extreme mechanical stability. The origin of the 
mechanical robustness of Kevlar lies in the alignment on the molecular 
level and the intermolecular interactions of the constituting amides. The 
properties of the polymer are dependent on the environmental conditions. 
Similar to proteins, elevated temperatures and/or irradiation with UV light 
lower the performance of the aramide. 

Nature shows an efficient way to reinforce biopolymers from the mechanical 
point of view. This natural way is based on incorporation of metal ions 
into the protein structure, which results in enhancement of the inter- or 
intramolecular bonding. Soft structures can thus be turned hard or vice 
versa by simply controlling the presence and amount of metal ions inside 
the biopolymer.

In our approach we apply solvent free vapor phase infiltration techniques 
for impregnating polyaramides with metal ions or metal oxides with the 
purpose of achieving extraordinary physical properties. We will show that 
the procedure is the method-of-choice for stabilizing the thermal sensitivity 
of Kevlar while at the same time introducing protection against UV-induced 
degradation and electrical conductivity which such polymers intrinsically do 
not possess.

9797-9, Session 4

Lightweight, damage resistance of the 
Allomyrina Dichotoma beetle forewing
Ngoc San Ha, Nam Seo Goo, Konkuk Univ. (Korea, 
Republic of)

Lightweight and high strength materials and structures are increasingly 
being used in transportation especially aerospace vehicles, buildings and 
construction, body armor and protection systems. Therefore, the demand 
for novel optimized lightweight structures that are capable of withstanding 

high loadings in harsh environments is urgent. Nature is a good lesson to 
learn for design of advanced materials and structures with the properties 
of low weight, high intensity, and high damage resistance. In this study, 
the mechanical properties of Allomyrina dichotoma beetle’s forewing was 
investigated based on a standard tensile test machine and digital image 
correlation technique. In addition, the macro-/micro-structure of the surface 
texture and cross-section structure of beetle forewing were examined by 
using Scan Electron Microscope (SEM) and optical microscopy. The results 
showed that the beetle’s forewing is three-dimensionally reinforced by 
trabecular structures and this structure greatly increases damage resistance. 
Furthermore, a finite element model was developed to investigate the effect 
of trabecular structures on the damage resistance.

9797-10, Session 4

3D printing of ultrasonically arranged 
hierarchical composites
Thomas M. Llewellyn-Jones, Richard S. Trask, Bruce 
Drinkwater, Univ. of Bristol (United Kingdom)

Introducing short fibre microscale reinforcements into 3D printed parts is of 
current interest to improve the structural properties of polymer based rapid-
prototyping components. However, most existing methods are based on 
fused filament fabrication printing, wherein the reinforcement orientation is 
confined to the toolpath due to shear forces at the extrusion nozzle. In order 
to have full control of the distribution and orientation of the reinforcement, 
an alternative to fused filament fabrication printing is presented, based on 
stereolithographic printing techniques. 

In this work, microscale glass fibres were suspended in a photocurable resin 
system, which was placed in the cavity of an acoustic manipulation device. 
This was then placed on the build platform of a 3D printer with a 405nm 
laser mounted to the carriage, which selectively cured regions of the resin 
system. 

To include reinforcements in stereolithographic printing, an ultrasonic 
manipulation rig is included to orient the fibres within the resin tank prior to 
polymerisation of the host medium. An array of piezoceramic transducers 
outside the manipulation cavity were used to produce the correct standing-
wave field for the desired reinforcement arrangement. Due to the short 
timescales associated with reorienting the fibres via acoustic radiation 
forces (~5 seconds), the patterning of the fibres can be altered mid-layer, 
allowing for production of rapid prototypes with complex reinforcement 
architectures without interfering with tool pathing. Different length scale 
reinforcements can be aligned orthogonally by tailoring the acoustic 
frequency along each axis appropriately, enabling production of biomimetic 
hierarchical structures aimed at improving stress transfer between the 
fibrous reinforcement and the polymer matrix. 

9797-11, Session 4

Hard x-ray imaging to reveal the three-
dimensional microstructure of soft and 
hard tissues
Anna Khimchenko, Georg Schulz, Simone E. Hieber, Univ. 
Basel (Switzerland); Samiul Hasan, microworks GmbH 
(Germany); Christos Bikis, Univ. Basel (Switzerland); Bert 
Müller, Univ. Basel (Switzerland) and Biomaterials Science 
Ctr. (Switzerland)

X-ray imaging in absorption mode is well established to visualize calcified 
tissues such as bone and teeth. Soft tissues such as brain are better imaged 
using magnetic resonance imaging, but the spatial resolution is too low 
to identify individual biological cells within the three-dimensional tissue. 
Therefore, materials scientists developed staining protocols as well as 
dehydration and embedding procedures to visualize the microstructures of 
interest such as the blood vessels down to the capillary level. To the best of 
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our knowledge, we have been the first team that has visualized individual 
Purkinje cells in human cerebella by means of a conventional microCT-
system (nanotom ® m, GE, Wunstorf, Germany) without contrast agent.

More recently, X-ray imaging in phase contrast mode has been applied 
to uncover the anatomy of tissues down to the micrometer scale. These 
data exhibit much better contrast than the ones from conventional CT-
systems. In this communication, we present how a grating interferometer is 
incorporated into a commercially available microCT-system (nanotom ® m, 
GE, Wunstorf, Germany) to extend the capabilities toward phase contrast. 
Such an interferometer consists of a phase and an absorption grating with 
micrometer periodicities to be precisely positioned. The performance of the 
interferometer is quantified using polymeric phantoms (polyoxymethylen, 
polypropylen, polyvinylchloride, polyetheretherketone). Furthermore, we 
demonstrate the superior contrast of soft tissues in selected spiders (Hogna 
radiate and Xysticus erraticus).

Consequently, hard X-ray imaging provides a sound basis for bio-inspiration 
and bio-mimetics and allows for the quantitative comparison of bio-
fabricated products with their natural counterparts.

9797-12, Session 4

Experimental and simulation evaluation of 
additively manufactured titanium-polymer 
composites
Sajedeh Nasr Esfahani, Mohsen Taheri Andani, Narges 
Shayesteh Moghadam, Univ. of Toledo (United States); 
Reza Mirzaeifar, Virginia Polytechnic Institute and State 
Univ. (United States); Mohammad H. Elahinia, The Univ. of 
Toledo (United States)

Titanium (Ti) alloys are one of the most extensively used metals for 
bio-medical applications, specifically in making implants. Compact bone 
stiffness is between 12-20 GPa, while the stiffness of the Ti implants are 
about 80 GPa. This difference in the stiffness results in stress shielding of 
the bone and stress concentration at the implant. Adding porosity to a 
dense Ti structure is a method to reduce the stiffness of structure and avoid 
the stress shielding. However, making the structure porous decreases the 
toughness in the meantime. 

The goal of this work is to study the effect of adding polymer to the porous 
Titanium on the toughness of manufactured Titanium-polymer composite. 
A series of porous structures are made using additive manufacturing 
technique. Then, three different types of thermoplastic polymers with 
different levels of toughness are selected for making the composite parts. 
Porous Ti is filled with these polymers and composite parts are created. 
Compression tests are performed on both porous and composite parts 
and their mechanical behaviors are compared. In order to study the 
effect of pores structure and the polymer properties on the toughness of 
manufactured composites, a set of finite element simulations are conducted 
on different structures. Simulation and experimental findings indicate 
that filling porous Ti with thermoplastic polymer results in increasing the 
toughness of the structure by a specific percentage depending on the 
toughness of the thermoplastic polymers. The presented results can be used 
for designing polymer-composite structures with pre-defined mechanical 
properties to satisfy the particular needs of various applications. 

9797-13, Session 4

Fabrication of hierarchical arrays by 
sacrificial layer mediated nanoimprinting 
for biomimetic dry-adhesion
Hemant K. Raut, Avinash Baji, Hong Yee Low, Singapore 
Univ. of Technology & Design (Singapore)

No Abstract Available

9797-14, Session 5

Bio-inspired approach to modeling urban 
building density
Yilong Han, John Taylor, Virginia Polytechnic Institute and 
State Univ. (United States)

Cities represent the highest concentration of energy use and the built 
environment is the major contributor to the fast growing world energy 
consumption. High-density urban development are often considered more 
efficient and economic in terms of urban land use, infrastructure systems, 
and environmental preservation of urban cities. However, the Inter-Building 
Effect due to rapid urbanization may exert tremendous pressure on resource 
supply difficulties within high-density building networks. We observed the 
self-regulating phenomenon of plant density in the plant networks that 
results from intra-species competition for limited resources, such as space, 
sunlight, water, and nutrients. Inspired by this phenomenon and through 
a building-plant analogy, we proposed a bio-inspired solution for urban 
building network planning and development that considers limited energy 
and resource supply. We examined our hypotheses through parametric 
analysis of hypothetical building network models with different density 
levels. We found that, to a limited extent, increases in building network 
density resulted in higher energy efficiency. However, we found that energy 
efficiency starts to decline once the density surpasses a threshold. This 
research provides a unique bio-inspired perspective on urban building 
networks design and planning. 

9797-15, Session 6

Characteristics of a biological-inspired 
hovering flapping wing micro air vehicle
Quoc-Viet Nguyen, Marco Debiasi, Woei-Leong Chan, 
National Univ. of Singapore (Singapore)

This work presents flight performance and measurement of forces, power 
consumption, and wing kinematics of a hovering Flapping Wing Micro Air 
Vehicle (FW-MAV) named Temasek Laboratories FlowerFly (TL-FlowerFly). 
The TL-FlowerFly has four wings driven by only one motor, and can create 
double wing clap-and-fling effects for one flapping cycle. The TL-FlowerFly 
with a wing span of 22 cm from wing tip-to-wing tip and weight of about 17 
grams is fully equipped with an onboard battery, a vision system or camera 
and video transmitter, and a radio system including three servos for control 
of motor speed and pitch-, yaw-, and roll-motion. The TL-FlowerFly can 
perform flight of vertical take-off and landing, forward and backward flight, 
left and right flight, and rotation around its body axis. 

We improved the original design by modifying the original gearbox such 
that the linkage mechanisms were placed outside the frames, and the 
wings were attached to the couplers instead of output link as in the original 
gearbox. The modified gearbox can produce a nearly sinusoidal flapping 
angle, which is more close to the sinusoidal function, that help to reduce the 
angular acceleration or wing inertia. Thus we expect that the TL-FlowerFly 
can endure longer flight than the original FW-MAV due to lower power 
consumed by wing inertia. Double wing clap-and-fling effects are also 
created at the end of each half stroke in the modified gearbox. Powered by 
an onboard single cell LiPo battery (70 mAh, 3.7 V), the TL-FlowerFly can 
endure five minutes in hovering flight with video downlink. 

Concurrently, measurement and synchronization of flapping forces, power 
consumption, and wing kinematics captured by high speed cameras have 
been measured and synchronized by a Hall Effect sensor to characterize the 
flapping performance of the TL-FlowerFly.

Conference 9797:  
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9797-16, Session 6

Pitch, roll, and yaw moment generator for 
insect-like tailless flapping-wing MAV
Hoang Vu Phan, Hoon Cheol Park, Konkuk Univ. (Korea, 
Republic of)

Unlike the flight principles of conventional aircrafts, insects generate 
aerodynamic forces in an unsteady aerodynamics environment at low 
Reynolds number. Although both bird and insect flights are essentially 
based on flapping wings, there are important differences from each other. 
For most birds except hummingbird, useful aerodynamic forces are mostly 
produced during downstroke. On the other hand, insects produce lift and 
thrust during downstroke as well as upstroke. Moreover, birds use stabilizers 
located at the tail to control and change their attitudes during flight. Lacks 
of control surfaces at the tail, most insects flap their hind wings to create lift 
as well as thrust and control forces for flight and maneuvering. Insects have 
abilities to manipulate its wing kinematics by actively changing flapping 
angle, flapping frequency, stroke-plane angle, and wing rotational angle 
during flapping motion. However, mimicking those complex wing kinematics 
manipulation abilities is not trivial for insect-like tailless flapping-wing MAV.

In this work, we present a control moment generator, which is called 
Trailing Edge Change (TEC) mechanism, for attitudes change in insect-like 
tailless flapping-wing MAV. The control moment generator was combined 
to the flapping-wing mechanism, which transfers the rotary motion of 
an installed motor to large flapping wing motions by the combination of 
four-bar linkage and pulley-string mechanism. This TEC mechanism is able 
to manipulate the wing kinematics by adjusting the wing roots location 
symmetrically or asymmetrically. Therefore, the mean aerodynamic force 
center of each wing is relocated and control moments are generated as a 
result. To evaluate the force and moment generation, a series of experiments 
were performed using a 6-axis load cell. In addition, the flapping-wing 
MAV integrated with the TEC mechanism was installed to a home-built 
three degree-of-freedom (DOF) gimbal frame to investigate the ability 
of generating control moments. The measurement by the load cell and 
demonstration in the gimbal frame proved that the TEC mechanism is 
effective to produce control moments. Finally, an open-loop free flight test 
with a passive stabilizer was conducted to verify the possibility of control 
flight.

9797-17, Session 7

Bio-inspired, color-tunable, mechano-
responsive photonic fibers (Invited Paper)
Mathias Kolle, Joseph D. Sandt, Marcus Urann, 
Massachusetts Institute of Technology (United States); 
Peter Vukusic, Univ. of Exeter (United Kingdom)

Photonic fibers are playing a significant role in many applications where the 
manipulation of light is crucial, including biomedical sensing and imaging, 
laser surgery, white light laser devices, or communication and information 
processing technology. Conventional photonic fibers are fabricated by 
thermal drawing. This process imposes stringent requirements on the 
constituent materials’ thermal and mechanical properties, thereby severely 
limiting the library of suitable components and ultimately restraining the 
resulting fiber’s functional scope. Here, we present a novel approach for 
the formation of elastic, mechano-sensitive, color-tunable photonic fibers 
that are mimicking the structural aspects of a biological photonic system 
found in the blue seed coat of a tropical plant. The photonic fibers consist 
of an elastomeric multilayer cladding, rolled onto a stretchable core fiber 
at room temperature. The fibers show up to 95% transverse reflectivity. The 
fiber’s reflection band can be tuned by applying an axial strain or a lateral 
compression. An axial elongation of initially red fibers to about twice their 
original length results in a shift of the reflected color via orange, yellow, and 
green to blue. This phenomenon is reversible and persists even after several 
thousand cycles of deformation. Potential applications for the mechano-
responsive, color-tunable photonic fibers include the optical sensing of 
strain and stress distributions in medical and civil engineering applications, 

solvent vapor analyzers, dynamic textiles, and components for fiber-optic 
signal processing. 

9797-18, Session 7

A self-assembled, reconfigurable 
“compound eye” from an smectic liquid 
crystal on a curved interface (Invited 
Paper)
Kathleen Stebe, Univ. of Pennsylvania (United States)

The interplay of elasticity, surface properties and defect structures grant 
liquid crystals (LCs) their unique properties, exploited in settings from 
displays to sensors. In smectic-A LCs, the anisotropic LC molecules are 
arranged in parallel layers. Under appropriate conditions, the geometric 
defects focal conic domains (FCDs) form. The spatial arrangement of 
molecular layers within these structures allows each FCD to act as a gradient 
refractive index lense [1]. We created a self-assembled structure of FCDs 
on a curved interface, by simply casting a thin film of smectic A LC on a 
micropost array. The structure resembles a flower [2,3], where each petal is 
a FCD, radially distributed around the center (the micropost). The structure 
also resembles an insect’s compound eye, an array of microlenses on a 
curved interface. We characterized the structure’s optical properties [4] and 
the FCD distribution on interfaces with different Gaussian curvature [5]. 
The micro-lenses have a regular distribution of sizes and focal lengths, with 
the largest and most asymmetric lenses closest to the micropost, and the 
smallest, far away. This arrangement makes the structure sensitive to light 
polarization. Notably, the lenses can be regenerated by melting and cooling. 
We thus demonstrate a simple, one-step route to create a self-assembled 
array of smectic microlens on a curved interface.

9797-19, Session 7

Rejoice in unexpected gifts from parrots 
and butterflies
Akhlesh Lakhtakia, The Pennsylvania State Univ. (United 
States)

New biological structures usually evolve from gradual modifications 
of old structures. Sometimes, biological structures contain hidden 
features, possibly vestigial. In addition to learning about functionalities, 
mechanisms, and devices readily apparent in nature, one must be open as 
well to uncovering hidden features. This aspect of engineered biomimicry 
will be illustrated with optical structures of psittacine and lepidopteran 
provenances.

9797-20, Session 7

Bioinspired photonic nanostructures via 
3D direct laser writing
Julia Purtov, Leibniz-Institut für Neue Materialien gGmbH 
(Germany) and Univ. des Saarlandes (Germany); Elmar 
Kroner, Leibniz-Institut für Neue Materialien gGmbH 
(Germany)

Many animals and plants have developed surfaces with highly specialized 
functions. Prominent examples for such biological functional surfaces 
are optically active nanostructures. For instance, insects evolved various 
textures having remarkable effects, including anti-reflective moth-eye 
structures or structural colors of butterflies and beetles. Although these 
unique functions are of great interest for industrial application, the three 
dimensional structures are often too complex to fabricate in the required 
dimensions in order to mimic the functionality found in biology.

Conference 9797:  
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In our work we present highly ordered bioinspired photonic structures 
fabricated via a precise lithography technique. The features were fabricated 
directly from a monomeric system and cover a large range of feature 
sizes. The shape and optical behavior of the bioinspired structures were 
characterized using scanning electron microscopy, UV-Vis measurements 
and optical microscopy, showing very similar properties in comparison to 
the natural counterpart. The advantage of the applied fabrication technique 
is the easy adjustment of the geometric parameters of interest. These 
bioinspired features may lead to a wide range of applications, for example in 
sensing concerns.

9797-21, Session 8

Biomimetic artificial sphincter muscles: 
status and challenges (Invited Paper)
Vanessa Y. F. Leung, Bert Müller, Univ. Basel (Switzerland)

Fecal incontinence is the involuntary loss of bowel content and affects 
more than 12 % of the adult population, including 45 % of retirement home 
residents. Severe fecal incontinence is often treated by implanting an 
artificial sphincter. Currently available implants, however, have long-term 
reoperation rates of 95 % and definitive explantation rates of 40 %. These 
statistics show that the implants fail to reproduce the capabilities of the 
natural sphincter and that the development of an adaptive, biologically 
inspired implant is required.

Dielectric elastomer actuators (DEA) are being developed as artificial 
muscles for a biomimetic sphincter, due to their suitable response time, 
reaction forces, and energy consumption. However at present the operation 
voltage of DEAs is orders of magnitudes too high for medical applications. 
To reduce the operating voltage by, for example, two orders of magnitude, 
research efforts have been directed towards modifying the elastomers’ 
dielectric permittivity. The alternative, physics-based approach that we 
follow is to reduce the thickness of the elastomer layer to the nanometer 
level. This approach reduces the operation voltage from kilovolts to tens of 
volts. To reach the necessary forces, however, thousands of DEAlayers have 
to be stacked.

As DEAs can also provide sensory feedback, a biomimetic sphincter can be 
designed in accordance with the geometrical and mechanical parameters 
of the natural counterpart. This communication covers the current status 
and a perspective on the way forward, including the long-term prospects 
of constructing a smart sphincter from low-voltage sensors and actuators 
based on nanometer-thin dielectric elastomer films. The availability of such 
technology will enable fast pressure adaption comparable to the natural 
feedback mechanism, so that tissue atrophy and erosion can be avoided 
while maintaining continence during daily activities.

9797-22, Session 8

Biomimetic photo-actuation: progress and 
challenges
Michael P. M. Dicker, Paul M. Weaver, Jonathan M. Rossiter, 
Ian P. Bond, Charl F. J. Faul, Univ. of Bristol (United 
Kingdom)

Photo-actuation, such as that observed in the reversible sun-tracking 
movements of heliotropic plants, is produced by a complex, yet elegant 
series of processes. In the heliotropic leaf movements of the Cornish Mallow 
(Lavatera cretica L.) photo-actuation involves the generation, transport and 
manipulation of chemical signals from a distributed network of sensors in 
the leaf veins to a specialised osmosis driven actuation region in the leaf 
stem. It is theorised that such an arrangement is both efficient in terms of 
materials use and operational energy conversion, as well as highly robust. 
Our research is concerned with understanding and mimicking these light 
driven, chemically controlled actuating systems with the aim of generating 
smart structures which share the properties of efficiency and robustness 
that are so important to survival in Nature. In this work we present recent 

progress in mimicking these photo-actuating systems through remote light 
exposure of photo-acids and bases, and the resulting signal and energy 
transfer through solution to pH-responsive hydrogel actuators. Experimental 
and modelling results are shown, highlighting both the progress that has 
been made in replicating the principles of biomimetic photo-actuation, 
as well as the challenges that exist in implementing these concepts in 
reversible systems and scalable devices. It is anticipated that this research 
can directly lead to the development of high-performance, reliable and low-
cost solar-trackers for increased photovoltaic energy capture. In the future 
the principles of chemical control of compliant hydrogel actuators could be 
applied in new classes of smart structures and in the field of soft robotics.

9797-23, Session 8

3D printed wrist joint actuated by TCP 
muscles for use in humanoids, prosthetics, 
and autonomous robots
Abhijeet Narwal, Yonas Tadesse, The Univ. of Texas at 
Dallas (United States)

This paper describes the design, analysis and experimental studies of a 
novel wrist joint, which facilitates 3DOF motion using artificial muscles, to 
perform human like motion. The artificial muscles are made from Twisted 
and Coiled Polymer (TCP) based on silver-coated nylon precursor fibers. 
The wrist design consists of a special mechanism, which converts the linear 
contraction motion of the TCP artificial muscles into circular motion. The 
actuation system consists of two sets of counter muscles, which actuates 
and relaxes simultaneously, facilitating spring action during actuation to 
support the structure of the mechanism. The muscles are actuated by 
resistive heating using electrical power source, the heat generated causes 
contraction in muscle fibers and cooling after the removal of electric 
current recovers the muscle to original state. The paper also discusses the 
fabrication and characterization of the actuating system in detail including 
the performance of the TCP muscles, fabrication techniques and associated 
training methods for better performance. 

9797-24, Session 8

Bio-inspired solid-state SMA actuated 
robotic arm
Cody A. Wright, Onur Bilgen, Old Dominion Univ. (United 
States)

One of Shape Memory Alloys (SMAs) salient features is its ability to produce 
high amounts of work while displacing small amounts of volume; making it 
ideal for applications where actuation is necessary and space is critical -- the 
human anatomy is one of those systems. Using the human musculoskeletal 
system as inspiration for design, kinematic and kinetic simulations and 
analysis are performed on a single-axis compliant hinge robotic arm using 
antagonistic SMA actuation. Structural mechanical analysis is conducted 
from a finite element method approach on a compliant joint to produce a 
bio-inspired hinge to absorb forces and store energy, characteristics that 
typical robotic systems tend to lack. A phenomenological heat transfer 
model is employed to monitor and control the temperature-dependent 
hysteresis cycle during actuation. The coupled heat transfer-kinetic 
model with compliant hinge is validated through fabrication of the single 
degree-of-freedom robotic arm. PID control is applied to test position 
and load tracking using the common gambit of input signals. The results 
are compared with historical literature of the bio-mechanics of the upper 
arm, specifically the Biceps-Triceps brachii antagonistic pair, under a 
variety of loading conditions. Following comparison, the advantages and 
disadvantages of a design based on the human musculoskeletal system are 
discussed. This initial investigation into so called solid-state SMA actuation 
lays the groundwork for a future solid-state multiple-degrees-of-freedom 
robotic system.
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9797-26, Session 9

Wireless feedback control using cochlea-
inspired sensing architecture
Courtney Peckens, Hope College (United States); Jerome 
P. Lynch, Univ. of Michigan (United States); Ireana Cook, 
Hope College (United States)

Wireless feedback control applications have been plagued with many 
challenges, such as communication latency and computational inundation, 
thus prohibiting their widespread deployment. This work seeks to overcome 
some of those challenges by drawing inspiration from processing techniques 
employed by the mammalian cochlea. A bio-inspired wireless sensor node 
was developed that employs analog filtering techniques and asynchronous 
sampling to perform time-frequency decomposition and compression of 
a signal, similar to the cochlea. This bio-inspired sensing architecture is 
extended to a feedback control application on a four-story partial-scale 
shear structure that is seismically excited and controlled via active mass 
actuators. 

9797-27, Session 9

The impact of uropygial gland secretions 
on mechanically induced wearing of 
feather keratin
Benjamin M. Ott, Annika Müsse, Hermann Wagner, RWTH 
Aachen Univ. (Germany)

Bird feathers are remarkable structures – light but yet durable providing 
insulation and the ability of flight. Owls are highly specialized birds of prey, 
widely known for their ability to fly silently which is enabled by (micro-) 
structural specializations of the feathers. The barn owl replaces feathers 
less frequently in comparison to other same sized birds like pigeons, 
indicating a much better resistance against material fatigue of these delicate 
microstructures. We used axisymmetric drop shape analysis (ADSA) of 
water drop contact angles as a non-destructive method of characterizing 
wearing processes in feathers. We hypothesized that feathers become more 
wettable when worn. We also investigated the impact of ethanol treatment 
in order to remove fatty residues of the uropygial gland secrections, barn 
owls and pigeons use for preening, on ageing processes. Ethanol treatment 
resulted in a slight, but significant increase of water repellency in barn owl 
but not in pigeon flight feathers. Our preliminary data also suggest that the 
uropygial gland secretions decelerate the wearing process of the feather 
keratin. We observed this effect in both species, however, it was more 
distinct for barn owl uropygial gland secretions.

The results of this study, obtained by contact angle measurements used as 
a non-destructive evaluation method of material fatigue, yield insights into 
the material fatigue of feathers and the decelerating effect of uropygial 
gland secretions on wear on the other hand.

9797-28, Session 10

A predictive model for biomimetic plate 
type broadband frequency sensor
Riaz Ahmed, Sourav Banerjee, Univ. of South Carolina 
(United States)

In this work, predictive model for a bio-inspired broadband frequency 
sensor is developed. Broadband frequency sensing is essential in many 
domains of science and technology. One great example of such sensor 
is human cochlea, where it senses a frequency band of 20 Hz to 20 KHz. 
Developing broadband sensor adopting the physics of human cochlea has 
found tremendous interest in recent years. Although few experimental 
studies have been reported, a true predictive model to design such sensors 
is missing. A predictive mode is utmost necessary for accurate design of 

selective broadband sensors that are capable of sensing very selective band 
of frequencies. Hence, in this study, we proposed a novel predictive model 
for the cochlea-inspired broadband sensor, aiming to select the frequency 
band and model parameters predictively. Tapered plate geometry is 
considered mimicking the real shape of the basilar membrane in the human 
cochlea. The predictive model is intended to develop flexible enough that 
can be employed in a wide variety of scientific domains. To do that, the 
predictive model is developed in such a way that, it can not only handle 
homogeneous but also any functionally graded model parameters. It has 
been found that, using the homogeneous model parameters, it is possible 
to sense a specific frequency band from a specific portion (B) of the model 
length (L). It is also possible to alter the attributes of ‘B’ using functionally 
graded model parameters, which confirms the predictive frequency 
selection ability of the developed model. 

9797-29, Session 10

Stingray-inspired robot with simply 
actuated intermediate motion
Jack Gaiennie, Lincoln Neely, Nick Noble, Jon Erickson, 
Washington and Lee Univ. (United States)

Batoids, or rays, utilize unique forms of locomotion that may offer 
more efficient techniques of motorized propulsion in various marine 
environments. We present a novel biomimetic engineering design and 
assembly of a stingray-inspired underwater autonomous vehicle (UAV). The 
robot’s locomotion mimics the Dasyatis Americana, or Southern Stingray, 
whose distinction among rays is its intermediate motion, characterized 
by sweeping strokes that propagate between ?-1 wavelength of the fin 
profile in the posterior direction. Though oscillatory (0- ? wavelength) 
and undulatory (>1 wavelengths) ray-based robots have been created, this 
project demonstrates new engineering possibilities in what is, to the best of 
our knowledge, the first intermediately propelled batoid-based robot. 

The robot’s fins were made of silicone rubber, cast in a 3-D printed mold, 
with wingspan of 42 cm (1/2 scale of model organism). Two anteriorly 
placed servomotors per fin were used, all controlled by one Arduino 
microcontroller. Each servomotor oscillated a flexible rod via a cylindrical 
joint, with wirelessly programmable frequency, speed, and front-back phase 
delay. During free-swimming tests, the fin profile developed about ? of a 
wavelength, qualifying for successful mimicry of its biological inspiration. 
The robot satisfactorily maintained straight-line motion, reaching peak 
velocity of 13 cm/s (0.37 body lengths/second) at its optimum flapping 
frequency of 2 Hz. This is the same approximate speed normalized to body 
length achieved by others in two recent batoid-based projects. In summary, 
our robot performed intermediate stingray locomotion with relatively few 
components, which reveals robust potential for innovation of the simple 
intermediate batoid-based UAV.

9797-30, Session 10

Robotic hand with position locking 
mechanism using TCP muscles for 
applications in prosthetic hand and 
humanoids
Lokesh Saharan, Yonas Tadesse, The Univ. of Texas at 
Dallas (United States)

This paper presents a biomimetic, lightweight, 3-D printed, customizable 
robotic hand with position locking mechanism for fingers consisting of 
Twisted and Coiled Polymer (TCP) muscles based on nylon precursor fibers 
as artificial muscles. Previously, we have presented a small-sized biomimetic 
hand using nylon based artificial muscles and fishing line muscles as 
actuators. The current study will focus on an adult-sized prosthetic hand 
with improved design and a position locking system. Energy efficiency is 
always a matter of concern to make compact, lightweight, durable and cost 
effective devices. In natural human hand, if we keep holding objects for 
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long time, we get tired because of continuous use of energy for keeping 
the fingers in a certain position wrapped around an object. Similarly, in 
prosthetic hands we also need to keep feeding energy to artificial muscles 
to hold the object for a certain amount of time, which is certainly not 
energy efficient. In this work we, will describe the design of the robotic 
hand and locking mechanism along with the experimental results on finger 
movements and locking mechanism. A particular application of the new 
design and robotic mechanism for prosthetic hand will be discussed briefly. 

9797-31, Session PTue

Static friction of biomimetic surface 
microstructure of PDMS under wet and dry 
conditions
Haiwu Yu, Hongduo Jia, Ling Gong, Rong Li, Caiping 
Wang, Xiaojie Wang, Institute of Advanced Manufacturing 
Technology (China)

Smooth adhesive pad found among arthropods, amphibians, particularly 
tree frogs, are usually covered with surface microstructure of different 
shape to enhance the attachment abilities on the smooth substrate. During 
the last decade, it has gained more attentions in the development of anti-
slippery systems by mimicking these unique characteristics. In this paper, we 
studied a new amphibian species newt by observing their climbing abilities 
on wet and dry vertical smooth surface, and found that the newts can 
even hang on the surface with an inclination angle more than 90°without 
falling. We investigated the toe pad micro-structured surface of the newt 
by using scanning electron microscopy (SEM), and found that an array 
of polygonal cells with micro-ridges on cell borders exists for the larvae; 
while an array of polygonal cells separated by microgrooves is for the adult. 
Inspired by these features, the biomimetic micro-structured surfaces were 
fabricated using a soft elastomeric material polydimethysiloxane (PDMS). 
Four different microstructures were chosen to study their tribological 
properties with a solid substrate under wet and dry conditions. The patterns 
of the microstructures include round pillar, hexagonal pillar, round pillars 
surrounded by a closed hexagonal ridge, and round pillars surrounded by 
a semi-closed hexagonal ridge. The static friction tests were carried out 
using the multi-functional surface meter TYPE12. The results showed that 
the numerical density of the micro pillar plays a major role in enhancing 
the static friction, which increases with the numerical density for both wet 
and dry conditions. Among the four kind specimens, the specimen with 
round pillars surrounded by a closed hexagonal ridge has the most friction 
enhancement. 

9797-32, Session PTue

Demonstrations of bio-inspired perching 
landing gear for UAVs
Mindy Tieu, Duncan M. Michael, Jeffery B. Pflueger, Manik 
S. Sethi, Kelli N. Shimazu, Tatiana M. Anthony, Christopher 
L. Lee, Franklin W. Olin College of Engineering (United 
States)

Results are presented which demonstrate the feasibility and performance of 
two concepts of biologically-inspired landing-gear systems that enable bird-
sized, unmanned aerial vehicles (UAV’s) to land, perch, and take-off from 
branch-like structures and/or ledges. The first concept follows the anatomy 
of birds that can grasp ahold of a branch and perch as tendons in their 
legs are tensioned. This design involves a gravity-activated, cable-driven, 
underactuated, grasping-foot mechanism. As the UAV lands, its weight 
collapses a four-bar linkage pulling a cable which curls two opposing, multi-
segmented feet to grasp the landing target. Each foot is a single, compliant 
mechanism fabricated by simultaneouly 3D-printing a flexible thermo-
plastic and a stiffer ABS plastic. The design is optimized to grasp structures 
over a range of shapes and sizes. Quasi-static and flight tests of this landing 
gear affixed to RC rotorcraft (24 cm to 550 cm in diameter) demonstrate 

that the aircraft can land, perch, and take-off from a tree branch, rectangular 
wood board, PVC pipe, metal hand rail, chair armrest, and in addtion, a 
stone wall ledge. Stability tests show that perching is maintained under base 
and wind disturbances. The second design concept, inspired by roosting 
bats, is a two-material, 3D-printed hooking mechanism that enables the UAV 
to stably suspend itself from a wire or small-diameter branch. The design 
balances structural stiffness for support and flexibility for the perching 
process. A flight-test demonstrates the attaching and dis-engaging of a 
small, RC quadcopter from a suspended line.

9797-33, Session PTue

A soft biomimetic tongue: model 
reconstruction and motion tracking
Xuanming Lu, Nanjing Univ. of Science and Technology 
(China) and The Univ. of Auckland (New Zealand); 
Weiliang Xu, The Univ. of Auckland (New Zealand); 
Xiaoning Li, Nanjing Univ. of Science and Technology 
(China)

A bioinspired robotic tongue which is actuated by compressed air is 
proposed for the purpose of mimicking the movements of human tongue. It 
can be applied in the fields such as medical science and food engineering. 
The robotic tongue is made of two kinds of silicone rubber Ecoflex 0030 
and PDMS with the shape simplified from real human tongue. In order to 
characterise the robotic tongue, a series of experiments were carried out. 
Laser scan was applied to reconstruct the static model of robotic tongue 
when it was under pressurization. After each scan, the robotic tongue 
was scattered into dense points in the same 3D coordinate system and 
the coordinates of each point were recorded. Motion tracking system 
(OptiTrack) was used to track and record the whole process of deformation 
dynamically during the loading and unloading phase. In the experiments, 
five types of deformation were achieved including roll-up, roll-down, 
elongation, groove and twist. Utilising the discrete points generated by 
laser scan, the accurate parameterised outline of robotic tongue under 
different pressure was obtained, which could help demonstrate the static 
characteristic of robotic tongue. The precise deformation process under one 
pressure was acquired through the OptiTrack system which contains a series 
of digital cameras, markers on the robotic tongue and a set of hardware and 
software for data processing. By means of tracking and recording different 
process of deformation under different pressure, the dynamic characteristic 
of robotic tongue could be achieved.

9797-34, Session PTue

A 4-DOF biodynamic lumped-parameter 
model for a seated occupant
Li-Jun Qian, Wei Cheng, Xian-Xu Bai, Hefei Univ. of 
Technology (China)

In order to study how vibrations from ground vehicles/aircrafts will impact 
on the seated occupants, it is of significance to develop an effective 
biodynamic model for the seated occupants. In this paper, a wide variety 
of 4-degree-of-freedom (4-DOF) lumped-parameter models for a seated 
occupant are investigated. A linear 4-DOF model with 18 parameters is 
deduced and employed as an example. The parameters of the 4-DOF 
model are identified using an improved version of non-dominated sorting 
genetic algorithm (NSGA-II) based on the Pareto optimization principle. A 
coefficient of determination (R2) is established and employed to evaluate 
effectiveness of the models. The effective model with identified parameters 
is compared with 4 other existing models. The research results show that: 
(i) The number of parameters of the 4-DOF models effect little on the 
coefficient of determination (R2). (ii) The presented model is more effective 
than the 4 existing models. (iii) The NSGA-II could make an effective 
parameters identification on the models.
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9797-35, Session PTue

Effects of fluid-structure interaction on the 
aerodynamics of an insect wing
Anh Tuan Nguyen, Jae-Hung Han, KAIST (Korea, Republic 
of)

The role of fluid-structure interaction in insect flight has been shown in 
several previous studies. However, due to a difficulty in modelling the 
complex structure of insect wings, achievements from those studies are 
still limited. In this paper, structural and aerodynamic models are built and 
validated before being coupled in order to investigate the effects of fluid-
structure interaction in insect flight.

The wing structure is modeled based on data from a morphological 
study on hawkmoth (Manduca Sexta) wings by O’Hara et al. The wing 
is composed of substructures including membrane and veins, which are 
modeled by shell elements and taper beams, respectively. The wing mass, 
area, shape, size, camber as well as material and structure properties are 
derived from the previous measurements. The structural model is validated 
by comparing natural frequencies and mode shapes from a numerical modal 
analysis with those from an experiment.

Regarding the aerodynamic model, an unsteady vortex-lattice method 
is utilized to simulate the wake structure and compute the aerodynamic 
loads. This method is extended by including the leading-edge suction 
analogy to handle a dynamic stall occurring on the wing surface due to the 
reattachment of leading-edge vortices. The aerodynamic model is validated 
against the results from an experiment on a dynamically-scaled robotic 
wing.

The structural and aerodynamic models are coupled to investigate the 
passive deformations of the wing in hovering flight and their effects on 
the aerodynamic loads are studied. Some important features due to fluid-
structure interaction such as changes in the aerodynamic load magnitudes 
and phase delay are observed in the present study.

9797-36, Session PTue

The Texas horned lizard as model for 
robust capillary structures for passive 
directional transport of cooling lubricants
Philipp Comanns, RWTH Aachen Univ. (Germany); Kai 
Winands, Fraunhofer-Institut für Produktionstechnologie 
IPT (Germany); Hermann Wagner, RWTH Aachen Univ. 
(Germany); Werner Baumgartner, Johannes Kepler Univ. 
Linz (Austria)

Moisture-harvesting lizards, such as the Texas horned lizard Phrynosoma 
cornutum, have remarkable adaptations for inhabiting arid regions. Special 
skin structures, in particular capillary channels in between imbricate 
overlapping scales, enable the lizard to collect water by capillarity and 
to transport it to the snout for ingestion. This fluid transport is passive 
and directional towards the lizard’s snout. The directionality is based on 
geometric principles, namely on a periodic pattern of interconnected half-
open capillary channels that narrow and widen. Following a biomimetic 
approach, these principles were transferred to technical prototype design 
and manufacturing.

The capillary structures, 50 µm to 300 µm wide and approx. 100 µm deep, 
were realized by use of a pulsed picosecond laser in hot working tool steel, 
hardened to 52 HRC. In order to achieve highest functionality strategies 
were developed to minimize potential structural inaccuracies, which can 
occur at the bottom of the capillary structures caused by the laser process. 
Such inaccuracies are in the range of 4 µm to 6 µm and form sub-capillary 
structures with greater capillary forces than the main channels. Their 
occurrence depends much on the structural design, which was optimized 
to avoid or at least to minimize these kinds of inaccuracies. The orientation 
of capillaries was identified as a key parameter; a hexagonal capillary 
network of non-parallel capillaries could minimize potential influences of 

the manufacturing process and is robust for passive directional capillary 
transport. Such surface texturing can lead to process improvements and 
reduced resource requirements of cooling lubricants.

9797-37, Session PTue

Robotic localization of chemical sources 
using E. Coli chemotaxis
Timothy Davison, Hoa Nguyen, Kevin Nickels, Duncan 
Frasch, Trinity Univ. (United States)

We apply chemotaxis to small-scale robots by modeling a robotic system 
that localizes a chemical source in a complex fluid environment with 
obstacles and wind. This type of robotic system responds to a chemical 
stimulus by mimicking, for example, the way that E. coli bacteria move 
toward attractants (nutrients) and away from repellents. E. coli use the 
intracellular signaling pathway to process the temporal change in the 
chemical concentration to determine if the cells should run or tumble. 
Previous work has shown that this process can be mimicked with robots 
and used to localize chemical sources based upon a fixed nutrient gradient. 
Our work furthers this study by simulating the injection of an effluent of 
chemical at a specified location in an environment and uses Computational 
Fluid Dynamics (specifically, the colloidal lattice-Boltzmann method) to 
model the surrounding environment, including convection and diffusion 
of the effluent, while performing chemotaxis. This method allows us to 
compute, over a lattice, the chemical concentration at all points and feed 
these results into an existing E. coli controller for the robot, which results in 
the robot executing a tumble or a run according to a probabilistic formula. 
By simulating the robot in this complex environment, our work facilitates 
refinement of the chemotaxis controller while proving the ability of 
chemotactic robots to localize specific chemicals in environments that more 
closely simulate those encountered in the wide-ranging types of locations in 
which this chemical localizing robotic system might be used.

9797-38, Session PTue

Bioinspired twisted composites based on 
Bouligand structures
Fulvio Pinto, Onorio Iervolino, Dmitri Ginzburg, Univ. 
of Bath (United Kingdom); Gennaro Scarselli, Univ. 
del Salento (Italy); Michele Meo, Univ. of Bath (United 
Kingdom)

The coupling between structural support and protection makes biological 
systems an important source of inspiration for the development of advanced 
composite structures and smart textiles characterised by low weight and 
enhanced mechanical properties. In particular, some particular structures 
can be implemented into traditional composites in order to improve their 
impact resistance and the out-of-plane properties which represents one 
of the major weakness of commercial carbon fibres reinforced polymers 
(CFRP) structures. 

Based on this premise, a three-dimensional twisted arrangement shown 
in a vast multitude of biological systems (such as the armoured cuticles 
of Scarabei, the scales of Arapaima Gigas and the smashing club of 
Odontodactylus Scillarius) has been replicated to develop an improved 
structural material characterised by a high level of in-plane isotropy and 
a higher interfacial strength generated by the smooth stiffness transition 
between each layer of fibrils. 

Indeed, due to their intrinsic layered nature, interlaminar stresses are one 
of the major cause of failure of traditional CFRP and are caused by the 
mismatch of the elastic properties generated in a traditional laminate. 
Since the energy required to open a crack or a delamination between two 
adjacent plies is proportional to the difference between their orientations, 
the gradual angle variation obtained by mimicking the Bouligand Structures 
improves the energy absorption and the residual properties of carbon 
laminates when they are subjected to an impact event.
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Different bioinspired laminates were manufactured following a double 
helicoidal approach and a rotational one, and were subjected to a complete 
test campaign with a traditional quasi-isotropic panel. Results confirmed 
that the biological twisted structures can be replicated into traditional 
layered composites and are able to increase the out-of-plane properties 
without dangerous degradations of the in-plane properties. 

9797-39, Session PTue

Feasibility study and preliminary 
design of load-assisting clothes for 
lumbar protection inspired by human 
musculoskeletal systems
Riho Hashimoto, Arata Masuda, Hao Chen, Sou Kobayashi, 
Kyoto Institute of Technology (Japan)

Low back pain is a one of the most major reasons for caregivers to leave 
their jobs. In an aging society, it is important to secure care-giving labor 
force by improving the workplace safety and preventing the workers 
from suffering body injuries. In small care-giving houses, or in a general 
household in Japan, however, it is difficult to introduce a lift system or 
exoskeleton robot suits because of the limited space and affordable cost. 
In this study, a design principle of a low-cost, light-weight, and easy-to-use 
load assisting clothes which aims to reduce the risks of low back pain of 
caregivers is developed, targeted at the use in those small care-houses, or 
family caregiving. This load assisting clothes should have two functions. One 
is to reduce the compressive load applied on the lumbar spine as well as the 
tensile load on the lumbar muscles by providing an appropriate assisting 
force. The other is to improve the wearer’s posture by giving an corrective 
action when the wearer intends to take a bad posture like a forward flexion 
with lumber torsion while transferring some heavy object. To this end, we 
study the human musculoskeletal systems in the lumbar part, and consider 
to construct a parallel copy of it on the body surface by embedding passive 
supportive elements such as elastic materials (muscle), tensioner belts 
(tendon), and load supporting members (bone), to provide the assisting 
forces without interfering natural movement and uncomfortable feeling.

9797-40, Session PTue

Design and fabrication of thin 
microvascularised polymer matrices 
inspired from secondary lamellae of fish 
gills
Prasoon Kumar, Indian Institute of Technology Bombay 
(India) and Monash Univ. (Australia); Prasanna S. Gandhi, 
Indian Institute of Technology Bombay (India); Mainak 
Majumder, Monash Univ. (Australia)

Gills are one of the most primitive gas, solute exchange organs available in 
fishes. They facilitate exchange of gases, solutes and ions with a surrounding 
water medium through their functional unit called secondary lamella. These 
lamellae through their extraordinary morphometric features and peculiar 
arrangement in gills achieve remarkable mass transport properties. In the 
current study, modelling and simulation of convection-diffusion transport 
through a two dimensional model of secondary lamella suggested an 
evolutionary conservation of parametric ratios across fishes with different 
weights. Further, our study into microscopic architecture of secondary 
lamella revealed an existence of an optimized vasculature density in a 
given thickness of epithelial matrix for solute/gas exchange. In addition, 
we have also fabricated a thin vascularised PDMS matrices mimicking 
secondary lamella by combination of micro-technologies like Saffman 
Taylor instabilities and electrospinning and, demonstrated solute exchange 
capabilities under capillary flow conditions. Further, solute exchange 
studies through vascularised polymer systems with a varying degree of 
vascularization suggested an optimal vascularization of polymer matrices 

as predicted by simulation study. Thus, our study suggested that fish gills 
have optimized various parameters, at multiple length scale, throughout an 
evolution to achieve organ with enhanced mass transport. These optimal 
vascularization density not only reduces the cost of fabrication but also 
bring balance in the mass transfer requirement of a living tissue and its 
thickness. Further, mimicking the microstructures of secondary lamella will 
enable fabrication of micro/nanovascularised thin polymer systems through 
hybrid micro manufacturing technologies having potential applications in 
filtration, self-healing/cooling materials and bioengineering.

9797-41, Session PTue

Characterization of mechano-sensitive 
nano-containers for targeted vasodilation
Marzia Buscema, Univ. Basel (Switzerland); Andreas 
Zumbuehl, Univ. de Fribourg (Switzerland); Bert Müller, 
Univ. Basel (Switzerland)

Cardiovascular diseases are the worldwide number one cause of death. The 
blood flow in diseased human coronary arteries differs from the healthy 
situation. Therefore, one may overcome the systemic delivery of vasodilators 
and use the purely physical trigger. To this end, we proposed mechano-
sensitive liposomes as nano-containers [1]. One has to tailor the properties, 
so that containers are stable under physiological conditions, but release 
their cargo at the constricted vessels at body temperature. In order to 
determine the shear stress threshold for release, both the morphology of the 
healthy and diseased human arteries and mechanical property of vesicles 
have to be known. We have shown that micro-computed tomography 
(µCT) techniques in absorption and phase-contrast modes allow visualizing 
the lumen of human coronary arteries [2] and provide the basis for flow 
simulations to extract the wall shear stress of healthy and stenosed regions 
in coronary arteries [3]. The behavior of the mechano-sensitive nano-
containers is currently investigated by means of microfluidics and spatially 
resolved small-angle X-ray scattering. The nano-containers are injected 
into micro-channels mimicking in vivo situation. The scattering signal from 
the nano-containers reveals information about deformation and/or rupture 
under selected shear stress conditions. Experiment based on rheology and 
neutron scattering has been carried out to cross check the shear stress as 
well as the viscosity trend of the vesicles as function of temperature and 
shear rate. Currently the mechanical properties including the stiffness as 
function of temperature, polymer length and nano-container size are locally 
studied using an atomic force microscopy.

[1] M N Holme, I A Fedotenko, D Abegg et al., Nat. Nanotech 7 (8), 536-543 
(2012)

[2] M Buscema, M N Holme, H Deyhle et al., Proc of SPIE 9212, (2014)

[3] M N Holme, G Schulz, H Deyhle et al., Nat.Protoc 9 (6), 1401-1415 (2014)

9797-42, Session PTue

Modeling and multi-objective optimization 
of karanja (pongamia pinnata) based 
biodiesel engine using non-dominated 
sorting genetic algorithm-II
Sunil Dhingra, Kurukshetra Univ. (India) and Univ. Institute 
of Engineering and Technology (India); Gian Bhushan, 
National Institute of Technology (India); Kashyap K. Dubey, 
Maharshi Dayanand Univ., Rohtak (India) and Univ. Institute 
of Engineering and Technology (India)

This paper presents the evaluation of performance (BSFC and BTE), 
combustion (Pmax) and emission (CO, NOx, HC and smoke opacity) 
parameters of karanja biodiesel in a single cylinder, four stroke, direct 
injection diesel engine by considering significant engine input parameters 
(blending ratio, compression ratio and load torque). Multi-objective 
optimization of performance, combustion and emission parameters is 
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also carried out in a karanja biodiesel engine using hybrid RSM-NSGA-II 
technique. The pareto optimum solutions are predicted by running the 
hybrid RSM-NSGA-II technique. None of the solutions is better than other 
and each solution is having its own importance. Confirmation tests are 
also conducted at randomly selected few pareto solutions to check the 
authenticity of the results. 

9797-44, Session PTue

Ultrahigh-performance continuous DNA 
nanofibers by bioinspired top-down/
bottom-up nanomanufacturing
Kaspars Maleckis, Yuris A. Dzenis, Univ. of Nebraska-
Lincoln (United States)

DNA has unique properties that can be used in novel nanoscale and 
nanostructured materials and devices. Typically, the nanoscale DNA 
structures are produced by bottom-up nanofabrication methods, which 
rely on intrinsic ability of DNA to self-assemble at the molecular scale. 
While the bottom-up assembly provides unprecedented control over the 
molecular and intermolecular structure, the uniformity and mechanical 
integrity of the resulting structures are typically poor. An alternative top-
down nanomanufacturing method, electrospinning, allows one to overcome 
these limitations and provides additional benefits, such as directional 
functionality, high yields, and capability to bridge the nanoscale properties 
to the macroscopic scales of devices. However, the molecular structure 
and properties of electrospun DNA nanofibers remain largely unknown, 
since most of the traditional characterization methods cannot be applied to 
individual nanofibers. Here we present a first systematic study of mechanical 
properties and structure of individual electrospun DNA nanofibers in a range 
of nanofiber diameters. Novel methods and protocols were developed and 
applied for bioinspired hybrid nanofabrication, mechanical testing, and 
structural characterization. Size effects on properties and structure and 
the processing-structure-property relationships in the resulting continuous 
DNA nanofilaments were analyzed for the first time. Our results showed that 
continuous and uniform DNA nanofilaments with wide range of diameters 
(10-500nm) can be achieved by the developed hybrid method. Mechanical 
tests on individual DNA nanofibers through failure showed unexpectedly 
high mechanical properties with unique simultaneously high strength 
and toughness. The latter combination of properties is very desirable 
but is not typically observed in structural materials due to the classical 
strength-toughness trade-off. Nanofiber properties continued to increase 
with the reduction of diameter, exceeding mechanical properties of high-
performance conventional structural materials and fibers. Analysis of DNA 
nanofiber molecular structure showed high orientation, but no indication 
of crystalline packing. These results open up new opportunities for the 
development of novel DNA nanofiber-based materials and devices for broad 
biomedical, sensing, and gene delivery applications.
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9798-500, Session Plen

Magnetics + Mechanics + Nanoscale = 
Electromagnetics Future
Gregory P. Carman, Univ. of California, Los Angeles (United 
States)

Efficiently controlling magnetism in the small scale presents a significant 
problem for future miniature electromagnetic devices. In many macroscale 
electromagnetic systems we rely on a discovery made by Oersted 200 
years ago where an electrical current through a wire creates a distributed 
magnetic field. While this concept works well in the large scale it suffers 
significant problems at volumes below 1 cubic millimeter. One approach to 
manipulate nanoscale magnetic states is Spin Transfer Torque STT. However, 
experimental measurements on STT memory devices indicates 100 fJ is 
required to reorient a bit of memory with an energy barrier of ~0.5aJ, 
i.e. 0.0005% efficiency. An efficiency of this level should be considered 
unacceptable and new nanoscale approaches are needed for future 
miniature electromagnetic devices.

Recently researchers have explored strain-mediated multiferroics to 
resolve this problem. For this material class a voltage-induced strain alters 
the magnetic anisotropy of nanoscale magnetoelastic elements. These 
strain mediated multiferroic composites consist of piezoelectric material 
coupled to nanoscale magnetoelastic elements to transfer electrical energy 
to magnetic energy through a mechanical transduction mechanism. The 
coupling coefficient (energy transferred) in piezoelectric materials (e.g. 
PZT) can be ~0.8 and the coupling coefficient in available magnetoelastic 
materials (e.g. Terfenol-D) is of similar magnitude ~0.8. Thus the amount of 
energy to overcome a 0.5aJ bit barrier is potentially ~0.8 aJ or an efficiency 
of ~60% neglecting line losses, i.e. orders of magnitude improvement 
compared to existing approaches. 

This presentation reviews the motivation, history, and recent progress on 
nanoscale strain mediated multiferroics. Research descriptions include 
analytical and experimental work on strain mediated multiferroic thin films, 
single magnetic domain structures, and superparamagnetic particles. The 
results indicate efficiencies orders of magnitude superior to STT approaches 
and presents a new approach to control magnetism in the small scale. 
Discussions of research opportunities as well as novel applications to 
motivate future studies are described.

9798-501, Session Plen

Smart Materials and Structures: 
Opportunities for a New Paradigm in 
Design Optimization
Naveed Hussain, The Boeing Co. (United States)

Future aerospace vehicles will need to meet demanding performance 
requirements at significantly lower cost and compressed development 
timeline. The use of multidisciplinary system optimization tools enabled 
by innovative multifunctional design concepts will play a major role 
in expanding the design space to meet these stringent requirements. 
Multifunctional concepts that integrate advanced materials, printable 
electronics, distributed sensing, and distributed actuation, while monitoring 
and reacting to vehicle health, provide opportunities for a new paradigm 
in design optimization. This presentation will provide motivation for the 
increased use of smart structures, provide a number of diverse examples 
where such designs are being used or considered for aerospace vehicle 
implementation, and recommendations for future technology development.

9798-1, Session 1

Nastic actuators (Keynote Presentation)
Elisabeth Smela, Univ. of Maryland, College Park (United 
States)

EAP devices typically deliver either large displacements or high forces, but 
not both, whereas hydraulic actuators do provide both, within seconds, but 
they require a pressurized fluid source. By taking advantage of a micro-scale 
phenomenon – electro-osmotic fluid pumping – it is possible to create a 
new type of “nastic” EAP that is self-contained and electrically actuated. 
The devices are fabricated by lamination of paper and elastomer layers, and 
by encapsulating a fluid – propylene carbonate – that does not generate gas 
bubbles. Applications such as smart stents with adjustable diameters are 
being pursued.

9798-2, Session 1

Autonomous artificial muscle robots 
without electronics (Invited Paper)
Markus Henke, Iain A. Anderson, The Univ. of Auckland 
(New Zealand)

Conventional robots usually use heavy rigid components, such as engines, 
gearboxes and linkages that are made of high-density materials. Although 
they can perform complex movements and processes, they are typically 
not able to perform movements similar to those of living animals. Dielectric 
elastomer actuators (DEAs) in contrast allow animal like behavior of soft 
robots with large natural strokes. However, these advantageous features 
of DEAs are often limited by the requirement of modulated high voltage 
signals and connected bulky and expensive electronics. 

We present a novel approach to integrate charge control, external sensing 
and high voltage signal processing into the dielectric elastomer. Since 
all necessary electric components are integrated and only consist of 
common DE materials, such as polymer membranes and carbon grease, the 
developed self-controlled soft robots do not need any conventional, external 
electronics. The biomimetic structures only need constant direct current to 
supply suitable charge to the functional components. 

The contribution describes the basic used dielectric components – dielectric 
elastomer actuators, dielectric elastomer switches, dielectric resistors and 
dielectric strain sensors. Starting with their basic functionality, assembly 
and circuitry development, the design of self-controlled dielectric elastomer 
networks will be shown. To address possible innovative applications 
functional demonstrators and their characteristics, prospects and limitations 
will be discussed. Therefore, a self-primed dielectric elastomer actuator 
array with controllable frequency and its application in conveying and 
moving robots is presented.

9798-3, Session 1

Multi-layer robot skin with embedded 
sensors and muscles
Yonas Tadesse, The Univ. of Texas at Dallas (United States)

Soft artificial skin with embedded sensors and actuators is proposed for 
a crosscutting study of cognitive science on a facial expressive humanoid 
platform. This paper focuses on artificial muscles suitable for humanoid 
robots and prosthetic devices for safe human-robot interactions. Novel 
composite artificial skin consisting of sensors and twisted polymer actuators 
is proposed. The artificial skin is conformable to intricate geometries and 
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includes protective layers, sensor layers, and actuation layers. Micro fluidic 
channels are included in the system to inject fluids within the skin in order 
to control actuator response time. The skin can be used to develop facially 
expressive humanoid robots. The robot can be used by computer scientists 
and other behavioral science personnel to test various algorithms, and 
to understand and develop more perfect humanoid robots with facial 
expression capability. The small-scale humanoid robots can also assist 
ongoing therapeutic treatment research with autistic children. The design of 
the robotic head will be evaluated using the recently proposed method of 
designing and analyzing facial expression platform called GFEAD, to create 
desired Humanoid Robots with Facial Expressions (HRwFE). 

9798-4, Session 1

Standards for dielectric elastomer 
transducers
Federico Carpi, Queen Mary, Univ. of London (United 
Kingdom); Iain A. Anderson, The Univ. of Auckland 
(New Zealand); Siegfried G. Bauer, Johannes Kepler 
Univ. Linz (Austria); Gabriele Frediani, Queen Mary, Univ. 
of London (United Kingdom); Giuseppe Gallone, Univ. 
di Pisa (Italy); Massimiliano Gei, Cardiff Univ. (United 
Kingdom); Christian Graaf, Ostwestfalen-Lippe Univ. of 
Applied Sciences (Germany); Claire Jean-Mistral, Institut 
National des Sciences Appliquées de Lyon (France); 
William Kaal, Fraunhofer-Institut für Betriebsfestigkeit und 
Systemzuverlässigkeit (Germany); Guggi Kofod, Inmold 
Biosystems A/S (Denmark); Matthias Kollosche, Univ. 
Potsdam (Germany); Roy D. Kornbluh, SRI International 
(United States); Benny Lassen, Univ. of Southern Denmark 
(Denmark); Marc Matysek, Continental AG (Germany); 
Silvain A. Michel, Empa (Switzerland); Stephan Nowak, 
Bayer AG (Germany); Benjamin M. O’Brien, StretchSense 
(New Zealand); Qibing Pei, Univ. of California, Los Angeles 
(United States); Ron Pelrine, SRI International (United 
States); Björn Rechenbach, Univ. of Southern Denmark 
(Denmark); Samuel Rosset, Herbert R. Shea, Ecole 
Polytechnique Fédérale de Lausanne (Switzerland)

Dielectric elastomer transducers consist of thin electrically insulating 
elastomeric membranes coated on both sides with compliant electrodes. 
They are a promising electromechanically active polymer technology that 
may be used for actuators, strain sensors, and electrical generators that 
harvest mechanical energy. The rapid development of this field calls for 
the first standards, collecting guidelines on how to assess and compare 
the performance of materials and devices. This paper addresses this need, 
presenting standardized methods for material characterisation, device 
testing and performance measurement. These proposed standards are 
intended to have a general scope and a broad applicability to different 
material types and device configurations. Nevertheless, they also 
intentionally exclude some aspects where knowledge and/or consensus in 
the literature were deemed to be insufficient. This is a sign of a young and 
vital field, whose research development is expected to benefit from this 
effort towards standardisation.

9798-5, Session 2

Fabrication strategies for exploring the 
anisotropic electroactuation of dielectric 
elastomers (Invited Paper)
Richard J. Spontak, Krishna B. Subramani, Daniel P. 
Armstrong, Enes Cakmak, Tushar K. Ghosh, North Carolina 

State Univ. (United States)

Several reports have appeared on the topic of anisotropic actuation 
in dielectric elastomers. Most of these, including our own published in 
Advanced Materials (2014), incorporate aligned microfibers into the VHB 
adhesive. In all these studies, the results have been quite promising, 
demonstrating that anisotropic actuation is achieved primarily in the 
direction normal to the fiber axis. We have previously explored this 
phenomenon in detail using polyurethane and carbon fibers. In the present 
study, we shall use these results to set the stage for our ongoing studies 
that employ our unique thermoplastic elastomer gel (TPEG) design, which 
provides much more versatility than VHB. These results allow us to decouple 
the roles of dielectric constant and mechanical modulus in actuation 
development.

9798-6, Session 2

Dielectric elastomer actuation for active 
porosity control
Zhi Ren, Alexander Goldsberry, Yu Qiu, Qibing Pei, Univ. of 
California, Los Angeles (United States)

An important aspect of thermal comfort in clothing is the possibility to 
dissipate heat by evaporating sweat. However, when clothing ventilation 
is limited, the relative humidity of the microclimate builds up and heat 
dissipation is impeded, leading to discomfort of human body. The porosity 
of clothing can greatly affect the ventilation of air in and out of the clothing, 
thus the thermal comfort of the occupants. Active control of porosity has 
not been available to allow effective personal thermal management. We 
show the potential of an emerging class of ‘artificial muscle’ materials, 
dielectric elastomer, to develop electrically induced active porosity control. 
We present two potential mechanical designs with DE actuation capable of 
porosity control by electrical signals. In one design, a double-layer structure 
formed a cantilever beam capable of bending. This bending motion can 
open up the pore to a porosity of more than 50% from that of 0% when 
closed. In another design, two identical DE membranes were laminated 
together. The device is capable of forming an arc structure to open a pore 
when it is actuated. This new fashion of actuation provides an alternative for 
porosity control using DE materials.

9798-7, Session 2

Performance comparison of materials 
for dielectric elastomer actuators and 
generators
Rocco Vertechy, Univ. degli Studi di Bologna (Italy); Marco 
Fontana, Scuola Superiore Sant’Anna (Italy)

Dielectric elastomer transducers (DETs) are incompressible deformable 
capacitors, made by highly elastic dielectric layers coated with compliant 
electrodes, that make it possible to convert mechanical energy into direct 
current electricity and vice-versa. As such, they can be used to conceive 
solid-state electrostatic actuators, generators and sensors exhibiting the 
following advantageous properties: large energy and power densities; ease 
of manufacture and integration; good resistance to shocks and corrosion; 
silent operation; low cost.

The development of effective DETs requires the knowledge of a set of 
relevant electromechanical properties of the dielectric elastomer to be 
employed, which makes it possible to appropriately select the most 
appropriate material for the prescribed application. 

This paper reports on the experimental results obtained for the 
electromechanical characterization of four commercially available materials: 
a styrene-based rubber, a natural rubber, an acrylic elastomer and a silicone 
elastomer. The reported measurements include: the static hyperelastic 
response; the mechanical hysteresis as function of deformation speed; the 
dielectric constant and dielectric strength as function of deformation; the 
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electrical conductivity as function of the applied electric field. 

The obtained results are used to assess the potentialities of the considered 
materials for the development of dielectric elastomer actuators and 
generators operating in different operative conditions. 

9798-8, Session 2

Enhanced dielectric strength and actuation 
of acrylic elastomer with silicone gel 
encapsulation
Thanh-Giang La, Gih-Keong Lau, Nanyang Technological 
Univ. (Singapore)

Recently, we also showed that dielectric oil immersion help acrylic DEAs 
with graphite-powder electrode sustain a very high breakdown field of up to 
800MV/m. However, oil encapsulation5,26 adds substantial passive weight 
and stiffness. It is desired that some soft solid-state encapsulant can prevent 
pre-mature breakdown of acrylic, like dielectric oil does. This abstract 
reports the use of silicone gel and its mechanism to suppress electrothermal 
breakdown of acrylic DEAs with carbon-based compliant electrodes. An 
acrylic dielectric elastomer actuator (DEA) with silicone gel encapsulation 
can sustain an electrical breakdown field of up to 532MV/m, higher than 
315MV/m of an uncoated DEA. Hence, its ultimate areal strain of 228% is 
larger than 189% of latter. This silicone-gel encapsulated acrylic elastomer 
is promising to make multi-layered DEAs for high stress generation and 
dielectric elastomer generators of higher energy density.

9798-502, Session Plen

Use of the Elastodynamic Reciprocity 
Theorem for Ultrasonic Problem Solving
Jan D. Achenbach, Northwestern Univ. (United States)

For linearly elastic bodies the elastodynamic reciprocity theorem is an 
integral relation over the interior of a region V and its boundary S, which 
involves the displacements, the surface tractions, and the body forces of two 
elastodynamic states, State A and State B. In this lecture it is shown that the 
theorem can be used to solve problems for guided waves, such as surface 
waves and waves in waveguides, which only requires the general form of 
the wave motion of State A, whose amplitude function is to be determined, 
and only the general form of State B, which is a virtual wave. Examples to be 
discussed are the surface wave generated by a concentrated load (Lamb’s 
problem), the scattering of surface waves by a sub-surface crack and the 
scattering of torsional waves by a circumferential surface defect on a pipe.

9798-9, Session 3

Computational modeling of 
electromechanical instabilities in dielectric 
elastomers (Invited Paper)
Harold Park, Boston Univ. (United States)

Dielectric elastomers are a class of soft, active materials that have recently 
gained significant interest due to the fact that they can be electrostatically 
actuated into undergoing extremely large deformations. An ongoing 
challenge has been the development of robust and accurate computational 
models for elastomers, particularly those that can capture electromechanical 
instabilities that limit the performance of elastomers such as creasing, 
wrinkling, and snap-through. 

I discuss in this work a recently developed finite element model for 
elastomers that is dynamic, nonlinear, and fully electromechanically coupled. 
The model also significantly alleviates volumetric locking due that arises 
due to the incompressible nature of the elastomers, and incorporates 

viscoelasticity within a finite deformation framework. Numerical examples 
are shown that demonstrate the performance of the proposed method in 
capturing electromechanical instabilities (snap-through, creasing, cratering, 
wrinkling) that have been observed experimentally.

9798-10, Session 3

Instability and thermodynamics of 
dielectric elastomers (Invited Paper)
Liwu Liu, Yanju Liu, Jinsong Leng, Harbin Institute of 
Technology (China)

Dielectric elastomer is a kind of typical soft active material. It can deform 
obviously when subjected to an external voltage. When a dielectric 
elastomer with randomly oriented dipoles is subject to an electric field, the 
dipoles will rotate to and align with the electric field. The polarization of 
the dielectric elastomer may be saturated when the voltage is high enough. 
When subjected to a mechanical force, the end-to-end distance of each 
polymer chain, which has a finite contour length, will approach the finite 
value, reaching a limiting stretch. On approaching the limiting stretch, the 
elastomer stiffens steeply. 

Here, we develop a thermodynamic constitutive model of dielectric 
elastomers undergoing polarization saturation and strain-stiffening, and 
then investigate the stability (electromechanical stability, snap-through 
stability) and voltage induced deformation of dielectric elastomers. 
Analytical solution has been obtained and it reveals the marked influence 
of the extension limit and polarization saturation limit on its instability. The 
developed thermodynamic constitutive model and simulation results would 
be helpful in future to the research of dielectric elastomer based high-
performance transducers.

9798-11, Session 3

Electro-crumpling instability and 
breakdown strength of stretched dielectric 
membranes
Bo Li, Xi’an Jiaotong Univ. (China)

The dielectric strength of highly stretched soft dielectric is nonlinear, 
due to (1) the nonlinear elasticity in material, and (2) the instability 
in electromechanical coupling. In the current work, we measured the 
breakdown voltages of poly-acrylic dielectric membranes under different 
levels of pre-stretch, with special focus on the crumpling instability. The 
boundary stress tuned the deformation state, causing the membrane 
crumpled then immediately to breakdown. Theoretical analysis, involving 
the nonlinearities, was constructed and discussed, for conclusions as 
effective evaluation for the onset of crumpling and dielectric breakdown 
strength.

9798-12, Session 3

High-force Dielectric Electroactive 
Polymer (DEAP) membrane actuator
Steffen Hau, Alexander York, Stefan S. Seelecke, Univ. des 
Saarlandes (Germany)

Energy efficiency, lightweight and scalability are key features for actuators 
in applications such as valves, pumps or any portable system. DEAP 
technology is able to fulfill these requirements better than commonly used 
technology e.g. solenoid, but has limitations concerning force and stroke. 
However, the circular membrane DEAP configuration (also known as a 
diaphragm or cone actuator) shows potential gaining strokes in the mm 
range, when combined with an appropriate biasing mechanism. Although, 
thus far, their force range is limited to the single-digit Newton range, or less. 
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This work describes how this force limit of membrane DEAPs can be pushed 
to the high double-digit Newton range and beyond. The concept for such an 
actuator consists of a stack of double-layered membrane DEAPs combined 
with a biasing mechanism. These two components are combined in a novel 
way, which allows a compact design by integrating the biasing mechanism 
into the membrane DEAP stack. A modeling tool was used to predict the 
DEAP geometry and number of layers needed for a specific load case. 
Subsequently the single components are manufactured, tested and their 
force-displacement characteristic is documented. Utilizing this data allows 
assembling them into actuator systems for different applications. Two 
different actuators are assembled and tested (dimensions: 85x85x30mm? 
(LxWxH)). The first is able to lift 10kg. The second can generate a force of 
66N while acting against a spring load. The data shows good agreement 
with the previously gained modeling results, thus the modeling tool can be 
used to design even more powerful actuators.

9798-13, Session 3

Large continuous actuation of an artificial 
muscle module
Adrian Koh, National Univ. of Singapore (Singapore)

By suppressing electromechanical instability (EMI), dielectric elastomer 
actuators (DEAs) have been shown to achieve giant electrical actuation in 
excess of 100% strain. We suppress EMI by applying lateral pre-stretch to 
a DEA, and then clamping it to preserve the prestretch. We then roll this 
assembly into a tube. DEAs in this configuration allow it to be integrated 
into robotics and mechatronics systems, so as to function as a soft actuator. 
We demonstrate that DEAs in such a configuration achieve continuously-
tunable actuation strains of 200%. The experimental data collated are found 
to be in good agreement with a recently-proposed numerical model. Hence, 
our experiments may be used in conjunction with the numerical model for 
the design and development of an acrylic-based tubular DEA.

9798-14, Session 4

Printing of CNT/silicone rubber for a 
wearable flexible stretch sensor
Agee S. Kurian, Timothy J. Giffney, The Univ. of Auckland 
(New Zealand); Jim Lee, Kazakh-British Technical Univ. 
(Kazakhstan); Jadranka Travas-Sejdic, Kean C. Aw, The 
Univ. of Auckland (New Zealand)

This paper presents our recent research of achieving a stretch sensor made 
from carbon nanotubes (CNT) and silicone rubber blend, which can produce 
a considerable strain at a low stress with significant change in electrical 
resistance. The silicone rubber used is Ecoflex® 00-30. We used a blend of 
CNT mixed with silicone rubber with different weight ratio of 1: 6, 1:10 and 
1: 15 respectively. Using this blend, different patterns of conducting traces 
can then be printed using our customised 3D printer on uncured silicone 
rubber strip of 50 x 10 x 2 mm; the structure was then left to cure at room 
temperature for 4 hours. In our preliminary experiment, the conducting 
trace of CNT/silicone rubber will sink about 1.5 mm into the silicone rubber 
strip when cured. The electrical resistance of the conducting trace printed 
on the silicone rubber strip increases from 3KΩ to 10KΩ when subjected 
to a uniaxial tensile stress parallel to its length axis resulting in a stretching 
of 100%, showing a positive piezoresistance effect (PPRE). The mechanism 
of PPRE is studied in this work. A correlation is established between blend 
ratio and the piezoresistivity by curing the sample at different temperatures 
and different printing parameters. The ability to print conductive traces with 
piezoresistive behaviour on hyper-elastic material such as silicone rubber 
greatly simplifies the development of flexible sensors for applications such 
as large strain sensor, force sensor, pressure sensor, etc.

9798-15, Session 4

Fully printed three microns thick dielectric 
elastomer actuator
Alexandre Poulin, Samuel Rosset, Herbert R. Shea, Ecole 
Polytechnique Fédérale de Lausanne (Switzerland)

In this work we present a new fabrication technique to print thin dielectric 
elastomer actuators (DEAs), reducing the driving voltage below 300 V while 
keeping good actuation performance. With operation voltages in the kV-
range, standard DEAs are limited in terms of potential applications. Using 
thinner membranes is one of the few existing methods to achieve lower 
operation voltages. It however comes at the cost of greater stiffening impact 
from the electrodes which are difficult to scale down without affecting their 
electrical properties.

Typical DEAs have membranes in the 20-100 um range, values below which 
the fabrication becomes challenging and the membrane quality becomes 
critical. Using pad-printing we produced thin silicone elastomer membranes, 
on top of which we pad-printed compliant electrodes. We fabricated DEAs 
by assembling two membranes back to back. We report an actuation strain 
of 7.5% at only 245 V on a 3 um thick DEA.

In order to investigate the stiffening impact of the electrodes we developed 
a simple DEA model that includes their mechanical properties. We also 
developed a strain-mapping algorithm based on optical correlation. The 
simulation results and the strain-mapping measurements confirm that the 
stiffening impact of the electrodes increases for thinner membranes. It 
shows that the electrodes are an important parameter that should not be 
neglected in the design and optimization of thin DEAs.

9798-16, Session 4

Fabrication and frequency based control 
of a self-sensing electroactive polymer 
and piezoelectric bimorph
Kyle R. Van Volkinburg, Univ. of California, Irvine (United 
States); Leeya Engel, Moti Ben-David, Tel Aviv Univ. 
(Israel); Gregory N. Washington, Univ. of California, Irvine 
(United States); Yosi Shacham-Diamand, Slava Krylov, Tel 
Aviv Univ. (Israel)

In microelectromechanical systems (MEMS), actuator deflections are 
typically modulated by varying the peak-to-peak AC voltage used to drive 
the active element. In this paper, we report on the fabrication of a self-
sensing electroactive polymer cantilevered bimorph beam actuator and its 
frequency sensitivity. The beams tip deflections, induced by applying an AC 
signal across ferroelectric relaxor poly(vinylidene fluoride-trifluoroethylene 
chlorotrifluoroethylene (P(VDF-TrFE-CTFE)), were determined by using 
both a sensing model using the voltage measured across the bimorph’s 
integrated layer of piezoelectric polymer polyvinylidene fluoride (PVDF) 
and externally using a laser Doppler vibrometer (LDV). The sensing model 
treats the structure as a simple Euler-Bernoulli cantilevered beam with two 
distributed active elements represented through the use of generalized 
functions and offers a method through which real time tip deflection can 
be measured and controlled through shifting the frequency of the actuation 
signal. Integration of flexible sensing elements along with modeling of 
the polymer actuator beam can benefit the developing field of polymer 
microactuators which have applications in microrobotics as “smart” 
prosthetics/implants and tools for less invasive surgery, microfluidic valves, 
and resonators for sensing, stirring, and on-chip cooling.
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9798-17, Session 4

A novel printed patterning method to 
fabricate soft, flexible micromanipulators 
based on conjugated polymer trilayer 
microactuators
Alexandre Khaldi, Daniel Falk, Ali Maziz, Edwin W. H. Jager, 
Linköping Univ. (Sweden)

Within the areas of cell biology, biomedicine and minimal invasive surgery, 
there is a need for soft, flexible and dextrous biocompatible manipulators 
for handling biological objects, such as single cells and tissues. Present day 
technologies are based on simple suction using micropipettes for grasping 
objects. The micropipettes lack the possibility of accurate force control, 
nor are they soft and compliant and may thus cause damage to the cells or 
tissue. Other micromanipulators use conventional electric motors however 
the further miniaturization of electrical motors and their associated gear 
boxes and/or push/pull wires has reached its limits. Therefore there is an 
urgent need for new technologies for micromanipulation of soft biological 
matter.

We are developing soft, flexible micromanipulators such as micro- tweezers 
for the handling and manipulation of biological species including cells and 
surgical tools for minimal invasive surgery. Our aim is to produce tools 
with minimal dimensions of 100 ?m to 1 mm in size, which is 1-2 orders of 
magnitude smaller than existing technology. We present newly developed 
patterning method based on vapor phase polymerization coupled with 
various printing techniques. We are able to pattern conjugated polymers 
with circular or rectangular shape with micro-contact printing. Drop on 
demand printing enables the fabrication of trilayer structures for conjugated 
polymer actuators working in air.

We will present as well as the latest efforts to integrate these microactuators 
into easy to use manipulation tools. The outcomes of this study contribute 
to the realisation of low-foot print devices articulated with electroactive 
polymer actuators for which the physical interface with the power 
source has been a significant challenge limiting their application. This 
is a significant step towards widening the application areas of the soft 
microactuators.

9798-18, Session 4

Fabrication and characterization of printed 
EAP based actuators on flexible plastic 
substrates
Albert J. J. M. van Breemen, Holst Ctr. (Netherlands); 
Gerwin H. Gelinck, Holst Ctr. (Netherlands) and Technische 
Univ. Eindhoven (Netherlands)

Electro-active polymers (EAPs), have emerged as a leading candidate to 
address the growing demand for a new actuator technology – one that is 
thinner, lighter, and bendable. In this work we demonstrate state-of-the art 
EAP actuators on flexible foils fabricated by screen printing of the relaxor 
ferroelectric polymer P(VDF-TrFE-CTFE). Several plastic foils currently 
employed in flexible electronic devices, such as Polyethylene Naphthalate 
(PEN), Polyether Ether Ketone (PEEK) and Polyimide (PI), were investigated 
as potential substrate materials. The manufacturing process has been 
optimized in order to realize both single layer as well as multilayer actuators 
using printed flexible electrodes like silver nanowires and PEDOT:PSS. 
Numerical modelling and simulation has been used to gain insight into 
the relationship between actuator performance and design parameters. 
The outcome of this virtual testing was validated by characterization of 
the electromechanical actuator response and has guided the choice of the 
flexible substrate, electrode materials as well as the actuator configuration 
for optimal performance. 

9798-19, Session 5

Ras Labs-CASIS-ISS NL experiment for 
synthetic muscle: resistance to ionizing 
radiation (Invited Paper)
Lenore Rasmussen, Eric Sandberg, Ras Labs., LLC (United 
States); Charles A. Gentile, Lewis D. Meixler, George 
Ascione, Robert Hitchner, James Taylor, Princeton Plasma 
Physics Lab. (United States); Dan Hoffman, Princeton 
Univ. (United States); David Cylinder, Nova Photonics, 
Inc. (United States); Daniel Prillaman, Leon Moy, Patrick 
Mark, Robert Nodarse, U.S. Army Armament Research, 
Development and Engineering Ctr. (United States); Nicole 
Allen, Princeton Plasma Physics Lab. (United States); 
Logan Valenza, Florida Institute of Technology (United 
States); Surbhi Hablani, Skidmore College (United States); 
Whitney Blocher, Tyler Fuerst, Sergio Gallucci, Clarkson 
Univ. (United States); Stephanie Liffland, The Univ. of 
North Carolina at Chapel Hill (United States)

In anticipation of deep space travel, new materials are being explored to 
assist and relieve humans in dangerous environments, such as high radiation, 
extreme temperature, and extreme pressure. Ras Labs Synthetic Muscle™ 
– contractile electroactive polymers (EAPs) – which mimic the unique 
gentle-yet-strong nature of human tissue, is a potential asset to manned 
space travel through protective gear and human assist robotics and for 
unmanned space exploration through deep space. Gen 3 Synthetic Muscle™ 
was proven to be resistant to extreme temperatures (2 to 408 K), and 
there were indications that these materials may also be radiation resistant. 
The purpose of the Ras Labs-CASIS-ISS Experiment is to test the radiation 
resistivity of Ras Labs’ third and fourth generation contractile EAPs, as well 
as make these EAPs even more radiation resistant or radiation hardened. 
On earth, exposure of the Gen 3 and Gen 4 contractile EAPs to a Cs-137 
radiation source for 47.8 hours with a total dose of 305.931 kRad, followed 
by pH, peroxide, Shore Hardness Durometry, and electroactivity testing to 
determine the inherent radiation resistivity of these contractile EAPs and to 
determine whether the EAPs could be made even more radiation resistant 
through the application of appropriate additives and coatings. The on-earth 
preliminary tests determined that selected Ras Labs contractile EAPs were 
not only inherently radiation resistant, but with the appropriate coatings and 
additives, could be made even more radiation resistant. Ballistic testing to 
over 10 G’s was performed, with excellent results, in preparation for space 
flight to the International Space Station National Laboratory (ISS-NL). 
Selected samples of Gen 3 and Gen 4 Synthetic MuscleTM, with various 
additives and coatings, were launched to the ISS-NL on April, 23 2015 on 
the SpaceX-6 payload, and will return to earth in 2016. The most significant 
change from the on-earth testing was color change in the irradiated EAP 
samples, which in polymers can be indicative of accelerated aging. There 
was visible yellowing in the irradiated samples compared to the control 
samples, which were not irradiated and were clear and colorless. While the 
Synthetic Muscle Experiment is in orbit on the ISS-NL, photo events occur 
every 4 to 6 weeks to observe any changes, such as color, in the samples. 
The bulk of the testing will occur when these EAP samples return back to 
earth, and will be compared to the duplicate experiment that remains on 
earth (the control experiment). Smart electroactive polymer based materials 
and actuators promise to transform prostheses and robots, allowing for the 
treatment, reduction, and prevention of debilitating injury and fatalities, and 
to further our exploration by land, sea, air, and space. 
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9798-20, Session 5

Electrical breakdown of dielectric 
elastomers: influence of compression, 
electrode’s curvature, and environmental 
humidity
Bin Chen, Queen Mary, Univ. of London (United Kingdom); 
Matthias Kollosche, Univ. Potsdam (Germany); Mark 
Stewart, National Physical Lab. (United Kingdom); James 
Busfield, Federico Carpi, Queen Mary, Univ. of London 
(United Kingdom)

Dielectric elastomers are widely investigated for use as actuators, stretch/
force sensors and mechanical energy harvesters. However, the performance 
of the resulting devices is limited by the dielectric strength of the elastomer. 
In this paper, a bespoke experimental setup is described for measuring 
the breakdown behaviour of dielectric elastomers and data are presented 
for a 300% pre-strained VHB 4905 acrylic elastomer film from 3M. The 
breakdown was measured with two metal electrodes, one hemispherical 
and the other planar, and was characterised under a range of different 
conditions to investigate the effects of the curvature of the hemispherical 
electrode, the force applied by the two electrodes and the environmental 
humidity. The breakdown field was found to increase from 177V/µm to 
264V/µm for a nearly ten-fold increase of the applied mechanical stress 
with a given radius of curvature of the hemispherical electrode, whereas 
for a given mechanical stress of approximately 10MPa, the breakdown field 
increased by about 20% for an approximately two-fold increase of the radius 
of curvature. Furthermore, with a given radius of curvature, an increase 
of the environmental relative humidity from 33% to 48% caused a 37% 
reduction of the breakdown field. These results indicate that the breakdown 
field is highly dependent on the boundary and environmental conditions.

9798-21, Session 5

The behavior of dielectric elastomer 
actuators connected in series and parallel
Guorui Li, Yuhan Xie, Xuxu Yang, Zhejiang Univ. (China); 
Tingyu Cheng, Univ. of California, San Diego (United 
States); Zhilong Huang, Tiefeng Li, Zhejiang Univ. (China)

Dielectric elastomer membrane has the ability of shrinking the thickness 
and expanding surface area when a voltage is applied through its thickness. 
Dielectric elastomer has been widely studied and used as dielectric 
elastomer actuator (DEA), dielectric elastomer generator (DEG) and 
dielectric elastomer sensor (DES). We study the behavior of several DEAs 
connected in series and parallel, and find that the different connecting 
models can achieve different responses of the DEAs. DEAs connected in 
series can amplify the actuation displacement and in parallel the actuation 
force. In our experiment, DEAs connected in series and parallel are loaded in 
actuation direction under a dead load providing pre-stretch. To calculate the 
energy efficiency of the whole system, we record the output force during 
an operation cycle. We simulate the behavior of DEAs using commercial 
software ABAQUS 6.13 and compare the results obtained from the 
simulation and experiment. 

To achieve large deformation and displacement of the DEAs along the 
vertical direction, the deformation along the horizontal direction is 
constrained using additional acrylic fibers. The DEAs are loaded in the 
vertical direction under a dead load to maintain the pre-stretch.Furthermore, 
we achieve multiplied voltage-induced output forces through parallel 
connection of several DEAs. To calculate the energy efficiency of the whole 
system, we conduct experiment to measure the output forces during an 
operation cycle. We simulate the behavior of DEAs using commercial 
software ABAQUS 6.13 and compare the results from the simulation and 
experiment.

9798-22, Session 5

Study on Mullins effect of dielectric 
elastomer composite
Xiongfei Lyu, Liwu Liu, Jialiang Tao, Yanju Liu, Jinsong 
Leng, Harbin Institute of Technology (China)

Rubbers can be used as dielectric elastomer material, but they are often 
restricted by their not very superior mechanical and dielectric property. 
Therefore, we can add functional particles in rubbers to improve their 
performance. Meanwhile, stress softening is a typical trait of filled rubber, it 
is known as Mullins effect. 

In this paper, we study the Mullins effect of dielectric elastomer composite 
(DEC). The carbon nanotube (CNT) filled silicone elastomer (SE) is used 
as dielectric elastomer composite. We prepare the DEC with different CNT 
ratios, and then compare both their mechanical and dielectric property with 
that of pure SE and study the influence of CNT content on Mullins effect. 
When used as dielectric elastomer, the rubbers usually operate under both 
mechanical and electrical load. Therefore, based on pseudo-elastic model, 
we model the Mullins effect of DEC undergoing various electric fields. In the 
modeling, we use Arruda-Boyce model to describe strain hardening, and 
considering the filled CNT particles, we also take saturated polarization into 
account. This work may lead to a better understanding of Mullins effect in 
dielectric elastomer composite.

9798-88, Session PTues

Modeling a curved IPMC actuator based on 
intrinsic equations
Hossein Moeinkhah, Univ. of Sistan and Baluchestan (Iran, 
Islamic Republic of)

This paper presents dynamic modeling of a initially curved ionic polymer-
metal composites (IPMC) actuator. An explicit analytical expression is 
developed for the computation of mode shapes and dynamic responses 
of a curved IPMC actuator based on the intrinsic equations of the naturally 
curved beam. The numerical transfer matrix method is used to solve the 
systems of linear ordinary differential equations with boundary conditions. 
The validation of the proposed model is achieved through comparison with 
computational results using a commercial finite element (FE) program.

9798-89, Session PTues

Photocatalytic activity of TiO-2 
nanomaterials for methylene blue dye 
degradation
Deuk Yong Lee, Siwon Son, Daelim College (Korea, 
Republic of); Min-Seok Jeon, Korea Testing Laboratory 
(Korea, Republic of); Myung-Hyun Lee, Korea Institute of 
Ceramic Engineering and Technology (Korea, Republic of); 
Bae-Yeon Kim, Incheon National Univ. (Korea, Republic of)

TiO2 nanomaterials were prepared by a sol-gel derived electrospinning, 
calcination from 500oC to 650oC, and subsequent mechanical grinding 
to investigate the effect of calcination temperature on crystal structure, 
crystallinity, and photocatalytic activity of methylene blue (MB). XRD results 
indicated that TiO2 nanorods calcined at 500oC is composed of anatase 
TiO2 only. However, mixed crystals of anatase and rutile were observed for 
TiO2 calcined above 550oC. Higher MB degradation was found for the TiO2 
nanorods calcined at 550oC probably due to the mixed crystals and larger 
surface area. However, the improved photocatalytic activity was achieved 
for TiO2 nanotube due to the synergic combinations of mixed crystals, 
larger specific surface area, and light trapping effect.
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9798-91, Session PTues

A multi-physical model for charge and 
mass transport in a flexible ionic polymer 
sensor
Zicai Zhu, Univ. of Tartu (Estonia); Kinji Asaka, National 
Institute of Advanced Industrial Science and Technology 
(Japan); Kentaro Takagi, Nagoya Univ. (Japan); Alvo 
Aabloo, Univ. of Tartu (Estonia); Tetsuya Horiuchi, National 
Institute of Advanced Industrial Science and Technology 
(Japan)

Electrical potential induced by ion migration is widely existed in natural 
systems such as nerve fibres and tactile corpuscles. A quite similar effect 
can be realized in an ionic polymer material by applying a non-uniform 
deformation on it. The ionic polymer can be used as mechanical sensor or 
generator material directly, which has the advantages of easy processing, 
designable material properties and low cost, espeically shows high 
potential in bio-mimetic sensing organs. Then the transport physics of 
ions and molecules is of importance to the sensing materials and devices 
developement.

Ionic polymer-metal composite(IPMC) is a typical flexible ionic polymer 
sensor material. It is used as a reference for the physics and modeling 
investigation in this paper. A multiphysical sensing model is presented at 
first based on the same physical equations in the physical actuation model 
we obtained before[1,2]. Under an applied bending deformation, water 
and cation migrate to the direction of outside electrode immediately. 
Redistribution of cations causes an electrical potential difference between 
two electrodes. The cation migration is stongly restrained by the generated 
electrical potential. And the migrated cations will move back to the inner 
electrode under the concentration diffusion effect and lead to a relaxation 
of electrical potential. In the whole sensing process, transport and 
redistribution of charge and mass are revealed along the thickness direction 
by numerical analysis. The sensing process is a revised physcal process of 
the actuation, however, the transport properties are quite different from 
those of the later. And the effective dielectric constant of IPMC, which is 
related to the morphology of theelectrode-ionic polymer interface, is proved 
to have little relation with the sensing amplitude. All the conclusions are 
significant for ionic polymer sensing material design. 

Ref.

1. Z. Zhu, K. Asaka, L. Chang, K. Takagi, and H. Chen, J. Appl. Phys. 114(8), 
084902 (2013).

2. Z. Zhu, K. Asaka, L. Chang, K. Takagi, and H. Chen, J. Appl. Phys. 114(18), 
184902 (2013).

9798-92, Session PTues

Dual responsive material from magnetite 
nanoparticles and polyurethane matrix
Karat Petcharoen, Anuvat Sirivat, The Petroleum and 
Petrochemical College (Thailand)

Multi-functional materials for actuator applications have been developed 
with reversibility and high sensitivity under various actuating fields. In this 
work, magneto-electro-responsive materials consisting of a polyurethane 
(PU) matrix and its composites embedded with magnetite nanoparticles 
(MNP) as a dispersed phase were fabricated to tailor the electromechanical 
properties and bending performance under electric, magnetic, and 
electromagnetic fields. Due to the superior characteristics of MNP over other 
magnetic materials, the composites fabricated with electronic polarization 
were highly responsive under electric field. The highest storage modulus 
sensitivity belonged to the 1.0%v/v MNP/PU composite which possessed the 
value of 3.46 at the electric field strength of 2 kV mm-1. Moreover, all of the 
PU composites behaved as an electrostrictive material in which the stress 
depended quadratically on the electric field strength. It was demonstrated 
that the PU composites also possessed very good recoverability, fast 

response (< 15 s) and large bending angle relative to that of pristine PU 
under applied electric field. Interestingly, the steady state storage modulus 
response was attained within the first electrical actuation cycle and the 
PU composite was a fully reversible material. In addition, it was shown 
that superparamagnetism was a common characteristic of all fabricated 
composites under magnetic field. The 3.0%v/v MNP/PU composite provided 
the largest bending distances up to 23.60 mm and 14.10 mm under the 
magnetic field of 5000 Gauss and the electromagnetic field of 320 Gauss, 
respectively. 

9798-93, Session PTues

Thermodynamics of dielectric elastomer 
undergoing temperature variation
Yanju Liu, Liwu Liu, Jinsong Leng, Harbin Institute of 
Technology (China)

Dielectric elastomer is a kind of typical electroactive soft material that has 
many advantages like high elastic energy density, short response time, and 
light weight. Subjected to an external voltage, it will deform sustainably, that 
makes it have many promising applications in actuator, artificial bionic arm, 
facial expression, robotic insects, energy harvester, Braille display device, 
and so on. It also has huge application potential in areas such as aerospace, 
intelligent bionics. 

In this paper, we study the thermodynamics of dielectric elastomer 
undergoing temperature variation. The dielectric elastomer thermodynamics 
theory is introduced and the allowable area that dielectric elastomer can 
work under equal biaxial condition is described. Considering the influence of 
temperature, the thermodynamical free energy model coupling temperature, 
polarization and large deformation is established. Then the electric field 
induced deformation, adiabatic temperature change and isothermal 
entropy change of dielectric elastomer are calculated. Furthermore, the 
electrocaloric effect of dielectric elastomer is described. 

These simulation results are helpful for guidance of the design and 
fabrication of excellent transducer (oscillators, actuators, sensors, energy 
harvesters, refrigerators) based on dielectric elastomers.

9798-94, Session PTues

Anisotropic actuation in dielectric 
elastomer actuators
Daniel P. Armstrong, Richard J. Spontak, North Carolina 
State Univ. (United States)

Thermoplastic elastomer gels have been demonstrated as excellent 
dielectrics for dielectric elastomer actuators (DEAs) due to their tough, yet 
ultrasoft nature (Young’s modulus as low as 5 kPa), and tunable mechanics. 
In particular, the triblock copolymer poly[styrene-b-ethylene-co-butylene-
b-styrene] (SEBS) with a midblock selective oil have been studied as DEAs 
in detail. These gel elastomers are capable of large actuation strains (> 
250% areal actuation), but because of their softness have small energy 
density when compared to competing technologies, most notably acrylic 
elastomers. The most obvious shortcoming in SEBS based DEAs lie in the 
poor electrical properties (?’ ~ 1.8-2.2). 

In this work, we have used anisotropic fabrication to design composite 
materials that incorporate high k dielectric fibers and particles in order 
to 1) impart oriented preference in actuation direction from asymmetric 
permittivity, and 2) improve the overall dielectric constant in order to reduce 
actuation voltage. The materials used to fabricate these composites include 
polyurethane fibers, liquid metal channels and acrylamide gels with glycerol 
and ethylene glycol solvent.
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9798-95, Session PTues

Parametric studies of hyaluronic acid 
microspheres crosslinked by divinyl 
sulfone
Deuk Yong Lee, Cheolbyung Cheon, Siwon Son, Daelim 
College (Korea, Republic of); Jin-Tae Kim, Neo Biotech Co., 
Ltd. (Korea, Republic of); Nam-Ihn Cho, Sun Moon Univ. 
(Korea, Republic of)

Hyaluronic acid(HA) microspheres were synthesized by dropping the 
sodium hyaluronate solutions in NaOH into a solution mixture of divinyl 
sulfone(DVS) in 2-methyl-1-propanol, followed by stirring, cleaning and 
drying process at room temperature. The initial experimental conditions 
are crosslinking time(CLTi) of 5 h, crosslinking temperature(CLTe) at room 
temperature, injection air pressure(IAPr) of 5 psi, and DVS concentration 
(DVSc) of 0.2 vol%, respectively. Then, parametric studies were performed 
by varying the parameters to investigate the morphology, the porosity, the 
swelling ratio and the size of the HA microspheres. The microsphere size 
pattern was not a function of the crosslink degree. It was found that the 
swelling ratio, the degree of crosslink, and the pore size can be controlled by 
adjusting the CLTi, CLTe and DVSc. Among the parameters investigated, the 
smallest microsphere size can be achieved by varying the CLTi parameter. 
The lowest swelling ratio, as an indication of the highest degree of crosslink, 
can be obtained by varying CLTe. Detailed experimental results will be 
presented.

9798-96, Session PTues

Poly(2-chloroaniline)/pectin hydrogel as 
electroactive actuator
Wanar Kongkaew, Anuvat Sirivat, The Petroleum and 
Petrochemical College (Thailand)

Actuator is a mechanical device that can change electrical energy to 
mechanical energy. It produces a large deformation under activated energy. 
Generally, electric field is often used to induce material deformation and 
certain electroactive polymers can offer large mechanical responses under 
electric field. In this work, the synthesis of poly(2-chloroaniline) (P2ClAn) 
was carried out and used as the conductive filler in pectin hydrogels. A small 
amount of P2ClAn was added as a dispersed phase to improve the electrical 
and electromechanical properties of the pectin hydrogels. The electrical 
properties, mechanical properties, and actuator performances were 
investigated by using a melt rheometer. The electromechanical properties 
of pectin hydrogel was studied under effects of crosslinking type namely 
FeCl2, CaCl2, BaCl2 and crosslinking density. The crosslinking density was 
70.39?104 mol.cm-3. Moreover, the electromechanical properties of P2ClAn/
pectin composite hydrogel were studied under the effects of P2ClAn/
pectin hydrogel blending ratio and electric field strength. Material having 
the highest storage modulus sensitivity was a potential candidate as a soft 
bio-actuator.

9798-97, Session PTues

Preparation and characterization of 
multiwalled carbon nanotubes /natural 
rubber composite for compliant electrode 
application
Paweenuch Thangkitthanachoke, Anuvat Sirivat, The 
Petroleum and Petrochemical College (Thailand)

One of many stretchable electronic devices is known as a compliant 
electrode which can retain good electrical conductivity under stretching. It 
has been widely used in various electronic applications: electro-transdermal 

patch, and electro-actuatuation which require large deformations. A 
compliant electrode from multi-walled carbon nanotubes (MWCNTs) 
and natural rubber (NR) was prepared by using a UV-curing process. 
A sonication of MWCNTs with Triton X-100 as a dispersing agent was 
a dispersing key process for exfoliating of MWCNTs bundles to create 
electrical pathway, which was the main factor for electrical conductivity. 
Raman and XRD techniques were used to examine the chemical structure 
and crystalline structure of MWCNTs before and after composite preparation 
process. The MWCNTs dispersion was investigated by SEM. The mechanical 
and electrical properties were investigated by a melt rheometer in a tension 
mode under applied electrical potential. The obtained data showed a high 
electrical conductivity and excellent mechanical behaviour relative to the 
pristine NR. The conductivity increased with MWCNTs concentration up to 
the optimum loading of 3 %v/v of MWCNTs, where electrical conductivity 
rose from the pristine NR by approximately 104 times. Beyond the optimum 
loading concentration, the electrical conductivity slightly dropped because 
of filler aggregation. Moreover, the 3 %v/v of MWCNT composite retained 
stable electrical conductivity and fully reversible deformation under 50 
stretching cycles.

9798-98, Session PTues

Improvements of electromechanical 
properties of biodegradable PLA: effects 
of plasticizer type and electric field
Natlita Thummarungsan, Anuvat Sirivat, The Petroleum 
and Petrochemical College (Thailand)

Poly (lactic acid) (PLA) is an attractive candidate for replacing 
petrochemical polymers because it is biodegradable and derived from 
annually renewable resources. PLA can be utilized in biomedical applications 
such as tissue engineering, drug release devices, and scaffolds for bone 
generation. However, PLA is not an excellent material for the application as 
artificial muscles due to its inherent stiffness and low thermal stability. One 
way to solve this problem is by adding a plasticizer to enhance flexibility 
and ductility of PLA matrix. Porous material is one of many category 
structures that may improve material stiffness. In this work, the porous 
PLA films were prepared via a solvent casting method with the presence of 
plasticizers. The effects of plasticizer type and electric field strength on the 
electromechanical properties of porous PLA films were investigated. For the 
virgin PLA film, the storage modulus (G’) did not change with electric field 
stimulus. The response was improved by adding a plasticizer, whereas G’ 
of porous PLA films increased monotonically with increasing electric field. 
Moreover, the porous PLA films filled with dibutyl phthalate showed the 
highest storage modulus sensitivities.

9798-99, Session PTues

Position control of fishing line artificial 
muscles (coiled polymer actuators) from 
nylon thread
Takeshi Arakawa, Kentaro Takagi, Nagoya Univ. (Japan); 
Kenji Tahara, Kyushu Univ. (Japan); Kinji Asaka, National 
Institute of Advanced Industrial Science and Technology 
(Japan)

Recently, fishing line artificial muscle has been developed and is paid much 
attention due to the advantages such as large contraction, light weight and 
extremely low cost. Typical fishing line artificial muscle is made from Nylon 
thread and made by just twisting the polymer filament. Because of the 
structure of the actuator, they may be named as coiled polymer actuators 
(CPAs).

In this paper, a CPA is fabricated from commercial Nylon fishing line and Ni-
Cr alloy (Nichrome) wire is wound around it. The CPA contracts by the Joule 
heat induced by the voltage applied to the Nichrome wire. For designing 
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the control system, a simple model is proposed in this paper. According to 
the physical principle of the actuator, two first-order transfer functions are 
introduced to represent the actuator model. One is a system from the input 
power to the temperature and the other is a system from the temperature to 
the deformation.

Using the developed model, position control of the voltage-driven CPA 
is discussed. If the voltage is chosen as the control input, the actuator 
model includes the nonlinearity because the input power is proportional 
to the squares of the voltage. In order to eliminate the square-nonlinearity, 
input linearization is employed. A 2-DOF PID controller which includes an 
inversion-based feed forward controller and a PID controller are used. In 
order to demonstrate the improvement of the tracking performance by the 
feed forward controller, the result of a simple PID controller without feed 
forward is also shown.

9798-100, Session PTues

Enhanced electromechanical response of 
Ionic Polymer-Metal Composite (IPMC) 
actuators by various Nafion roughening 
levels
Yanjie Wang, Hualing Chen, Jiayu Liu, Xi’an Jiaotong Univ. 
(China)

In this paper, the surfaces of Nafion membrane were pretreated and 
optimized by sandblasting, mainly considering the change of sandblasting 
time and powder size. The modified surfaces are characterized in terms 
of their topography from the confocal laser scanning microscope (CLSM) 
and SEM. The key surface parameters, such as Sa (the arithmetical mean 
deviation of the specified surface profile), SSA (the surface area ratio 
before and after roughening) and the area measurement on the histogram 
extracted from the CLSM images, were extracted and evaluated from the 
roughened membranes. Also, the detailed change in surface and interface 
electrodes together with the surface resistance, equivalent modulus, 
capacitance and performances for IPMC actuators prepared by the 
roughened membranes, were measured and discussed. The results show 
that an optimized roughening condition with low bending stiffness and large 
interface area (capacitance) can effectively increases the electromechanical 
responses of IPMC.

9798-101, Session PTues

The actuation of different dielectric 
elastomer structures with various 
electrodes
Yuhan Xie, Yiming Liang, Xuxu Yang, Chi Li, Tiefeng Li, 
Zhejiang Univ. (China); Xuan Wang, Nanjing Univ. (China)

Various electrodes and various structures affect the operation of dielectric 
elastomer (DE) actuators a lot. In this paper, we demonstrate the actuation 
of DE structures with several different electrodes including carbon grease, 
conductive silicone, single-walled carbon nanotubes, metal nanowires, 
hydrogel and conductive ionic solution. Properties including actuated 
amplitude, sheet resistance, optical transmittance and fault-tolerance are 
measured and compared in our experiments. Furthermore, some interesting 
phenomena such as self-healing process are observed. Additionally, various 
DE structures are also designed and fabricated in our experiments to 
explore their actuating properties. This work can guide the option of the 
electrodes and structures for DE actuators.

9798-102, Session PTues

Preparation and characterization of 
sulfonated carbon nanotube/Nafion IPMC 
actuators
Jie Ru, Yanjie Wang, Xi’an Jiaotong Univ. (China); Longfei 
Chang, Hefei Univ. of Technology (China); Hualing Chen, 
Bo Li, Shuhai Jia, Xi’an Jiaotong Univ. (China)

Ionic polymer metal composite (IPMC), a new kind of smart material, with 
remarkably large strain and stress under low-voltage stimulation, has been 
extensively studied in recent years. In this paper, we developed new kinds 
of ionic polymer metal composite actuators (IPMCs) by doping sulfonated 
carbon nanotube (SCNT) into Nafion matrix to overcome some major 
drawbacks, such as low output force and short air-operation time, which 
restrict applications of conventional Nafion IPMC actuators. Firstly, SCNT 
was synthesized by coupled reaction of multi-walled carbon nanotubes 
and azo compounds and then doped into Nafion matrix by casting method. 
Subsequently, several key parameters of the SCNT-reinforced Nation matrix, 
the water uptake ratio, the ion exchange capacity and the elastic modulus, 
were revealed and the inner morphology of the membranes was observed 
by scanning electron microscopy. Finally, the effects of the SCNT on the 
electromechanical properties of IPMC actuators, especially the actuating 
performance, were evaluated experimentally and analyzed systematically. 
The results showed that the SCNT was evenly dispersed in Nafion matrix 
and a small amount of SCNT could improve the performance of IPMC 
actuators significantly.

9798-103, Session PTues

A novel transparent dielectric 
elastomer sensor for compressive force 
measurements
Yiming Liang, Guorui Li, Yuhan Xie, Xuxu Yang, Tiefeng Li, 
Zhejiang Univ. (China)

Dielectric elastomer sensors show promise for wearable electronics and 
mechatronic applications. However, these sensors have some deficiencies in 
their appearance and low sensitivity to compressive force measurements. 
In this paper, we demonstrate a novel dielectric elastomer sensor enabled 
by ionic liquid that has fully transparent appearance, low resistivity and the 
capacity of operation at large-scale frequencies. We investigate the basic 
physical behaviors of the sensor experimentally. It is noted that the sensor 
has a remarkable sensitivity to measure compressive force, which is higher 
than the existing stacked dielectric elastomer sensors. Furthermore, we put 
forward an analytical model to capture the behaviors of the sensor, and the 
load-capacitance relationships of the sensor obtained from the experiment 
agrees well with theoretical predictions.

9798-104, Session PTues

Simulation of the transient 
electromechanical behavior of dielectric 
elastomer transducers under differing 
loads
Holger Mößinger, Florentine Förster-Zügel, Henry Haus, 
Helmut F. Schlaak, Technische Univ. Darmstadt (Germany)

Models are required to describe the behavior of dielectric elastomer 
transducers (DET) and assess their performance. For more complex setups 
system designers resort to use FDM or FEM based simulation software, 
either self-programmed or commercially available. For industrial users 
writing simulation software is not feasible. Commercial software and models 
mostly focus on either electrical or mechanical domain thus simplifying 
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or neglecting effects in the other domain. We present a simulation setup 
using commercially available FEM software describing the transient 
electromechanical behavior of DET under different load conditions and 
assess the results in comparison to simpler models.

9798-105, Session PTues

Electrically tunable, optical microcavity 
based on metallized and ultra-soft PDMS 
gel
Markus Franke, Irma Slowik, Georgi Paschew, Ulrich Merkel, 
Hartmut Fröb, Andreas Richter, Karl Leo, TU Dresden 
(Germany)

Tunable, optical microcavities gain more and more interest for display, 
lasing or other optical application. The setup of dielectric elastomer 
actuators enables a simple integration of an optical cavity, since reflective 
electrodes can confine easily a cavity with a transparent elastomer in 
between. Applying a voltage to the electrodes results in a squeezing of the 
elastomer and, due to the cavity thickness decrease, the resonator modes of 
interfering light changes.

In this work we present an electrically tunable, optical microcavity based 
on ultra-soft poly(dimethyl-siloxane) (PDMS). The PDMS gel is coated on 
a glass substrate with distributed Bragg reflector as well as ITO bottom 
electrode and flexible silver electrodes on top.

The usage of an ultra-soft PDMS gel, extremely low cross-linked PDMS with 
a storage modulus lower than 1kPa, allows to decrease the operation voltage 
down to several hundred volts. The critical step of the cavity set up is the 
metallization of the PDMS gel layer that requires a previous oxidizing surface 
activation to gain reflective and conductive silver layers on top. Therefore, 
the effects of oxygen plasma and ozone treatment on PDMS and the created 
silver layer were investigated intensively. The performance of the electrically 
tunable, optical microcavity was verified by confocal microscopy, Fabry-
Pérot interferometry and LCR measurements. These investigations show 
that we were able to achieve high actuations by more than 70% of cavity 
thickness decrease.

Furthermore, we have embedded pyrromethene dyes into the PDMS filled 
cavity as gain media for future laser application.

9798-106, Session PTues

Mass and charge transport in IPMC 
actuators with fractal interfaces
Longfei Chang, Yucheng Wu, Hefei Univ. of Technology 
(China); Zicai Zhu, Univ. of Tartu (Estonia); Heng Li, Hefei 
Univ. of Technology (China)

Ionic Polymer-Metal Composite (IPMC) actuators have been attracting 
a growing interest in extensive applications, which consequently raises 
the demands on the accuracy of its theoretical modeling. For the last few 
years, rough landscape of the interface between the electrode and the ionic 
membrane of IPMC has been well-documented as one of the key elements 
to ensure a satisfied performance. However, in most of the available work, 
the interface morphology of IPMC was simplified with structural idealization, 
which lead to perplexity in the physical interpretation on its interface 
mechanism. In this paper, the quasi-random rough interface of IPMC was 
established with fractal dimension and scaling parameters. And the electro-
chemical field was modeled by Poisson equation and a properly simplified 
Nernst–Planck equation set. Then, by simulation with Finite Element Method, 
a comprehensive analysis on he inner mass and charge transportation in 
IPMC actuators with different fractal interfaces was provided, which may be 
further adopted to instruct the performance-oriented interface design for 
ionic electro-active actuators. The results also verified that rough interface 
can impact the electrical and mechanical response of IPMC, not only from 
the respect of the real surface increase, but also from mass distribution 
difference caused by the complexity of the micro profile. 

9798-107, Session PTues

Application of the H filter in high speed 
turn maneuvering target tracking 
algorithm
Hongwei Sun, Zhenda Lei, Jiangsu Automation Research 
Institute (China)

High speed?low flying and high Maneuvering, Good methods are needed in 
high speed Turn maneuvering tracking algorithm. An adabptive version of 
the H? filter which has a practical real-time implemtentation developed in 
the paper,and it is demonstated that it has superior worst case performance 
when compared with the standard kalman filter to target tracking.when 
used in turn maneuvering tracking algorithm, the new filter yields improved 
worst-case performance in the case of model uncertainties. The simulation 
results indicate that the real-tine maneuvering target turn tracking algorithm 
can maintain track under severe correlates maneuvers.

9798-108, Session PTues

Development of self-sensing actuator of 
IPMC without supply voltage to sensor
Shigenori Sano, Takahiro Ohashi, Toyohashi Univ. of 
Technology (Japan); Kentaro Takagi, Nagoya Univ. (Japan); 
Naoki Uchiyama, Toyohashi Univ. of Technology (Japan)

The realization of self sensing actuator is effective for the downsizing and 
the energy saving of actuator. In previous researches, some researchers 
proposed the method of self-sensing actuator of IPMC . In many case, the 
sensor’s part are separated to the actuator’s part and the supply voltage 
to sensor’s part is needed. In this paper, a new self-sensing mechanism is 
proposed. This method don’t need the supply voltage to sensing by using 
actuate voltage. This paper presents the result of the basic experiment for 
development of self sensing actuator of IPMC (Ionic

The result shows the possibility of the realization of the self sensing 
actuator.

9798-109, Session PTues

A dynamic physics-based model for a 
tubular IPMC sensor under torsional 
excitation
Hong Lei, Montassar A. Sharif, Xiaobo Tan, Michigan State 
Univ. (United States)

Ionic polymer-metal composites (IPMCs) have intrinsic sensing and 
actuation properties. An IPMC sensor typically has the beam shape and 
responds to bending deflections only. For a tubular IPMC sensor (one inner 
electrode and one outer electrode), it also responds to torsional excitation. 
However, the study of this behavior has been very limited. In this paper, a 
dynamic, physics-based model is studied for a tubular IPMC sensor under 
pure torsional stimulus. Considering the symmetric tubular structure and 
the pure torsion condition, the 3D modeling problem can be reduced into a 
1D one along the radial direction of the cross-section. Experimental results 
show that the proposed model captures well the sensing dynamics.

In particular, the polar coordinate system is used to describe the cross-
section of a tubular IPMC subjected to pure torsion, and it is assumed that 
the redistribution of charge density inside the polymer only happens along 
the polar axis, given that the stress distribution inside the polymer can 
be treated as the same longitudinally and along polar angle, but linearly 
changing along the polar axis. The reduced dynamic model is derived 
by analytically solving the governing partial differential equation, which 
incorporates electrostatic interactions, ionic diffusion, and ionic migration, 
and accommodating the assumed boundary condition that the charge 
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density is proportional to the mechanically induced stress and inversely 
proportional to the radius at the boundaries. The derived model relating 
short-circuit sensing current to the torsion stimulus is expressed as a 
transfer function for real-time signal processing.

9798-110, Session PTues

Novel pre-strain method for dielectric 
electroactive polymers
Brittany Newell, Gary W. Krutz, Purdue Univ. (United 
States); Frank Stewart, Kevin Pascal, Parker Hannifin Corp. 
(United States)

Dielectric electroactive polymers have demonstrated their significant 
potential in a variety of applications due to their material strength and 
elastomeric material properties. Mechanical pre-strain has been shown 
to enhance material actuation potential significantly. However, with this 
enhancement comes sacrifices. Mechanical pre-strain imposes a stiff 
mechanical boundary on the dielectric material in order to maintain the 
strain. This boundary is not acceptable for many applications of the material 
and may cause additional challenges during scale-up manufacturing of 
electroactive polymer devices. Therefore in this research, investigations 
were made into mechanisms of mechanical pre-strain and into alternate 
pre-strain methods. These studies discovered novel methods capable of 
producing enhanced pre-strains and final actuation without the addition 
of the solid strain boundary. This work utilized a durable application 
oriented fluoropolymer dielectric elastomer material in combination with 
a chemical pre-strain method to achieve optimal results and construction. 
Results showed an approximately 97.5% reversible chemical pre-strain 
method that allowed for over 150% initial material strain. With this pre-strain 
method actuations greater than 0.5% change in radial area were achieved. 
Displacements approaching 1 mm in the z-direction were also achieved 
using this chemical pre-strain method. These results can be compared to 
absolute maximum actuation percentages of 2.17% when using mechanical 
pre-strain with a solid mechanical boundary. In conclusion, a novel pre-strain 
process that removes boundary restrictions and manufacturing concerns has 
been developed which provides enhanced actuation potential for dielectric 
elastomer materials.

9798-111, Session PTues

A multi array dual mode tactile proximity 
sensor using carbon microcoils
Hyo Seung Han, Junwoo Park, Tien Dat Nguyen, Uikyum 
Kim, Sungkyunkwan Univ. (Korea, Republic of); Soon Cheol 
Jeong, Doo In Kang, Chang Sung Corp. (Korea, Republic 
of); Hyouk Ryeol Choi, Sungkyunkwan Univ. (Korea, 
Republic of)

Tactile and proximity sensing are important aspects of recognition of the 
environment for the safe operation in Human Robot Interaction (HRI). The 
implement of tactile and proximity sensing in a single sensor is required to 
reduce cost and minimize a hardware. In this paper, we propose a flexible 
and highly sensitive dual mode tactile proximity sensor using Carbon 
Microcoils (CMCs). The sensor consists of a Flexible Printed Circuit Board 
(FPCB) electrode layer and CMCs mixture sheet as a dielectric layer. In order 
to make the proximity sensitivity higher, the sensor has all electrodes on 
the same plane and the dielectric layer covering the top of the sensor. The 
sensor is also robust because the dielectric layer protects the electrodes 
from external forces. CMCs are considered to form a complex LCR circuit in 
a dielectric layer. The electrical properties of the sensor are changed when 
a target object approaches or touches the sensor. However, the sensing 
effectiveness depends on the amount of CMCs in the dielectric layer. The 
proper amount of CMCs which maximizes the tactile sensitivity will be 
confirmed and applied to fabricate the dielectric layer. Two sensing modes 
are adopted to detect a wide range of each stimulus. The sensor uses 

capacitive sensing mode for tactile stimulus and inductive sensing mode for 
proximity stimulus. The size of the sensor is 30 ? 30 ? 0.6 mm^3, and the 
spatial-resolution is 3 mm. The sensor detects the applied pressure up to 
330 kPa and the distance of an object from 160 mm.

9798-112, Session PTues

Development of a biomimetic roughness 
sensor for tactile information with an 
elastomer
Ja Choon Koo, Hyouk Ryeol Choi, Hyungpil Moon, Sung 
Joon Kim, Jae-Young Choi, Sungkyunkwan Univ. (Korea, 
Republic of)

Human uses various sensational information for identifying an object. 
When contacting an unidentified object with no vision, tactile sensation 
provides a variety of information to perceive. Tactile sensation plays an 
important role to recognize a shape of surfaces from touching. In robotic 
fields, tactile sensation is especially meaningful. Robots can perform more 
accurate job using comprehensive tactile information. And in case of using 
sensors made by soft material like silicone, sensors can be used in various 
situations. So we are developing a tactile sensor with soft materials. As the 
conventional robot operates in a controlled environment, it is a good model 
to make robots more available at any circumstance that sensory systems of 
living things. For example, there are lots of mechanoreceptors that each of 
them has different roles detecting simulation in side of human skin tissue. 
By mimicking the mechanoreceptor, a sensory system can be realized 
more closely to human being. It is known that human obtains roughness 
information through scanning the surface with fingertips. During that times, 
subcutaneous mechanoreceptors detect vibration. In the same way, while a 
robot is scanning a surface of object, a roughness sensor developed detects 
vibrations generated between contacting two surfaces. In this research, a 
roughness sensor made by an elastomer was developed and experiment for 
perception of objects was conducted. We describe means to compare the 
roughness of objects with a newly developed sensor. 

9798-113, Session PTues

Self-sensing soft robot for twisting 
applications using Gallium-Indium
Sarah Trabia, Taeseon Hwang, Kwang Jin Kim, Univ. of 
Nevada, Las Vegas (United States)

Many creatures have the ability to deform their limbs in unique ways. One of 
interest is being able to twist an appendage for mobility and grasping prey 
or objects. Octopi are perfect examples because of their versatile limbs. To 
accurately reproduce this type of movement, a soft robot with self-sensing 
abilities is needed. The sensor will be Gallium-Indium (GaIn) based, a liquid 
metal that is useful as a flexible strain sensor. In order to understand and 
produce a novel prototype, the physics behind the 3D deformation will be 
studied and modeled. A prototype using an Ionic Polymer-Metal Composite 
(IPMC) will fabricated to test accuracy of the GaIn sensor.

9798-115, Session PTues

Switchable adhesion for wafer-handling 
based on dielectric elastomer stack 
transducers
Tanja Grotepaß, Janis Butz, Florentine Förster-Zügel, 
Helmut F. Schlaak, Technische Univ. Darmstadt (Germany)

Vacuum grippers are often used for the handling of wafers and small 
devices. In order to evacuate the gripper, a gas flow is created that can 
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harm the micro structures on the wafer. A promising alternative to vacuum 
grippers could be adhesive grippers with switchable adhesion. There have 
been some publications of gecko-inspired adhesive devices. Most of these 
former works consist of a structured surface which adheres to the object 
manipulated and an actuator for switching the adhesion. Until now different 
actuator principles have been investigated, like smart memory alloys and 
pneumatics. 

In this work for the first time dielectric elastomer stack transducers (DEST) 
are combined with a structured surface. DESTs are a promising new 
transducer technology with many applications in different industry sectors 
like medical devices, human-machine-interaction and soft robotics. Stacked 
dielectric elastomer transducers show thickness contraction originating in 
the electromechanical pressure of two compliant electrodes compressing 
an elastomeric dielectric. Since DESTs and the adhesive surfaces previously 
described are made of elastomers, it is self-evident to combine both 
systems in one device. The DESTs are fabricated by a spin coating process. 
If the flat surface of the spinning carrier is substituted for example by a 
perforated one, the structured elastomer surface and the DEST can be 
fabricated in one process. By electrical actuation the DEST contracts and 
laterally expands which causes the gecko-like cilia to adhere on the object 
to manipulate.

This work describes the assembly and the experimental results of such a 
device using switchable adhesion. It is intended be used for the handling of 
glass wafers. 

9798-116, Session PTues

Electro-spraying and ultra-violet light 
curing of polydimethylsiloxane to fabricate 
thin films for low-voltage dielectric 
elastomer actuators and sensors
Florian M. Weiss, Univ. Basel (Switzerland); Gabor M. 
Kovacs, Empa (Switzerland); Tino Töpper, Bekim Osmani, 
Bert Müller, Basel Univ. Hospital (Switzerland)

Currently, the dielectric elastomer actuators (DEA) are mainly based on 
micrometer-thin polymer films and require operating voltages of several 
hundred volts. In medical applications, however, voltages as low as a very 
few tens of volts are required. To this end, we prepared nanometer-thin 
dielectric elastomer layers. We demonstrate that alternating current, electro-
spray deposition allows for the fabrication of homogenous, flat, nanometer-
thin polydimethylsiloxane (PDMS) films. The growth of the PDMS with 
the average molecular weight of 6,000 g/mol at deposition rates ranging 
from 0.02 to 5.54 nm/s was in situ monitored by means of spectroscopic 
ellipsometry. The Cauchy layer model performs above a deposition-rate-
dependent critical film thickness associated with a confluent PDMS layer on 
the Si substrate. The optical droplet size measurements, carried out as the 
function of the deposition rate, indicate that inertia and polarization forces 
dominate in liquid PDMS electro-spraying. The roughness of the deposited 
PDMS films is a function of the spray rate. After ultra-violet curing under 
Ar atmosphere, however, the films considerably smoothen to root-mean-
square roughness values as low as 0.2 to 0.3 nm determined by atomic force 
microscopy on areas of 5 µm x 5 µm and between 2 and 20 nm determined 
by interferometry on 0.72 mm2. Such electro-sprayed nanometer-thin 
PDMS films qualify for the fabrication of low-voltage DEA. Our research 
activity pursues the fabrication of artificial muscles to treat urinary and fecal 
incontinence.

9798-117, Session PTues

Novel 2D: self-sensing structure of 
dielectric elastomer actuator via structure 
arrangements
Runan Zhang, Patrick S. Keogh, Pejman Iravani, Univ. of 
Bath (United Kingdom)

Dielectric Elastomer Actuators (DEAs) may be referred to as ‘artificial 
muscles’ as they may be configured to have similar actuation capabilities 
and self-sensing characteristics to achieve accurate motion control, just 
like natural muscles. While natural muscles can only actuate and sense in 
a single direction, DEAs can perform bi-directional actuation and sense 
complex 2D motions. This paper proposes a sensing system by which the 
measured capacitances in a DEA can be used to provide better scope of 
the working conditions of the actuator. The self-sensing characteristics 
of the DEA may be used to create accurate feedback control. However, 
such control may not be applicable when external disturbances apply 
to the actuator since it cannot distinguish the deformation of the 
elastomer whether coming from actuation or otherwise. Furthermore, the 
configuration with a single sensing region cannot be used to distinguish the 
directions of deformation in the plane. In this paper, via the optimization 
of electrode regions, a smart sensing structure is designed to detect 
differential motions and actuation modes of the DEA. Simulation and 
experimental results are presented to verify the effectiveness of this smart 
structure. The work on 2D sensing contributes to the development of 
antagonistic-pairing of DEA structures that have the potential to sense and 
regulate complex tremor motion in a wrist joint.

9798-119, Session PTues

Characterization of screen printed 
electrodes for Dieletric Electro-active 
Polymers (DEAP): influence of screen 
dimensions and electrode thickness on 
actuator performance
Bettina Fasolt, ZeMA gGmbH (Germany); Micah W. 
Hodgins, Alexander York, Stefan S. Seelecke, Univ. des 
Saarlandes (Germany)

Screen printing is used as a method for printing electrodes on silicone thin 
films for the fabrication of membrane Dielectric Electro-Active Polymers 
(DEAP). This method can be used to manufacture a multitude of patternable 
designs for actuator and sensor applications, implementing the same 
method for prototyping as well as large-scale production. The fabrication 
of DEAPs does not only require the development of a flexible, highly 
conductive electrode material, which adhers to a stretched and unstreched 
silicone film, but also calls for a thorough understanding of the effects of the 
different printing parameters. This work investigates the influence of screen 
dimensions (open area, mesh thickness) as well as the influence of multiple 
layer printing on the electrode stiffness, electrical resistance and actuator 
performance. The investigation will be conducted on a newly designed 
DEAP tester. This tester enables a electro-mechanical characterisation of the 
DEAP simultaneously measuring parameters such as strain, voltage, current, 
force, sheet resistance, capacitance and membrane thickness. Magnified 
pictures of the electrodes will additionally illustrate the effects of the 
different printing parameters. 

9798-120, Session PTues

A study of self-clearing in metalized 
electrode for multilayered electroactive 
polymer (MLEAP) based actuators
Saad Ahmed, Zoubeida Ounaies, The Pennsylvania State 
Univ. (United States)

Electroactive polymer (EAP) based technologies have shown promise 
in areas such as artificial muscles, actuator, aerospace, medical and soft 
robotics. Still challenges remain such as low induced forces and defects-
driven electrical breakdown, which impede the practical implementation of 
this technology. Multilayered or stacked configuration can address the low 
induced force issue. On the other hand self-clearing can be a technique to 
improve breakdown limit of EAP based actuators. Self-clearing refers to 
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the partial local breakdown of dielectric medium due to the presence of 
impurities, which in turn results in the evaporation of some of the metalized 
electrode. After this evaporation the impurity is cleared and any current 
path would be safely cut off. It is a widely studied concept in the capacitor 
community, while it has not been studied much for EAP technologies. In this 
paper we report a systematic approach to preconditioning silver-electroded 
multilayered electroactive polymer (MLEAP) based actuators using self-
clearing concept. The performance of MLEAP actuators are then compared 
with and without preconditioning them. To further study and characterize 
the self-clearing phenomenon in MLEAP actuators, different experimental 
studies are conducted ranging from polarization (P) vs electric field (E), 
and electrical breakdown experiment with and without preconditioning the 
samples. The self-cleared area and discharge energy during self-clearing are 
also characterized in terms of number of stacked polymer layers and applied 
electric field. Finally, different electrode technologies, such as plasma based 
sputtering and electron-beam based evaporation, are also characterized in 
terms of self-clearing phenomena. 

9798-122, Session PTues

Electrodynamic network model for 
multilayer DE stack-transducers
Thorben Hoffstadt, Philip Meier, Jürgen Maas, 
Ostwestfalen-Lippe Univ. of Applied Sciences (Germany)

In most cases the electrical behavior of dielectric elastomer transducers 
(DET) is modeled by an equivalent circuit with lumped parameters. Here, 
the capacitance is obtained under consideration of the active area of the 
whole DET, while additional parallel and series resistances model the losses 
in the polymer and the electrode respectively. Since this represents a quite 
simple modelling approach it is very common. However, in general a DET 
has a certain spatial distribution depending on the design of the considered 
transducer. Thus, a model with lumped parameters might be inaccurate 
and does not take into account the field-distribution within the DET. Since 
no analytical expression of the field-distribution by solving the partial 
differential equations exists, within this contribution an electrical network 
model for a multilayer DE stack-transducer is presented. This model takes 
into account the influence of the contacting of the single transducer films as 
well as the electrical interaction of these films and their spatial distribution. 
Based on this model the influence of different design parameters can be 
investigated, yielding to design rules for the considered transducers with 
both optimized transient and static behavior. However, such a network 
model is quite extensive and therefore not suitable for most model-
based investigations. To overcome this, an approach is presented for the 
parametrization of the lumped model based on the results of the network 
model resulting in an equivalent electromechanical behavior, finally.

9798-123, Session PTues

Aerospace applications utilizing 
conductive and electroactive polymers
Patrick Kinlen, Matthew A. Flack, Boeing Technology 
Services (United States)

Since the Wright brother’s wood and fabric Flyer, materials used in the 
aerospace industry have been continually evolving. Today’s aircraft utilize 
advanced metals and polymer composite systems in response to industry 
demands for lighter weight and higher strength materials. Future aerospace 
platforms will require even more innovative technologies such as those 
provided by electroactive and conductive polymers (EAPs). The unique 
properties of these materials provide the ability to develop intelligent 
systems that produce a defined, predictable response to an input. For 
example, as a corrosion protection coating, an EAP senses corrosion at the 
molecular level and releases a corrosion inhibitor before major damage 
occurs. A self-detoxifying system senses a toxin and respond by releasing 
bactericide to destroy it. As depicted below, material advancements being 
sought for future aerospace systems include:

• Controlled, on demand release of active molecules for self-repair, 
detoxification and corrosion protection

• Controllable optical absorption and emission across a wide spectral range

• Tunable conductivity from 10-5 to >10,0000 S/cm for antistatic, de-icing 
and shielding

• High power energy storage and capture

This presentation will explore some of the challenges and issues involved 
with developing and transitioning EAP technology into current and future 
aerospace products.

9798-124, Session PTues

Active materials, unconventional designs
Stoyan K. Smoukov, A. Khaldi, Univ. of Cambridge (United 
Kingdom); Cédric Plesse, Frédéric Vidal, Univ. de Cergy-
Pontoise (France); N. Denkov, S. Tcholakova, I. Lesov, D. 
Cholakova, Sofia Univ. “St. Kliment Ohridski” (Bulgaria)

Current processes for making particles are quite wasteful of energy and 
material resources. Most complex particles are made in top-down fashion, 
requiring expensive lithographic and other equipment with relatively low 
throughput. In addition to the technological pressures for a sustainable, 
scalable, bottom-up process that can generate regular geometric particles, 
novel mechanisms of spontaneous symmetry breaking address fundamental 
questions in materials science, chemistry and physics. Artificial materials 
exhibiting symmetry breaking, such as dynamic shape-change behaviour, 
are parsimonious, compared to biological systems, both in terms of number 
of components and mechanisms. This elegance allows us to study in 
greater fundamental detail their mechanisms and potential to control such 
behaviour. We have discovered fundamentally novel mechanisms to direct 
growth, shape change, and have a vision to develop them in the fields 
of artificial muscles, adaptive structures, and for bringing insights in the 
processes of morphogenesis. 

We combine the geometrical approaches with chemistry to achieve 
combinatorial multifunctionality. Instead of designing all the desired 
functions in a single molecule, we use controlled internal phase separation in 
a material to introduce existing materials with already optimized functions, 
and interweave them into one. We show how this spatial separation of just 
3 phases and 20 functions would lead to over 8000 trifunctional materials. 
We demonstrate such interpenetrating networks with the separate 
individual functions, as well as emerging effects.[1]

We also describe molecular mechanisms we have discovered for bottom-up 
shape change in liquid droplets. They rely only on transformations inside 
the droplets and, without any external applied fields, are able to generate 
a number of regular geometric shapes, including octahedra, hexagons, 
rhomboids, triangles and fibers. We explain the transitions between these 
shapes and methods to control them in both the liquid and solid state. This 
scalable process is a molecularly based method for symmetry breaking 
on various scales.[2] I will outline a number of implications for further 
fundamental discoveries and for potential applied explorations we are 
pursuing in symmetry breaking, manufacturing and nanoscience.

[1] Khaldi A, Plesse C, Vidal F, Smoukov SK, Designing Smarter Materials 
with Interpenetrating Polymer Networks, accepted in Adv. Mater. 27 (30), 
4418–4422 (2015) DOI: 10.1002/adma.201500209

[2] Denkov N, Tcholakova S, Lesov I, Cholakova D, Smoukov SK, Self-Shaping 
of Droplets via Formation of Intermediate Rotator Phases upon Cooling, 
NATURE 528, 392–395 (2015), DOI: 10.1038/nature16189

9798-503, Session Plen

The DARPA Atoms to Product Program
John A. Main, Defense Advanced Research Projects 
Agency (United States)

Many materials in the nanoscale regime exhibit unique physical 
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characteristics not found at larger scales that enable important applications.  
Examples of nanoscale properties of interest include quantized current-
voltage behavior, dramatically lower melting points, significantly higher 
specific heats, enormous surface-to-volume ratios that enable rapid 
temperature changes, manipulated reactivity enabled by dissimilar catalytic 
surfaces placed in close proximity, three-to-four orders of magnitude 
increase in radiative heat transfer, and bandgaps/colors that change from 
bulk characteristics.  Combinations of these properties enable new devices 
that are only achievable through fabrication of systems with nanoscale 
features.  The DARPA Atoms to Product (A2P) seeks to develop technology 
to assemble from the nanoscale to the product or human scale, while 
maintaining and exploiting the unique material properties found only in the 
nanoscale regime.

9798-23, Session 6A

From electrode charges on dielectric 
elastomers to trapped charges and electric 
dipoles in electrets and ferroelectrets: 
fundamental and applications-relevant 
aspects of diversity in electroactive 
polymers (Invited Paper)
Reimund Gerhard, Univ. Potsdam (Germany)

The performance of dielectric elastomers (“electro-electrets”) for 
actuator, energy-harvester and sensor applications relies on a high relative 
permittivity and a low elastic modulus. Basically, high densities of electric 
charges in the electrodes are required in order to provide large Maxwell 
stresses or high energy densities. Significant amounts of localised or 
trapped charges, as well as electric dipoles from pairs of such charges, can 
lead to useful electro-mechanical and mechano-electrical effects (or inverse 
and direct piezoelectricity, respectively) if they are properly arranged in 
dielectric materials with extremely low conductivities. Space-charge electret 
films and ferroelectret systems should exhibit thermal and long-term 
stability of the trapped charges within the respective polymer materials. 
Ferroelectric polymers from the polyvinylidene-fluoride (PVDF) family or 
from odd-numbers polyamides and other polar polymers show useful piezo- 
and pyroelectric properties if they are prepared with the relevant polymer-
chain conformations that allow for parallel packing of the molecular dipoles 
in the respective crystalline phases. The resulting space-charge and dipole 
electrets are widely applied, e.g. in microphones, air filters, radiation 
dosimeters, ultrasonic transducers, etc. Furthermore, the coupling between 
localised charges and anisotropic mechanical properties may also give rise 
to pyroelectric effects, as well as to soft and flexible or stretchable sensors 
and actuators with large figures of merit. Basically, the performance of 
all such transducer materials relies on the attraction (and repulsion) of 
electric charges and thus directly on the electro-magnetic interaction, one 
of the four fundamental interactions that Nature provides. Some recent 
developments in the areas of soft and basically incompressible electro-
electrets (dielectric elastomers) with extremely large strains, of anisotropic 
polymer ferro- or piezo-electrets with quasi-ferroelectric behavior, of 
molecular-dipole electrets with significant ferro-, pyro- and piezo-electricity, 
and of space-charge polymer electrets with locally stabilised charges will be 
illustrated and discussed.

9798-24, Session 6A

Energy harvesting for dielectric elastomer 
sensing
Iain A. Anderson, The Univ. of Auckland (New Zealand) 
and StretchSense (New Zealand); Ben M. O’Brien, 
StretchSense (New Zealand)

Arrays of soft and stretchy Dielectric Elastomer (DE) sensors can be 
deployed in body suits to measure human motion. This enables the wearer, 

and their personal trainer or physiotherapist to measure their performance 
and help them improve. The price for this is power. Measurement requires 
power for dedicated electronics that generate and interrogate the sensing 
signal to each sensor. Electrical energy is also required for information 
processing and for telemetering data to phone or computer. Batteries are a 
good solution but recharging at the wall adds cost, and compromises on the 
user experience. One solution is to harvest energy from human motion in 
real time to power the sensor. For this to work well the harvester must also 
be wearable, unobtrusive and profitable from the energy perspective with 
more energy harvested than used. 

A promising way forward is to use DE Generators (DEG) for DE sensors. DEG 
are soft and stretchy and can match the mechanical impedance of skin and 
muscle. DEG and their application to energy scavenging are well known but 
to the authors’ knowledge no one has yet considered the energy balance 
for DE generator-sensor pairs in real world settings. In this paper we set out 
a framework for considering the energy flows between human, harvester, 
and sensor so that they balance. We will also paint the picture for the way 
forward in which sensor and generator are combined into one elastomer 
structure that can be deployed so the wearer can wear and forget about 
charging. 

9798-25, Session 6A

Big power from walking
Patrin K. Illenberger, The Univ. of Auckland (New Zealand); 
Iain A. Anderson, Auckland Bioengineering Institute (New 
Zealand) and The Univ. of Auckland (New Zealand) and 
StretchSense (New Zealand); Udaya K. Madawala, The 
Univ. of Auckland (New Zealand)

Dielectric Elastomer Generators (DEG) offer an opportunity to capture 
the energy otherwise wasted from human motion. By integrating a DEG 
into the heel of standard footwear, it is possible to harness this otherwise 
wasted energy to power portable devices. DEG’s require substantial auxiliary 
systems which are commonly large, heavy and inefficient. A common 
challenge for these low power generators is the unique combination of 
high voltage and low current. A void exists in the semiconductor market 
for devices that can meet these requirements. Until these devices become 
available, existing devices must be used in an innovative way to produce an 
effective DEG system. Existing systems such as the bi-directional fly-back 
and self priming circuit are an excellent example of this. The bi-directional 
fly-back allows full charging and discharging of the DEG, improving power 
gained. The self priming circuit allows fully passive voltage boosting, 
removing the priming source and simplifying the electronics.

This paper outlines the drawbacks and benefits of active and passive 
electronic solutions for power generation in footwear.

9798-26, Session 6A

Modelling self-priming circuits for 
dielectric elastomer generators towards 
optimum voltage boost
Plinio Rodrigues de Oliveira Zanini, Jonathan M. Rossiter, 
Martin Homer, Univ. of Bristol (United Kingdom)

Supplying high voltages to dielectric elastomer generators (DEGs) is one 
of the main challenges for the practical implementation of this technology. 
To address this issue, systems using self-priming circuits (SPCs) that exploit 
the DEG voltage swing to increase its supplied voltage have been used with 
success. 

A self-priming circuit consists of a charge pump implemented in parallel 
with the DEG circuit. At each energy harvesting cycle, the DEG receives a 
low voltage input and, through an almost constant charge cycle, generate a 
high voltage output. SPCs receive the high voltage output at the end of the 
energy harvesting cycle and supply it back as input for the following cycle, 
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using the DEG as a voltage-multiplier element.

Although rules for designing self-priming circuits for dielectric elastomer 
generators exist, they have been obtained from intuitive observation of 
simulation results and lack a solid theoretical foundation.

We developed a mathematical model to predict voltage boost using 
these circuits. Voltage on the DEG attached to the SPC is described as a 
function of its initial conditions, circuit parameters/layout and the DEG’s 
capacitance. Our mathematical model has been validated on an existing 
DEG implementation from the literature, and successfully predict the voltage 
boost for each cycle. Furthermore, it allows us to understand the conditions 
for the boost to exist, and obtain the design rules that maximize the voltage 
boost.

9798-27, Session 6A

High performance dielectric elastomer 
generators based on synthetic rubber
Marco Fontana, Scuola Superiore Sant’Anna (Italy); Rocco 
Vertechy, Univ. degli Studi di Bologna (Italy); Giacomo 
Moretti, Scuola Superiore Sant’Anna (Italy)

This paper presents a test campaign that has been conducted on a custom 
built setup which makes it possible to test Dielectric Elastomer Generators 
(DEGs) with programmed repetitive electrical and mechanical loads [1]. 
Such a setup is composed by a linear motor that drives a piston in a cylinder 
on the top of which an Inflated Circular Diaphragm (ICD) DEG is connected. 
A custom built electronics is employed to drive the the generator and all the 
relevant variables, such as pressure, displacement of the DEG and applied 
voltages, are measured and analysed during the generation cycles. 

An extremely promising Synthetic Rubber (SR) membrane [2] has been 
used as dielectric layer, for the manufacturing of ICD-DEG samples. Energy 
generation cycles are run at different intensities of the mechanical and 
electrical loads, as well as at different frequencies. The high breakdown field, 
which increases with the deformation, and the large elongation at break, 
together with reduced viscosity of the material, make it possible to obtain 
very good performances in terms of maximum energy and power densities. 

The promising recorded results are analysed in the view of the application 
of such dielectric material for the development of renewable energy 
generators that convert ocean wave energy into electricity.

[1] Righi, M., Vertechy, R., Fontana, M. (2014, September). Experimental 
Characterization of a Circular Diaphragm Dielectric Elastomer Generator. 
In ASME 2014 Conference on Smart Materials, Adaptive Structures and 
Intelligent Systems (pp. V001T03A013-V001T03A013). American Society of 
Mechanical Engineers.

[2] Vertechy, R., Fontana, M. (2015, April). Electromechanical 
characterization of a new synthetic rubber membrane for dielectric 
elastomer transducers. In SPIE Smart Structures and Materials+ 
Nondestructive Evaluation and Health Monitoring (pp. 94300K-94300K). 
International Society for Optics and Photonics.

9798-28, Session 6A

Pre-stretch induced leakage current in 
VHB electroactive polymers
Saber Hammami, Univ. Grenoble Alpes (France) and 
Univ. Tunis El Manar (Tunisia); Claire Jean-Mistral, Institut 
National des Sciences Appliquées de Lyon (France); Fathi 
Jomni, Univ. Tunis El Manar (Tunisia); Alain Sylvestre, Univ. 
Grenoble Alpes (France)

Dielectric elastomers generators (DEGs) constitute promising systems due 
to their high energy density. This latter is influenced by viscoelasticity and 
the leakage current. An understanding of this leakage current and how it 
can be influenced by the stretch state of material is required to predict or 

optimize DEGs. In this context, our work consisted in studying the evolution 
of the leakage current in a commercial electroactive polymer (3M VHB) 
using silver grease as electrodes. This analysis has been performed in order 
to evaluate the influence of three different factors: the biaxial pre-stretch 
(??2 = 4, 9 and 16), the temperature (from 20°C to 80°C) and the high 
electric field (from 1MVm-1 to 20MVm-1). Original results were obtained. 
Main observation concern (i) the increase in the leakage current at higher 
pre-stretch, (ii) an even stronger increase of the current when this pre-
stretch is applied in a biaxial way, (iii) the applied voltage combined with 
temperature clearly influence the current through the dielectric elastomer. 
Our results are discussed in term of change in the molecular chains with 
strain and they are also compared by the works of the literature being 
interested in the behavior of the dielectric constant according to strains.

9798-29, Session 6B

General thermodynamic theory of the 
stress-composition interaction for bucky-
gel electrochemical actuators (Invited 
Paper)
Hyacinthe Randriamahazaka, Univ. Paris 7-Denis Diderot 
(France); Kinji Asaka, National Institute of Advanced 
Industrial Science and Technology (Japan)

We develop theoretical model based on a general thermodynamic theory 
of the stress-composition interaction. This theory implies the existence 
of a coupling between the elastic properties of the host material and 
the structure and/or the dynamics associated with the guest species. 
The model takes into account the electrochemical stress due to the 
intercalation (de-intercalation) process which generates the strain and 
bending of the actuators. Then, we analyze the relationship between 
the strains and the real part of the complex capacitance by introducing 
the strain-capacitance coefficient (F-1). This coefficient is related to the 
electrochemical stress and the amount of the ionic adsorption (desorption) 
at the double-layer. We have investigated the electromechanical properties 
of bucky-gel electrochemical actuators incorporating various amounts of 
single-walled carbon nanotubes and an ionic liquid electrolyte, 1-butyl-3-
methylimidazolium tetrafluoroborate. The electromechanical responses are 
investigated by means of electrochemical impedance spectroscopy and 
bending displacement measurements. The theoretical model allows us to 
rationalize the electromechanical properties of the bucky-gel actuators. 
From practical point of view, the determination of the strain-capacitance 
coefficient is helpful for characterizing and optimizing the performance of 
bucky-gel carbon nanotube electrochemical actuators. 

9798-30, Session 6B

Modeling and simulation of chemically 
stimulated hydrogel layers using the 
multifield theory
Martin Sobczyk, Thomas Wallmersperger, TU Dresden 
(Germany)

Polyelectrolyte hydrogels are ionic gels with viscoelastic properties. They 
are able to re versibly swell and deswell in response to an external stimulus 
such as a change of pH or temperature, electric field, concentration of 
specific ions, light and others. 

In the present work stacked layers of hydrogels - also referred to as 
hydrogel layers - are investigated. The geometric composition and the 
unique material behavior of hydrogel layer systems qualifies them to 
be applied for efficient sensoric devices, drug delivery systems in living 
organisms or microfluidic devices.

The multifield theory offers a convenient approach to numerically simulate 
the transient swelling and deswelling of polyelectrolyte hydrogel layers. 
In the present work, the response of a hydrogel layer system towards a 
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chemical stimulation is numerically investigated. For this, a set of coupled 
partial differential equations describing the chemical, the electrical and 
the mechanical field is solved by using the finite element method. A novel 
approach to determine the osmotic pressure within the hydrogel layers is 
presented.

In the present research the ion movement is described as a diffusive and a 
migrative driven flux within the gel layers and the surrounding solution bath. 
The osmotic pressure - as a result of the ion distribution in the gel and the 
solution - leads to a mechanical deformation of the gel layers. 

The obtained swelling behavior of the hydrogel layers is in excellent 
agreement with other investigations available in the literature.

9798-31, Session 6B

Fundamental study on helically oriented 
twisted polymer fibre for smart actuator
Shazed Md Aziz, Sina Naficy, Javad Foroughi, Hugh R. 
Brown, Geoffrey M. Spinks, Univ. of Wollongong (Australia)

Twisted semi-crystalline polymer fibres containing helically oriented 
polymer chains are promising candidates for thermally induced actuators. 
The twisted fibres generate torsional rotation when heated or cooled and 
drives tensile actuation when the fibres are further transformed into coiled 
structures. Such characteristics have attracted significant interest from 
artificial muscle researchers since the twisted fibres provide reversible 
and scalable large tensile/torsional stroke and work capacity. However, 
the development of these coil actuators and the practical applicability of 
torsional actuators require further study of the fundamental mechanisms 
and standard methods for characterising both the torsional stroke and 
torque generated. By analogy with tensile actuators, a method to measure 
both the torsional stroke (free rotation, and rotation under constant and 
variable torque) and blocked torque generated from twisted fibre has been 
established. A theoretical treatment of torsional actuation was formulated 
using the principle of torsion mechanics and assessed using a commercially 
available highly-oriented polyamide fibre. Scalability of actuating 
performance was also investigated and some fundamental characteristics 
explained using a single helix model. Experimental studies were conducted 
with different physical and geometrical structure such as fibre diameter, 
twist amount and twist bias angle to the fibre axis. Good agreement 
between experimental measurements and calculated values was obtained. 
The analysis allows the prediction of torsional stroke and torque generated 
from twisted polymer fibre of different size under any external loading 
condition based on the fundamental and geometrical characteristics of the 
actuator: free stroke, stiffness, fibre diameter and amount of twist inserted.

9798-32, Session 6B

Modeling and control of a dielectric 
elastomer actuator
Jian Zhu, Ujjaval Gupta, National Univ. of Singapore 
(Singapore); Guo-Ying Gu, Shanghai Jiao Tong Univ. 
(China)

The emerging field of soft robotics offers the prospect of applying soft 
actuators as artificial muscles in the robots, replacing traditional actuators 
based on hard materials, such as electric motors, piezoceramic actuators, 
etc. Dielectric elastomers are one class of soft actuators, which can deform 
in response to voltage and can resemble biological muscles in the aspects of 
large deformation, high energy density and fast response. Recent research 
into dielectric elastomers has mainly focused on issues regarding mechanics, 
physics, material designs and mechanical designs, whereas less importance 
is given to the control of these soft actuators. Strong nonlinearities due 
to large deformation and electromechanical coupling make control of the 
dielectric elastomer actuators challenging. 

This paper investigates feedforward control of a dielectric elastomer 
actuator by using a nonlinear dynamic model. The material and physical 

parameters in the model are identified by quasi-static and dynamic 
experiments. A feedforward controller is developed based on this nonlinear 
dynamic model. Experimental evidence shows that this controller can 
control the soft actuator to track the desired trajectories effectively. The 
present study confirms that dielectric elastomer actuators are capable 
of being precisely controlled with the solid dynamic model despite the 
presence of material nonlinearity and electromechanical coupling. It is 
expected that the reported results can promote the applications of dielectric 
elastomer actuators to soft robots or biomimetic robots. 

9798-33, Session 6B

Electro-mechanical performance analysis 
of inflated dielectric elastomer membrane 
for micro pump applications
Abhishek Saini, Dilshad Ahmad, Karali Patra, Indian 
Institute of Technology Patna (India)

Dielectric elastomers have received a great deal of attention recently as 
potential materials for many new types of sensors, actuators and future 
energy generators. When subjected to high electric field, dielectric 
elastomer membrane sandwiched between compliant electrodes undergoes 
large deformation with a fast response speed. Moreover, dielectric 
elastomers have high specific energy density, toughness, flexibility and 
shape processability. Therefore, dielectric elastomer membranes have 
gained importance to be applied as micro pumps for microfluidics and 
biomedical applications. This work intends to extend the electromechanical 
performance analysis of inflated dielectric elastomer membranes to be 
applied as micro pumps. Experiments were conducted on pre-stretched 
sandwiched dielectric elastomer membrane with static pressure and 
dynamic electric field values. Predesigned experimental setup having 
cylindrical vessel with pressure sensor, data acquisition system, high 
voltage dc supply, etc., was used to perform various tests on the circular 
membrane. Mechanical burst test and cyclic tests were performed to 
investigate the mechanical breakdown and hysteresis loss of the dielectric 
membrane, respectively. Varying high electric field was applied on the 
inflated membrane under different static pressure to determine the 
electromechanical behaviour and non-planar actuation of the membrane. 
These tests were repeated for membranes with different pre-stretch 
values. Results show that pre-stretching improves the electromechanical 
performance of the inflated membrane. The present work will help to select 
suitable parameters for designing micro pumps using dielectric elastomer 
membrane. However this material lacks durability in operation. This issue 
also needs to be investigated further for realizing practical micro pumps.

References:

1. B. D. Iverson, S. V. Garimella: Recent advances in microscale pumping 
technologies: a review and evaluation. Microfluid Nanofluid 5:145–174 (2008)

2. F. Carpi, D. Rossi, R. Kornbluh, R. Pelrine, P. S. Larsen: Dielectric Elastomers 
as Electromechanical Transducers, Elsevier, Oxford UK, 1st Edition, (2008).

3. R. Vertech, Giovanni Berselli, V. P. Castelli: Electro-Elastic Model for 
Dielectric Elastomers: Advances in Mechanisms, Robotics and Design 
Education and Research Volume 14 of the series Mechanisms and Machine 
Science 245-250 (2013).

4. S. Sasikala, K. T. Madhavan, G. Ramesh, P. Chowdhury: The electro-
mechanical performance of electro-active polymerbased actuators 
fabricated using ultra-thin metal electrode. Sensors and Actuators A 207 
43– 48 (2014).

5. X. Pang, B. Li, D. Xia, S. Jing: Application of dielectric elastomer planar 
actuators in a micropump chip. ICIEA 978-1-4244-2800-7-09 (2009)

9798-34, Session 6B

Analytical approach on the performance of 
a helical dielectric elastomer actuator
Daewon Kim, Audrey Gbaguidi, Vamsi Krishna Konduru, 
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Chase Rossman, Embry-Riddle Aeronautical Univ. (United 
States)

This study takes the conceptual idea of the helical dielectric elastomer 
actuator (HDEA) and explores mathematical concepts for the actuator 
capabilities to provide a reasonable function in an industrial role. In the 
past, other researchers have demonstrated the contractile capabilities of 
the helical dielectric elastomer actuator but no results on its capability to 
produce a bending motion have been investigated. The researchers in those 
work experimentally fabricated the helical dielectric elastomer actuator with 
helical compliant electrodes interposed in an elastomeric insulator. Although 
fabrication procedure and performance of the helical dielectric elastomer 
were shown, no analytical results were fully discussed to our knowledge. We 
begin our analysis by considering the 3D actuator as a purely hyperelastic 
model and viscoelastic effects are later added to examine the performance 
of the actuator. The constructed mathematical concepts show the 
displacement, model capabilities, and also overall functionality of the HDEA. 
The electromechanical coupling of the actuator is modeled to produce a 
history of the actuator’s strain response for specific activation voltages. The 
performance of the HDEA is also numerically compared using a commercial 
grade software. Finally, a recommended fabrication method of the actuator 
is elaborated based on its promising performance characteristics. 

9798-35, Session 7A

Some electrochemical aspects of aqueous 
ionic polymer-composite actuators
Zane Zondaka, Edgar Hamburg, Andres Punning, Urmas 
Johanson, Alvo Aabloo, Univ. of Tartu (Estonia)

A faradaic process in the aqueous ionic polymer-composite (IPMC) 
actuators is usually an unwanted phenomenon. Commonly it is expressesed 
as emission of gas during the electrolysis of water. The faradaic processes 
consume extra input current and hinder the control of the actuators. 
Therefore it is beneficial to operate this type of actuators below the “safe” 
voltage, defined by the electrochemical stability window (ESW) of the 
particular electrochemical system. 

Although the main component of the electrolyte of the aqueous IPMC is 
water, the ESW of this system is not always equal to the standard potential 
of the water electrolysis, 1.23V. Depending on the material of the metallic 
electrodes as well as on the particular cations induced, the ESW of the 
system may be significantly higher. We present the simple methodics of 
determining the “safe” voltage of different types of aqueous IPMCs, and 
give the corresponding quantitative data.

However, in some particular cases we have observed bubbling emission of 
gas from an aqueous IPMC at the voltages, significantly lower than the 1.23V 
of the standard potential of the water electrolysis, even under 1.0V. This 
faradaic process is difficult to detect; it depends on the electrode material 
and recent history of the particular sample.

The accompanied presentation at the conference will include showy videos 
made under an optical microscope.

9798-36, Session 7A

Design and manufacturing of an array of 
micro IPMC hair-like sensors
Barbar J. Akle, Elio Challita, Charbel Tawk, Lebanese 
American Univ. (Lebanon)

Ionic Polymer Metal Composites (IPMCs) are known to be compliant, reliable 
and able to produce a large current when deformed under a wide range of 
frequencies. In a previous study, our group demonstrated that cylindrical 
IPMC hair-like transducer can be used as mechano-electrical sensors. In 
this paper we characterize the sensing performance of the IPMC hair-like 
sensors and present methodologies on how to increase sensitivity while 
reducing its size. For instance a hair-like sensor with a diameter of 40µm 

and a length of 2mm generated a current of 20nA when oscillated at a 
frequency of 1Hz. Automated manufacturing devices are built in order to 
improve the fabrication tolerances and improve the repeatability of the data. 
Furthermore an array of 4 hair-cell sensors is built and characterized for 
tactile sensing texture detection.

9798-37, Session 7A

Ionic Polymer Metal Composites (IPMCs) 
micropillars for real-time dynamic tracking 
of biological cells adhesion, migration, and 
traction
Mohsen Shahinpoor, Abouhamed Saberi, Sharon Ashworth, 
The Univ. of Maine (United States)

Real-time dynamic tracking and sensing of biological cells adhesion, traction 
forces and migration may be performed by employing smart substrates 
made with electroactive polymeric materials such as ionic polymer metal 
composites or IPMCs. In molecular cell biology many types of substrates are 
used to culture cells over them and in essence study cellular dynamics such 
as adhesion, traction and migration. To mimic the in vivo substrates which 
are wet and soft and tissue like, cells may be grown on compliant substrates 
made with smart multi-functional electroactive materials such as IPMCs. 

Depending on the subject of the research, many scientists utilize soft 
substrates made of gels to mimic the wet and soft tissues in biological 
systems and to study the migration of cells and related physical 
characteristics such as velocity, force, adhesion and traction and in 
general cell migration and metastasis. Study of each of these subjects 
and parameters require complicated procedures. For instance, time-lapse 
microscopy techniques are commonly employed that require advanced 
image processing techniques to track cells. During this time span, cells 
should be kept in an incubator to imitate their actual environments. One of 
the challenging physical parameters is the measurement of the force applied 
by a cell on its substrate in real time. Ionic polymer metal composites 
(IPMCs) as smart multi-functional materials with simultaneous sensing 
and actuation capabilities present a unique system to dynamically monitor 
cell growth, differentiation, migration, adhesion and traction. Currently 
used micro pillars made with polyacrylamide or polyethylene glycol gels 
and more recently with Polydimethylsiloxane (PDMS) microposts from 
microfabricated silicon masters only give information on cellular activities 
after the fact while PMCs are capable of real time sensing of cell dynamics, 
adhesion and traction. This paper discusses some initial observations and 
the potential of such cell dynamics observations and tracking. 

9798-38, Session 7A

Novel fabrication of ionic polymer-metal 
composites by spraying method
Sarah Trabia, Taeseon Hwang, Kwang Jin Kim, Univ. of 
Nevada, Las Vegas (United States)

Ionic Polymer-Metal Composites (IPMC) are useful actuators because 
of their ability to be fabricated in different shapes and move in various 
ways. However, the process to produce an IPMC is complicated and takes 
a few days. To make it possible to mass produce in any desired shape, 
the fabrication process must be updated. Presented here is a new way 
of producing the Nafion® base through a spraying method, then the 
electrode will be plated with spraying method as well. To verify that this 
method of fabrication produces a Nafion® sample similar to that which is 
commercially available, a sample that was made using spraying method and 
N117 purchased from DuPont™ were tested for various characteristics and 
compared.
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9798-39, Session 7A

IPMC cilia system for artificial muscle 
applications
Taeseon Hwang, Univ. of Nevada, Las Vegas (United 
States); Viljar Palmre, The Univ. of Texas Medical School at 
Houston (United States); Tyler P. Stalbaum, Qi Shen, Sarah 
Trabia, Kwang Jin Kim, Univ. of Nevada, Las Vegas (United 
States)

Artificial muscle (AM) technology is an excellent candidate for creating 
cilia-based structures for bio-inspired locomotion, maneuvering, and 
acoustic systems. We developed an AM based cilia fiber which are soft, 
flexible, easily shaped and low power consumption. The developed cilium 
has a diameter of around 200 µm and prepared through polymer injection 
technique. Nafion was used for base polymer for cilia and fabricated 
IPMCs via platinum electroless plating process. The prepared cilia were 
characterized by Fourier transform infrared spectroscopy, differential 
scanning calorimetry, and thermogravimetric analysis. The 2 point probe 
was conducted to measure electrode surface resistance of prepared IPMCs. 
We further characterized the cross-sectional morphology and studied the 
electromechanical performances (displacement and blocking force) of the 
prepared IPMC actuators. Also we created prototype mm-sized AM fiber 
cilia array (3x20) and tested the actuation of AM cilia fiber under external 
electric field.

9798-40, Session 7B

Photopolymerization of 3D conductive 
polypyrrole structures via digital light 
processing
Aaron D. Price, The Univ. of Western Ontario (Canada)

The intrinsically conductive polymer polypyrrole is conventionally 
synthesized as monolithic films that exhibit significant actuation strains 
when subjected to an applied electric potential. Though numerous linear 
and bending actuators based on polypyrrole films have been investigated, 
the limitations inherent to planar film geometries inhibit the realization of 
more complex behaviours. Hence, three-dimensional polypyrrole structures 
are sought to greatly expand the potential applications for conductive 
polymer actuators.

This investigation aims to develop a novel additive manufacturing 
method for the fabrication of three-dimensional structures of conductive 
polypyrrole. Radiation-curing techniques are employed by means of digital 
light processing (DLP) technology. DLP is an additive manufacturing 
technique where programmed light patterns emitted from a dedicated 
source are used to selectively cure a specially formulated polymer resin. 
Successive curing operations lead to a layered 3D structure into which fine 
features may be incorporated. These polymer microstructures are highly 
desirable since actuation response times are highly dependent on ion 
transport distances, and hence the ability to fabricate fine features offers a 
potential mechanism to improve actuator performance.

Finally, absorption spectroscopy techniques are applied to formulate a 
photosensitive polypyrrole-based resin. These results enable the efficiency 
of the photopolymerization reaction to be maximized by matching the 
resin absorbance to the most intense spectral components of the radiation 
source. This novel advanced manufacturing process enables a new class 
of 3D electroactive polymer actuators and sensors to be realized, and will 
ultimately lead to innovative new applications for electroactive polymer 
technology.

9798-41, Session 7B

Processing of dielectric laminate actuator 
based on high precision dispenser and ink 
jet
Hiroya Imamura, Kevin Kadooka, Minoru Taya, Univ. of 
Washington (United States); Mutsumi Kimura, Shinshu 
Univ. (Japan)

Dielectric elastomer actuator (DEA) is one of the promising artificial muscle 
through light weight, high energy density and capacity of large actuation 
stresses and strains. It is well known that a force generated by DEAs is 
dominated by the Maxwell equation. In other word, there are only three 
ways of thinning, multi-layering and intensifying electric permittivity to 
increase the force generated by DEAs. Even the equation is really simple, 
a difficulty of fabrication prevent many researchers from developing high 
performance DEAs. In this work, multi layered DEAs with thin lamina are 
semi automatically fabricated by using air pulse type dispenser and glass 
nozzle type inkjet printer. Both the dispenser and the inkjet printer are 
suitable for drawing an elaborate pattern of several type solutions, including 
organic and water solvent. The most relevant parameter sets of viscosity, 
depositing pressure, pitch, nozzle moving speed and number of over coating 
for depositing CNT electrode solutions and dielectric elastomer solutions 
are experimentally investigated. A semi-automatic manufacturing process 
based on the dispenser are developed and produce DEA samples which 
have same quality all along the line. A human scale robot hand actuator are 
assembled from the fabricated DEA samples and succeed to grab a ball that 
weights more than 100g. The manufacturing process developed in this work 
would help future works, developing or evaluating more suitable DE material 
and electrode material, investigating fatigue property and environment 
resistance etc., owing to the sustainable supply of stable quality samples.

9798-42, Session 7B

Chemcially modified reduced graphene 
oxide and PEDOT:PSS composite 
electrodes based highly bendable ionic 
polymer actuator
Jaehwan Kim, Moumita Kotal, Il-Kwon Oh, KAIST (Korea, 
Republic of)

Dry-type ionic polymer actuators driven by electrical stimuli have attracted 
worldwide attention in the field of soft electronics such as wearable 
electronics, flexible display, haptic devices, biomedical devices and 
biomimetic applications. Herein, a novel dry-type ionic polymer actuator 
incorporating Nitrogen-Sulfur co-doped reduced graphene oxide (Th-NSG) 
as electrodes of ionic polymer actuators is reported, resulting in highly 
bendable and durable actuator. The Th-NSG is easily synthesized by simple 
microwave irradiation of the mixture of aminothiazole and graphene oxide. 
The doping ratio of Nitrogen and Sulfur in the Th-NSG are 4.89% and 2.35%, 
respectively. Furthermore, Th-NSG shows an increased specific capacitance 
and specific surface area of up to 96% and 28% compared with reduced 
graphene oxide(rGO), leading to the better actuation performance than the 
pure PEDOT:PSS electrodes based actuators and PEDOT:PSS/rGO composite 
electrodes based actuator. Large bending and durable actuation of the 
PEDOT:PSS/Th-NSG composite electrode based actuator are obtained 
due to the high specific surface area and electrochemical properties of the 
Th-NSG. The PEDOT:PSS/Th-NSG composite electrodes based actuator 
shows durable performance under the low voltages for 2 hours that are a 
prerequisite for realistic applications. 
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9798-43, Session 7B

A stretchable electroadhesive based on 
multilayer acrylic elastomers
Mihai Duduta, Harvard Univ. (United States); Robert 
J. Wood, Harvard School of Engineering and Applied 
Sciences (United States); David R. Clarke, Harvard Univ. 
(United States)

Dielectric elastomers (DE’s) are a unique class of actuators, which, in their 
simplest operation mode, allow for rapid changes in the area of a device. 
Electroadhesives (EA’s) are a type of switchable adhesives proven to bond 
to a wide range of polarizable substrates. We have demonstrated a novel 
type of stretchable electroadhesive which, when paired with a dielectric 
elastomer, will allow for tuning of the adhesive pressure by direct control of 
the adhering area of the device. 

The adhesion pressure of an EA device is directly proportional to the total 
active area of the device and inversely proportional to the thickness of the 
dielectric layer between it and the substrate to which the device is bonding. 
By directly linking an electroadhesive to a DE device, the operator will have 
the ability to control the total area of the device by expanding the dielectric 
elastomer actuator. As most common elastomers are incompressible, any 
extension in the xy-plane will cause shrinkage in the z-direction, therefore 
reducing the size of the dielectric layer and boosting the adhesion force. 

In particular we have built stretchable multilayer electroadhesive pads based 
on acrylic elastomers with carbon nanotubes as the electrode materials. 
Compared to other methods, our technique of assembly of the stretchable 
adhesive pad is extremely fast and allows the user to tune the size of the 
dielectric layer, as well as the adhesive pattern with minimal changes to the 
process.

9798-44, Session 7B

Crosslinkage of polymethylhydrosiloxanes 
utilizing a diallyl functionalized 
nitroaniline derivative
Miriam Biedermann, Martin Blümke, Hartmut Krüger, 
Michael Wegener, Fraunhofer-Institut für Angewandte 
Polymerforschung (Germany)

Silicones are a promising class of materials for the processing of dielectric 
elastomer actuators (DEAs). They offer unique mechanical, chemical, low 
temperature, and optical properties. At the same time they are easily and 
cost-effectively accessible. However, up to now a significant limitation to the 
wide-spread application of DEAs is their high operation voltage in the range 
of several thousand volts. Thus, an active field of research is to lower the 
required voltage. There are different approaches to face this challenge as for 
example the reduction of the film thickness, the decrease of the mechanical 
stiffness or the increase of the permittivity.

Recently, we developed a concept to improve the actuation performance of 
silicones by doubling the material’s permittivity from 3 up to 6 accompanied 
by a significant reduction of its stiffness. Therefore, an organic dipole was 
connected covalently to the silicone’s network as a side-group (Kussmaul et 
al., Adv. Funct. Mater. 2011, 21, 4589-4594).

The focus of this work is to incorporate the organic dipole directly into 
the polymer chain as a network point. For this purpose, the difunctional 
dipole N,N-diallyl-4-nitroaniline was used as crosslinking unit for 
polymethylhydrosiloxanes. Silicone films with dipole concentrations varying 
from 0.5wt% to 1.0wt% were manufactured.

The chemical, mechanical, electrical, and electromechanical properties 
of these novel materials were investigated in dependency of the dipole 
content. An actuation strain of 13% was measured at 40 V/micrometer.

9798-45, Session 8A

On the shape memory polymer-metal 
composite bio-mimetic actuator: multi-
input control
Qi Shen, Sarah Trabia, Tyler P. Stalbaum, Univ. of Nevada, 
Las Vegas (United States); Viljar Palmre, The Univ. of Texas 
Medical School at Houston (United States); Kwang Jin Kim, 
Univ. of Nevada, Las Vegas (United States)

In current paper, a multiple degree-of-freedom soft shape-memory 
polymer-metal composite (SMPMC) actuator was introduced, which is 
capable of being controlled by two external inputs, electrical and thermal. 
The SMPMC actuator demonstrates high maneuverability through control 
of two external inputs, allowing complex motions that can be observed 
in natural systems. Experiments were conducted on the SMPMC. The 
deformation, voltage, current and temperature of the SMPMC were 
measured simultaneously. The actuator can be used to mimic complex 
motion which could only be realized with existing actuator technologies 
through use of multiple actuators or another robotic system.

9798-46, Session 8A

Robotic extrusion processes for direct 
ink writing of 3D conductive polyaniline 
structures
F. Benjamin Holness, Aaron D. Price, The Univ. of Western 
Ontario (Canada)

The intractable nature of intrinsically conductive polymers (ICP) leads to 
practical limitations in the fabrication of ICP-based transducers having 
complex three-dimensional geometries. Conventional ICP device fabrication 
processes have focussed primarily on thin-film deposition techniques; 
therefore this study explores novel 3D printing processes specifically 
developed for ICP with the ultimate goal of increasing the functionality of 
ICP sensors and actuators.

Herein we employ automated polymer paste extrusion processes for the 
direct ink writing of 3D conductive polyaniline (PANI) structures. Realization 
of these structures is enabled through a modified fused filament fabrication 
delta robot equipped with an integrated polymer paste extruder. This unique 
robot-controlled additive manufacturing platform is capable of fabricating 
high-resolution 3D conductive PANI structures with complex geometric 
features. The required processability of PANI is achieved by means of a 
counter-ion induced thermal doping method. Using this method, a viscous 
paste is formulated as the extrudate and a thermo-chemical treatment is 
applied post hoc to finalize the complexation.

Further refinement of this process will lead to increased feature resolution 
with the goal of producing nanoscale features, while optimizing for 
improved electromechanical properties. Ultimately, this technique enables 
the fabrication of exciting new ICP devices that are impossible to produce 
using conventional means.

9798-48, Session 8A

Embedded Carbide-derived Carbon (CDC) 
particles in polypyrrole (PPy) for linear 
actuator
Zane Zondaka, Robert Valner, Alvo Aabloo, Anna-Liisa 
Peikolainen, Rudolf Kiefer, Univ. of Tartu (Estonia)

Conducting polymer linear actuators, for example sodium 
dodecylbenzenesulfonate doped polypyrrole (PPyDBS), have shown 
strain up to 2% [1]. In recent years CDC-based material has been applied 
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in actuators [2, 3], however, displacement and actuation speed is low 
comparing to conducting polymer based actuators. The goal of our research 
was to investigate if CDC combined with PPy exhibit higher force and strain 
in comparison to PPyDBS. Earlier studies [4] on this subject have revealed 
that CDC increases charge density due to its nanoporous character and 
a hybrid material with PPy can be formed. In our research, a CDC-PPy 
hybrid was synthesized electrochemically and polyoxometalate (POM) – 
phosphotungstic acid – was used to attach charge to CDC particles. The 
CDC-POM served in the presence of NaDBS as an additional electrolyte. 
And under galvanostatic conditions; in ethylene glycol solid hybrid CDC-
PPy films were formed. Cyclic voltammetry and chronoamperometric 
electrochemomechanical deformation (ECMD) measurements were 
performed in 0.1 M sodium perchlorate aqueous electrolyte. Results show 
nearly double increase in strain and stress of the hybrid material comparing 
to just PPyDBS films. The new material was investigated by scanning 
electron microscopy (SEM) to evaluate CDC particle embedding in polymer 
network.

[1] A. Della Santa, D. De Rossi, A. Mazzoldi, “Performance and work capacity 
of a polypyrrole conducting polymer linear actuator,” Synth. Met. 90 (1997) 
93 – 100.

[2] J. Torop, V. Palmre, M. Arulepp, T. Sugino, K. Asaka, A. Aabloo, Flexible 
supercapacitor-like actuator with carbide-derived carbon electrodes, Carbon 
49 (2011) 3113-3119.

[3] J. Torop, T. Sugino, K. Asaka, A. Jänes, E. Lust, A. Aabloo, Nanoporous 
carbide-derived carbon based actuators modified with gold foil: Prospect 
for fast response and low voltage applications, Sensors and Actuators B 161 
(2012) 629– 634.

[4] J. Torop, A. Aabloo, E.W.H. Jager, Novel actuators based on polypyrrole/
carbide-derived carbon hybrid materials Carbon 80 (2014) 387–395.

9798-49, Session 8A

DR1-co-PMMA in PDMS as poled elastomer 
composites
Yee Song Ko, Empa (Switzerland) and Ecole Polytechnique 
Fédérale de Lausanne (Switzerland); Dorina M. Opris, 
Empa (Switzerland); Frank A. Nüesch, Empa (Switzerland) 
and Ecole Polytechnique Fédérale de Lausanne 
(Switzerland)

A new type of poleable elastomer composite is introduced herein. The aim 
was to produce a material with elastomeric properties which also shows 
piezoelectricity. Therefore a poleable component was synthesized in the 
form of a polymethyl methacrylate-co-Disperse Red 1 copolymer. The 
copolymer was processed using nanoprecipitation to obtain particles which 
were homogeneously dispersed in a polydimethyl siloxane matrix. It will 
be shown, that the composite possesses piezoelectric properties, while 
retaining the elastic properties of the PDMS matrix.

9798-50, Session 8A

Optimal structural design of twisted and 
coiled polymer actuator driven by joule 
heating
Kyeong Ho Cho, Min Geun Song, Hosang Jung, Jungwoo 
Park, Hyungpil Moon, Ja Choon Koo, Jae-Do Nam, Hyouk 
Ryeol Choi, Sungkyunkwan Univ. (Korea, Republic of)

Previous studies have reported that a twisted and coiled polymer actuator 
(TCA) generates strong force and large stroke with heat treatment. 
Nylon 6,6 is the most suitable polymer material for TCA because it has 
characteristics such as high thermal expansion ratio, high softening point 
and high tearing strength which is able to support enormous twisting. 
Fast and efficient heating can be achieved by heating the whole surface 

isothermally. Joule heating, which does not require any additional device 
such as heat channel (pipe/tube), pump/switch for heat circulation and 
so on, is simplest and cheapest way to heat TCA isothermally. In order to 
find optimal structure of TCA fabricated with silver-coated nylon sewing 
threads, twist-insertion (structuralization) device, which is composed of 
single DC motor, a slider fabricated by 3D printer and a body frame, was 
developed. It can measure actuated stroke of TCA as well as easily and 
simply fabricate identical TCA through structuralizing fibers with desired 
rotation per minutes (RPM) and turns. Comparing performances of diverse 
structures of TCAs, optimal structure for TCA was found. For the verification 
of the availability of TCA, a tendon-driven biomimetic finger mechanism was 
developed with 3D printed-parts. One sides of tendons were fastened to 
fingertip and the other sides were antagonistically connected to two TCAs. 
The contraction and relaxation combination of TCAs produced the flection/
extension of the finger. An electric mini-fan was used for faster cooling of 
TCA. 

9798-51, Session 8A

A novel thermal induced snap-through 
device of hydrogels
Zipeng Ma, Tiefeng Li, Xuxu Yang, Guorui Li, Junjie Liu, 
Yuhan Xie, Yiming Liang, Zhejiang Univ. (China)

Similar to the swelling/shrinking behavior of plant cells, stimuli-responsive 
hydrogels produce actuation upon swelling and shrinking, in response to 
stimuli such as temperature, pH and electric fields. Whereas numerous 
hydrogel devices realizing complex deformation such as bending, twisting 
and even folding have been studied in recent years, integrating multiple 
responsiveness and bio-inspired snap-through feature into individual 
synthetic system remain challenging. We developed a novel integrated 
device with thermal-responsive hydrogel. In response to the changing 
of temperature, this device transformed its shape slowly initially, yet at a 
critical point, a sudden snap-through large deformation occurred. Finite 
element simulation was conducted to guide the design and investigate the 
snap-through behavior of the hydrogel device.

9798-121, Session 8A

Bending actuators from nylon
Seyed Mohammad Mirvakili, Ian W. Hunter, Massachusetts 
Institute of Technology (United States)

Some materials such as Nylon and polyethylene exhibit negative thermal 
expansion coefficient due to their morphology. Nylon has thermal expansion 
coefficient of -3% which can be amplified up to 49% by twisting and coiling 
it [1]. Dry bending actuators are usually made by pressing two materials 
with linear expansion/contraction ability. So by actuating one of them at a 
time, bending can be achieved. The same concept can be used for polymer 
or carbon nanotube based actuators, by inserting large ions into one side, 
bending can occur [2,3]. Shape memory alloy, piezo electric bending 
actuators, ionic polymer metal composite (IPMC) bending actuators 
are some examples of existing technologies. However, there are some 
challenges that limit application of those in real life situations. For example, 
aside from having high manufacturing cost, shape memory alloys suffer 
from having low cycle life. Also the hysteresis in their actuation mechanism 
makes precise controls over their movements very difficult. In this work 
we are using nylon to make structures that can bend. Curvature radius of 
around 0.01 mm-1 is measured so far for a bi-directional bending actuator 
made from nylon. Ease of manufacturing, low manufacturing cost, and 
scalability are some of the advantages of the nylon bending actuators over 
the existing technologies.
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9798-52, Session 8B

Cooking with DEAs: a compliant 1-gram 
gripper that easily picks up an egg (Invited 
Paper)
Herbert R. Shea, Jun Shintake, Samuel Rosset, Dario 
Floreano, Ecole Polytechnique Fédérale de Lausanne 
(Switzerland)

One of the holy grails of robotic grippers is the manipulation of objects 
with the same adaptability and versatility as we can do with our hands. 
Picking up a raw egg, a half-filled water balloon, or a playing card is trivial 
for a child, but impossible with conventional robotic grippers. We present 
a compliant gripper, which combines in a novel way electroadhesion with 
DEAs. The DEA in DEMES configuration gives mN-level bending forces, 
providing the ability to conform to extremely fragile and deformable 
objects. The electroadhesion provides over 1N shear force per square cm, 
enabling the manipulation of objects weighing 60x more than the gripper. 
The use of low-viscoelasticity materials allows fast operation (100 ms to 
close the fingers). The compliant gripper conforms to the shape of nearly 
any object, requiring no a-priori knowledge of its shape, and allows simple 
on-off control input to achieve complex shapes.

9798-53, Session 8B

Butterfly-patterned dielectric elastomer 
actuator utilizing highly stretchable and 
robust silver nanowires network
Jun-Ho Choi, Il-Kwon Oh, Jaeho Ahn, Jung-Yong Lee, 
KAIST (Korea, Republic of)

Frequency selective surface (FSS) is a structures consisted of dielectric 
substrate and conductive material on it, which can selectively transmit or 
reflect electromagnetic wave in certain frequency range. This is passive 
electromagnetic filter that cannot change its resonant frequency and can 
be operated in single band. On the other hand, adaptive frequency selective 
surface is able to change its resonant frequency using active elements 
and be operated in the multiband. Adaptive FSS has been developed by 
changing electromagnetic properties of dielectric or conductive substrates 
so far.

In this paper, adaptive FSS for X-band (8.2GHz~12.4GHz) was designed to 
have transmission characteristics for electromagnetic wave. It is based on 
dielectric elastomer actuator (DEA) that adopts butterfly-patterned and 
arranged silver nanowire electrodes with highly conductive and stretchable 
properties. Variability and controllability of resonant frequency of adaptive 
FSS were obtained by varying the geometry such as shape, size and 
periodicity of arranged slot unit cell through DEA operating. 

The electromagnetic wave transmission characteristics of adaptive FSS 
were simulated by an electromagnetic analysis software and also measured 
by the free space measurement method while adaptive FSS was actuated 
by applied voltage. From the measurement results, the proposed adaptive 
FSS has the wideband of more than 1.5GHz varying resonance transmission 
frequency, which can be applied to multiband antenna and FSS. 

9798-54, Session 8B

The design of active actuation for capsule 
robot based on IPMC
Lei Wang, Meng Zhang, Xu Yang, Min Yu, Qingson 
He, Zhendong Dai, Nanjing Univ. of Aeronautics and 
Astronautics (China)

For the existing defects of current clinical commercial capsule endoscopy 
can’t realize the active movement, can only passive move under the 

peristalsis of the gut. Based on IPMC’s good biocompatibility, in this paper, 
we designed a kind of capsule robot driven by IPMC in order to realize the 
active control of capsule endoscope in human body. In this paper, we firstly 
analyzed and designed the function of capsule robot, mainly divided into 
two parts, active clamping and active control. Secondly, on the basis of 
meeting the functional requirements, we designed the structure of capsule 
robot, including the design of clamping and the bionic design of the tail of 
capsule robot driven by IPMC. The experimental results showed that when 
the control signal was a square wave, the effective amplitude is 2.7 V, the 
frequency is 2 Hz, and the maximum swimming speed of the capsule robot 
we measured was 7mm/s. The experimental results describe that under the 
simulation environment, the design of structure and the control mode of 
capsule robot can realize the functions such as deceleration motion, fixed 
clamping and accelerated motion, as further describe that capsule robot 
driven by IPMC has good feasibility.

9798-55, Session 8B

Fish-skeleton visualization of bending 
actuators
Andres Punning, Sunjai Nakshatharan, Univ. of Tartu 
(Estonia); Siim Assi, Univ of Tartu (Estonia); Alvo Aabloo, 
Urmas Johanson, Univ. of Tartu (Estonia)

We present a novel experimental method for qualitative visualization and 
quantitative characterization of the time-dependent behavior of bending 
ionic electroactive polymer (IEAP) actuators. The thin fibers, attached to the 
actuator, represent the surface normals at the given points of the particular 
sample. The developed handicraft technique of attaching the fibers under an 
optical microscope does not require considerable skills. It has been tested 
upon many types of IEAP materials, while the attached fibers do not hinder 
even the actuators, operating in a liquid environment. The structure, formed 
by the skeleton of many adjacent fibers, amplifies the visual overview about 
the whole actuator, especially when observing a series of recorded images, 
e.g. a video.

Observing a short segment of an IEAP actuator under an optical microscope 
allows determining the actual strains of the electrode layers. Using image 
processing software makes it possible to identify the exact coordinates of 
the tips of the fibers, even with subpixel accuracy. The four coordinates 
formed by four tips of two fibers enable determining the actual bending 
radius and bending angle of the sample. The basic geometry expressions 
applied to the four coordinates result with the actual absolute strains of the 
two electrode layers of the bending beam, its bending strain as well as the 
axial strain at the particular segment.

The presented examples substantiate that the commonly applied 
presumption of zero axial strain of bending IEAP actuators may be incorrect. 

The accompanied presentation at the conference will include showy videos 
made under an optical microscope.

9798-56, Session 8B

Soft shape-adaptive gripping device made 
from artificial muscle
Edgar Hamburg, Veiko Vunder, Urmas Johanson, Friedrich 
Kaasik, Alvo Aabloo, Univ. of Tartu (Estonia)

We report on a multifunctional four-finger gripper for soft robotics, 
suitable for performing delicate manipulation tasks. The gripping device is 
comprised of separately driven gripping and lifting mechanisms, both made 
from a separate single piece of smart material ionic capacitive laminate 
(ICL) also known as artificial muscle. Compared to other similar devices the 
relatively high force output of the ICL material allows one to construct a 
device able to grab and lift objects exceeding multiple times its own weight.

Due to flexible design of ICL grips, the device is able to adapt the complex 
shapes of different objects and allows grasping single or multiple objects 
simultaneously without damage. The performance of the gripper is 
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evaluated in two different configurations: a) the ultimate grasping strength 
of the gripping hand; and b) the maximum lifting force of the gripper. 
Furthermore, a set of gripping fingers with different dimensions were 
individually tested in order to choose an opportune combination between 
the dimensions, consumed charge, and grasping strength.

The ICL is composed of three main layers: a porous membrane consisting 
of poly(vinylidene fluoride-co-hexafluoropropene) (PVdF-HFP), ionic liquid 
EMITFS (1-ethyl-3-methylimidazolium trifluoromethane-sulfonate), and a 
reinforcing layer of woven fiberglass cloth. Both sides of the membrane 
are coated with a carbonaceous electrode. The electrodes are additionally 
covered with thin gold layers, serving as current collectors. Device made 
of this material operates silently, requires low driving voltage (<3V), and is 
suitable for performing tasks in open air environment.

9798-57, Session 8B

Lab-on-chip microdevices for cellular 
mechanotransduction in bladder
Ali Maziz, Linköping Univ. (Sweden); Karl Svennersten, 
Katarina Hallén-Grufman, Karolinska Institutet (Sweden); 
Edwin W. H. Jager, Linköping Univ. (Sweden)

Cellular mechanotransduction is crucial for physiological function in the 
lower urinary tract. The bladder is highly dependent on the ability to 
sense and process mechanical inputs, illustrated by the regulated filling 
and voiding of the bladder. However, the mechanisms by which the 
bladder integrates mechanical inputs, such as intravesicular pressure, and 
controls the smooth muscles, remain unknown. To date no tools exist that 
satisfactorily mimic in vitro the dynamic micromechanical events initiated 
e.g. by an emerging inflammatory process or a growing tumour mass in 
the urinary tract. More specifically, there is a need for tools to study these 
events on a single cell level or in a small population of cells. 

We have developed a micromechanical stimulation chip that can apply 
physiologically relevant mechanical stimuli to single cells to study 
mechanosensitive cells in the urinary tract. The chips comprise arrays of 
microactuators based on the electroactive polymer polypyrrole (PPy). 
PPy offers unique possibilities and is a good candidate to provide such 
physiological mechanical stimulation, since it is driven at low voltages, is 
biocompatible, and can be microfabricated. The PPy microactuators can 
provide mechanical stimulation at different strains and/or strain rates to 
single cells or clusters of cells, including controls, all integrated on one single 
chip, without the need to pre-prepare the cells. 

This paper report initial results on the mechanoresponse of urothelial cells 
using the micromechanical stimulation chip. We will show that urothelial 
cells are viable on our microdevices and do respond with an expression of 
intra-cellular purinergic receptors to a micro-mechanical stimulation.

9798-504, Session Plen

High-frequency Integrated Phononic 
Crystal Structures
Ali Adibi, Georgia Institute of Technology (United States)

Planar phononic crystal (PnC) structures fabricated on CMOS-compatible 
substrates are of great interest for several applications including wireless 
communications and sensing. The presence of phononic bandgap (i.e., 
a range of frequencies with no propagating mechanical waves) allows 
the realization of a large range of functional devices (e.g., waveguides, 
resonators, filters) by engineering the geometry of the structure. In addition, 
the existence of phononic bandgap in these materials enables the use 
of membrane-based structures (similar to MEMS-based devices) with 
negligible support loss. Such structures at higher frequencies (e.g. a few 
GHz) are of great interest for wireless communications.  Several techniques 
for the realization of the integrated phononic crystals at high frequencies in 
CMOS-compatible substrates (including hole-based membranes, metallic-
pillar-based membranes, and piezoelectric-pillar-based structures) will be 

discussed in this talk. Structures utilizing slab modes and surface acoustic 
waves will be discussed. Both the physical principles for the operation of the 
devices (e.g., physics of the formation of bandgap, guiding, and resonance 
mechanisms) and their implementation will be covered. Experimental 
evidence for the existence of the phononic bandgap in these structures and 
the use of their relatively wide bandgap for the implementation of practical 
PnC devices (especially waveguides and resonators) will be theoretically 
and experimentally demonstrated, and the prospects of these structures for 
practical applications (e.g., sensing and wireless communications) will be 
discussed.

9798-58, Session 9A

Here today, gone tomorrow: 
biodegradable soft robots (Invited Paper)
Jonathan M. Rossiter, Univ. of Bristol (United Kingdom); 
Jonathan Winfield, Ioannis Ieropoulos, Univ. of the West of 
England (United Kingdom)

One of the greatest challenges to modern technologies is what to do 
with them when they go irreparably wrong or come to the end of their 
productive lives. The convention, since the development of modern 
civilisations, is to discard a broken item and then procure a new one. In the 
20th century enlightened environmentalists campaigned for recycling and 
reuse (R&R). R&R has continued to be an important part of new technology 
development, but there is still a huge problem of non-recyclable materials 
being dumped into landfill and being discarded in the environment. The 
challenge is even greater for robotics, a field which will impact on all aspects 
of our lives, where discards include motors, rigid elements and toxic power 
supplies and batteries. One novel solution is the biodegradable robot, an 
active physical machine that is composed of biodegradable materials and 
which degrades to nothing when released into the environment. 

In this paper we examine the potential and realities of biodegradable 
robotics, consider novel solutions to core components such as sensors, 
actuators and energy scavenging, and give examples of biodegradable 
robotics fabricated from everyday, and not so common, biodegradable 
electroactive materials. The realisation of truly biodegradable robots 
also brings entirely new deployment, exploration and bio-remediation 
capabilities: why track and recover a few large non-biodegradable robots 
when you could speculatively release millions of biodegradable robots 
instead? We will consider some of these exciting developments and explore 
the future of this new field.

9798-59, Session 9A

Development of soft robots using 
dielectric elastomer actuators (Invited 
Paper)
Jian Zhu, Hareesh Godaba, Yuzhe Wang, Jiawei Cao, 
National Univ. of Singapore (Singapore)

Robots have been proposed to relieve human beings from dangerous 
environments or tedious manufacturing processes, or mimic human beings 
or animals in appearance, behaviour, and/or cognition. Most of traditional 
robots use hard materials. Inspired by natural creatures, researchers recently 
become more and more interested in soft robots, which are made of soft 
materials, say polymers. 

To exploit animal-like locomotion and behaviour, it is essential to develop 
muscle-like actuators with properties close to biological systems. In this 
project we employ dielectric elastomers - one class of soft active materials - 
as artificial muscles. A dielectric elastomer actuator can deform in response 
to voltage, and can exhibit unique attributes, including large deformation, 
high energy density, low weight, low noise, fast response, etc. 

In this seminar we will discuss several soft robots which are developed 
based on dielectric elastomer actuators. First we will talk about a jellyfish 
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robot, which consists of a bell, an air chamber, and a membrane of a 
dielectric elastomer. The air chamber is filled with air, which makes the 
membrane of a dielectric elastomer prestretched and bulged into a balloon. 
When the dielectric elastomer is subject to voltage, it expands, so that the 
balloon increases volume which leads to a larger buoyancy to make the 
robot move up. Meanwhile water can be ejected from the robotic body to 
induce propulsion. In addition, we will also illustrate a worm-like robot and 
artificial muscle actuators for jaw movement. We will demonstrate the soft 
robots in the EAP-in-Action Session.

9798-60, Session 9A

Bistable electroactive polymer with sharp 
rigid-to-rubbery phase transition
Yu Qiu, Zhi Ren, Wei Hu, Chao Liu, Qibing Pei, Univ. of 
California, Los Angeles (United States)

Bistable electroactive polymers (BSEP) usually exhibit glass transition 
that spans in a rather broad temperature range and are normally actuated 
at around 70˚C. The relatively high operating temperature causes large 
thermal energy consumption to administer the transition and slows the 
response speed to complete a full cycle of rigid-to-rigid shape change. It 
could also be too high for wearable and personal assistive devices. A BSEP 
with a low operating temperature that is slightly above body temperature 
is desired. A phase-changing polymer is synthesized and employed as 
a bistable electroactive polymer that can be actuated below 50 ˚C. The 
reversible phase transition of the crystalline aggregates within the polymer 
results in a rapid shift between the rigid and rubbery states of the BSEP 
during temperature ramping. A modulus change of more than 1000 fold can 
be achieved in a narrow rigid-to-rubbery transition temperature range. The 
transition temperature is tunable. Shape memory effect with both fixation 
rate and recovery rate close to 100% was observed. Diaphragm actuators 
based on the BSEP films could be electrically actuated in their rubbery 
state up to 70% strain, and the deformed shape was fixed after the films 
were allowed to cool below the transition temperature. The rigid-to-rigid 
actuation of the BSEP is refreshable and repeatable. 

9798-61, Session 9A

Rotating acoustic panel driven by 
antagonistic dielectric elastomer tape 
actuators in a reverse-biased configuration
Tizoc Cruz-Gonzalez, Univ. of Michigan (United States)

Dielectric Elastomer (DE) actuators enable exciting new options for a wide 
range of applications in fields such as medical, aerospace, and consumer 
electronics. Applications, however, are limited in part because of the 
rigid frames generally employed to hold the actuator in a pre-stretched 
configuration. A new form of actuator, DE Tape Actuators, eliminates this 
frame by using a tape-based modular form in a released-frame architecture 
providing a conformal, compact, and easily integrated design which opens 
the door to a wider range of actuator applications. This paper explores 
the DE Tape Actuator architecture and demonstrates a systematic design 
process to guide its use in a variety of applications. A quasi-static design 
process is detailed which analytically balances the force-deflection 
capabilities of the actuator against those of the system against which it acts. 
In this process, the DE Tape Actuators are characterized either empirically, 
or using a reduced-order quasi-static performance model. The target 
system is analytically modeled and mapped into the actuator space. Two 
categories of systems are examined in the context of this process: simple, 
single-actuator systems, and antagonistic, two-actuator systems, each of 
which is sub-categorized based on the specific form for the system. For 
each of these system types, the analytical form of the system profile is 
used to demonstrate the design process which is validated experimentally. 
A case study is performed on a rotating panel actuated by an antagonistic 
pair of DE Tape Actuators operating with reverse-biased leveraging for 
greatly enhanced actuation performance. A kinematic model of the rotating 

acoustic panel is presented and used in the design process to provide a 
desired panel rotation given a desired maximum material use in terms of the 
forces and strains employed. A hardware prototype is fabricated and used to 
validate the practicality of the design process. This model-based analytical 
design process enables designers to fully exploit the benefits of the DE Tape 
Actuator architecture to create compact, lightweight actuation applications.

9798-62, Session 9A

Dielectric elastomer actuators for facial 
expression
Jian Zhu, Yuzhe Wang, National Univ. of Singapore 
(Singapore)

Facial expression plays a significant role in a humanoid robot that resembles 
human beings in physical appearance. To achieve facial expression, various 
actuators were employed, such as electric motors, shape memory alloys, 
McKibben pneumatic actuators, piezoelectric actuators, etc. In this project 
we develop artificial muscles to mimic natural masseter muscles (superficial 
portion). We install these artificial muscles onto a robotic skull to achieve 
jaw movement, which is a key part in facial expression, especially during 
speech and mastication. 

The artificial muscles are made of dielectric elastomer actuators. VHB 
4905 (with a thickness of 0.5mm) is employed as the dielectric elasotmer. 
Carbon grease is employed as the compliant electrodes. Plastic fibers are 
embeded in the membranes of the dielectric elastomer. These fibers are 
found to greatly improve the performance of the actuator. Without fibers, 
the artificial muscle actuator can achieve a voltage-induced strain of 10%. 
With fibers, the actuator can achieve a strain of 50%. When subject to AC 
votage with a constant frequency (say around 1Hz), the artificial muscles 
can achieve periodical jaw movement, with displacements and velocities 
similar to those achieved by the natural muscles. When subject to voltage 
with varying frequencies, the actuator can achieve a movement with various 
velocities to mimic a man/woman to sing a song. These preliminary studies 
show that the dielectric elastomer actuator is capable of achieving accurate 
and controllable movement. We will demonstrate the soft actuator for jaw 
movement in the EAP-in-Action Session.

9798-63, Session 9B

Electromechanical behavior of a 
novel dielectric elastomer sensor for 
compressive force detection
Junjie Liu, Guoyong Mao, Xiaoqiang Huang, Zhejiang Univ. 
(China); Zhanan Zou, Univ. of Colorado at Boulder (United 
States); Shaoxing Qu, Peng Wang, Zhejiang Univ. (China)

Dielectric elastomers (DEs) have been extensively studied as DE actuators, 
DE generators, and DE sensors. Compared with DE actuators and 
generators, DE sensing application has the advantage that it is no need 
for high voltage. However, to realize the high sensitivity of the DE sensor, 
a well-designed structure is essential. A typical DE sensor consists of DE 
membrane covered by compliant electrodes on both sides. Expanding 
in the area and shrinking in the thickness of DE membrane subjected 
to external force will lead to the increasement of the capacitance. We 
propose a novel DE sensor to detect compressive force. The DE sensor 
consists of three layers. The two layers of outside can penetrate each other 
to deform the middle layer and achieve high sensitivity for compressive 
force measurement. This sensor consists of a series of sensor elements 
made of DE membrane with out-of-plane deformation. Each sensor 
element experiences highly inhomogeneous large deformation to obtain 
high sensitivity. We conduct the experiment to optimize the performance 
of the sensor element, and also the corresponding theoretical analysis is 
developed. The effects of the prestretches and the aspect ratios of the 
sensor element on the sensitivity are achieved. The soft sensor composed 
of a series of such sensor elements may comply with complicated surfaces 
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and can be used to detect both the total value and the distribution of the 
compressive force exerted on the surface. Furthermore, the reliability of 
the sensor element is studied by additional experimental investigation. 
The experiment shows that the sensor element operates steadily after 
2000 cyclic loadings. This study provides guidance for the design and 
performance analysis of soft sensors. 

This work has been published in the Journal of Applied Mechanics, 82(10), 
No. 101004 (2015).

9798-64, Session 9B

Aerosol-jet-printing silicone layers and 
electrodes for dielectric elastomer 
actuators in one processing device
Sebastian Reitelshöfer, Maximilian Landgraf, Jörg Franke, 
Friedrich-Alexander-Univ. Erlangen-Nürnberg (Germany)

In this contribution we present recent findings of our efforts to qualify 
the so called Aerosol-Jet-Printing process as an additive manufacturing 
approach for stacked dielectric elastomer actuators. With the presented 
system we are able to print the two essential structural elements dielectric 
layer and electrode in one machine. The system is capable to generate RTV-
2 silicone layers made of Wacker Elastosil P 7670. Therefore, two aerosol 
streams of both precursor components A and B are generated in parallel 
and mixed in one printing nozzle that is attached to a 4-axis kinematic. 
The printing of one circular Elastosil layer with a calculated thickness of 
10 µm and a diameter of 1 cm takes 12 seconds while the process keeps 
stable for 4.5 hours allowing a quite high overall material output and the 
generation of numerous silicone layers. By adding a second printing nozzle 
and the infrastructure to generate a third aerosol, the system is also capable 
of printing inks with conductive particles in parallel to the silicone. We 
have printed a commercially available single wall CNT ink and a reduced 
graphene oxide ink prepared in our lab to generate electrodes on paper, 
VHB 4905 and Elastosil foils. With the reduced graphene oxide ink printed 
on Elastosil foil, layers with a 4-point measured sheet resistance below 100 
Ω can be realized leaving room for improving the electrode printing time, 
which at the moment is not in the range of the quite good time-frame for 
printing the silicone layers.

9798-65, Session 9B

Compliant electrodes using crumpled 
indium-tin-oxide thin films
Hui-Yng Ong, Nanyang Polytechnic (Singapore); Gih-
Keong Lau, Nanyang Technological Univ. (Singapore)

Indium-tin-oxide (ITO) thin films are perceived to be stiff and brittle. In 
this abstract, we report that ITO thin films can be made stretchable and 
compliant by mechanical crumpling on poly-acrylate adhesive foam. A 
ITO thin film on poly-acrylate adhesive foam can sustain 25% equi-bi-axial 
compressive strain without showing observable delamination or fracture. 
Crumpling of the ITO thin film in micro-folds yields a masking effect, turning 
a transparent flat film into a translucent one. In addition, the crumpled thin 
films of ITO can be unfolded, just like stretchable and compliant electrodes. 
As such, the dielectric elastomeric capacitor with the crumpled ITO 
electrodes can be electrically activated to alter the optical transmittance. 
A dielectric elastomeric capacitor with the crumpled ITO electrodes 
demonstrated areal expansion of 37% strain and increase the optical 
transmittance from 39.14% to 52.08%. This transmittance tunabilty promises 
to make a low-cost smart privacy window.

9798-66, Session 9B

Property modification of Nafion via 
polymer blending with ethylene vinyl 
alcohol
Taeseon Hwang, Jungsoo Nam, Qi Shen, Sarah Trabia, Univ. 
of Nevada, Las Vegas (United States); Jonghwan Suhr, 
Sungkyunkwan Univ. (United States); Dong-Chan Lee, 
Kwang Jin Kim, Univ. of Nevada, Las Vegas (United States)

The blended ion exchange membrane between Nafion and ethylene 
vinyl alcohol (EVOH) was used for fabrication of the ionic polymer–metal 
composite (IPMC) to redeem inherent drawbacks of Nafion such as high 
cost or environment-unfriendliness. EVOH solution was blended in Nafion 
solution by a volume ratio of 15 and 30 % membranes were prepared 
through solution casting method. The prepared blended Nafion membranes 
can be fabricated IPMCs with deposition of platinum electrode onto 
its surface without crack or delamination. The surface resistance of all 
prepared IPMCs is measured through 2 point probe. This study investigated 
the chemical structure and thermal properties of prepared membranes. 
Moreover, we characterized the cross-section morphology and studied 
the electromechanical performances (displacement and blocking force) of 
prepared IPMC actuators. The IPMC actuators with proposed blended Nafion 
membranes were demonstrated comparable electromechanical performance 
by significantly reducing the content of Nafion.

9798-67, Session 9B

Characterization of ultraviolet light cured 
polydimethylsiloxane films for low-voltage, 
dielectric elastomer actuators
Tino Töpper, Fabian Wohlfender, Florian M. Weiss, Bekim 
Osmani, Vanessa Y. F. Leung, Bert Müller, Univ. Basel 
(Switzerland)

The reduction of the operation voltage has been the key challenge for 
the realization of dielectric elastomer actuators (DEA) for many years - 
especially for the application fields of robotics, lens systems, haptics and 
future medical implants. Contrary to the approach of manipulating the 
dielectric properties of the electrically activated polymer (EAP), we intend 
to realize low-voltage operation by reducing the polymer thickness to 
the range of a few hundreds of nanometers. A study recently published 
in Sensors and Actuators A 233 (2015) 32-41 presents molecular beam 
deposition to reliably grow nanometer-thick polydimethylsiloxane (PDMS) 
films. The curing of PDMS has been realized using ultraviolet (UV) radiation 
with a wavelength from 180 to 400 nm radicalizing the functional side 
and end groups. The understanding of the mechanical properties of 
submicrometer-thin PDMS films is crucial to optimize DEAs actuation 
efficiency. The Young`s modulus of the UV-cured film has been measured 
by nanoindentation using an atomic force microscope (AFM) according 
to the Hertzian contact mechanics model. These investigations show a 
decreasing elastic modulus with increasing indentation depth. A model with 
a skin-like SiO2 surface with an elastic modulus of (390 ± 10) kPa and a bulk 
modulus of cross-linked PDMS with (87 ± 7) kPa is proposed. In addition 
spectroscopic ellipsometry measurements revealed an increasing refractive 
index of the PDMS film from 1.395 to 1.430 during the UV-light treatment. 
The surface morphology, observed with AFM and 3D laser microscopy, 
becomes wrinkled after UV curing.
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9798-68, Session 9B

Morphology and conductivity of Au 
electrodes on polydimethylsiloxane using 
(3-mercaptopropyl)trimethoxysilane 
(MPTMS) as an adhesion promoter
Bekim Osmani, Florian M. Weiss, Tino Töpper, Vanessa Y. F. 
Leung, Bert Müller, Univ. Basel (Switzerland)

Dielectric elastomer actuators (DEA) are often referred to as artificial 
muscles due to their high specific continuous power, which is comparable 
to human skeletal muscles and because of their millisecond response 
time. We intend to use nanometer-thin DEA as medical implant actuators 
and sensors to be operated at voltages as low as a very few tens of volts. 
The conductivity of the electrode and the impact of its stiffness on the 
stacked structure are key to the design and operation of future devices. 
The stiffness of sputtered Au electrodes was characterized using AFM 
nanoindentation techniques. 400 nanoindentations were performed on 60 
?m x 60 ?m spots at a load of 100 nN using a spherical tip with a radius of 
500 nm. Stiffness maps based on the Johnson-Kendall-Roberts (JKR) model 
were calculated using the Nanosurf Flex-ANA system. The low adhesion 
of Au to polydimethylsiloxane (PDMS) has been reported in the literature 
(Applied Physics Letters 81, 562 (2002)) and leads to the formation of 
Au-nanoclusters. The size of the nanoclusters is (40 ± 20) nm and can be 
explained by the low surface energy of PDMS leading to a Volmer-Weber 
growth mode. Therefore, we propose (3 mercaptopropyl)trimethoxysilane 
(MPTMS) as a molecular adhesive to promote the adhesion between the 
PDMS and Au electrode. A beneficial side effect of these self-assembling 
monolayers is the significant improvement of the electrode’s conductivity as 
determined by four-point probe measurements. Therefore, the application 
of an adhesive layer for building a dielectric elastomer actuator appears 
promising.

9798-69, Session 9B

Microfabrication of stacked dielectric 
elastomer actuator fibers
Mert Corbaci, Kathleen Lamkin-Kennard, Rochester 
Institute of Technology (United States)

Dielectric elastomer actuators (DEA) are one of the best candidate materials 
for next generation of robotic actuators, soft sensors and artificial muscles 
due to their fast response, mechanical robustness and compliance. However, 
high voltage requirements of DEAs have impeded their potential to become 
widely used in such applications.

In this study, we propose a method for fabrication of silicon based 
multilayer DEA fibers composed of micro-level dielectric layers to improve 
the actuation ratios of DEAs at lower voltages. A multi-walled carbon 
nanotube - polydimethylsiloxane (MWCNT/PDMS) composite was used to 
fabricate mechanically compliant, conductive parallel plates and electrode 
connections for the DEA actuators. Active surface area and layer thickness 
were varied to study the effects of these parameters on actuation ratio as 
a function of applied voltage. Different structures were fabricated to assess 
the flexibility of the fabrication method for specific user-end applications.

9798-70, Session 10A

Large deformation ionic polymer-metal 
composites actuators based on porous 
Nafion membranes
Dongxu Zhao, Dichen Li, Yanjie Wang, Meng Luo, Hualing 
Chen, Xi’an Jiaotong Univ. (China)

With advantages of low driving voltage, good flexibility and high 

electromechanical efficiency, ionic polymer-metal composites (IPMCs), 
which are one of the most attractive smart materials, have been research 
hotspot in actuators, sensors and artificial muscles. However, a serious 
drawback of little deformation of thick IPMC actuator restricts its 
application. In this paper, we fabricated thick porous Nafion membranes 
in the freeze-drying process. A series of thermogravimetric analyses 
(TGA), Fourier transform infrared (FT-IR), field emission scanning electron 
microscopy (FESEM) and water uptake (WUP) tests were performed to 
examine the validity of the freeze-drying process and the pore size and the 
porosity. Then, the porous IPMCs were fabricated with the freeze-drying 
processing Nafion membranes by the solution casting and reducing plating 
method successively. Finally, the IPMC actuators with the dimensions of 
3051 in millimeters were achieved and tested. The terminal deformation of 
the porous IPMC actuator increased by 739.7%, compared with the ordinary 
IPMC actuator with the same dimensions under the driving voltage of 2V 
DC.

9798-71, Session 10A

Encapsulation of ionic electro-active 
polymers: reducing the interaction with 
environment
Paul Jaakson, Tarmo Tamm, Veiko Vunder, Alvo Aabloo, 
Univ. of Tartu (Estonia)

Ionic electro-active polymer (iEAP) actuators are composite materials 
that change their mechanical properties in response to external electrical 
stimulus. The interest in these devices is mainly driven by their capability 
to generate biomimetic movements and their potential use in soft robotics. 
For iEAP-actuator, the driving voltage (0.5… 3 V) is at least one order 
of magnitude smaller than that needed for other types of electroactive 
polymers. 

To apply iEAP-actuators in potential applications, the capability of operating 
in different environments (open air, different solvents) must be available. In 
nature, the iEAP-actuators are capable of interacting with the surrounding 
environment (evaporation of solvent from the electrolyte solution, ion 
exchange, humidity effects), therefore, for prevention of unpredictable 
behaviour of the actuator and the contamination of the environment, 
encapsulation of the actuator is needed. The environmental contamination 
aspect of the encapsulation material is substantial when selecting the 
applicable encapsulant. The suitable encapsulant should form thin films, be 
light in weight, elastic, tight, relatively cheap and easily reproducible.

The main goal of the present study is to find and evaluate the best potential 
encapsulation techniques for iEAP-actuators. Several techniques like 
Langmuir-Blodgett film coating, dip coating, hot pressing, hot rolling and 
several materials like polydimethylsiloxane, polyurethane, nitrocellulose, 
paraffin-composite-films were investigated. The advantages and 
disadvantages or the combinations of the above mentioned techniques and 
materials are discussed. Successfully encapsulated iEAP-actuators gained 
durability and were stably operable for long periods of time under room 
conditions. The encapsulation process also increased the stability of the 
iEAP-actuator by minimising the environment effect. This makes controlling 
iEAP-actuators more straight forward and reliable since there is no need to 
take the environmental factors like relative humidity and/or gas circulation 
into account.

9798-72, Session 10A

Behavior of ionic conducting IPN actuators 
in simulated space conditions
Adelyne Fannir, Cédric Plesse, Tran-Minh Giao Nguyen, 
Univ. de Cergy-Pontoise (France); Elisabeth Laurent, 
Laurent Cadiergues, Ctr. National d’Études Spatiales 
(France); Frédéric Vidal, Univ. de Cergy-Pontoise (France)

The presentation focuses on the performances of flexible all-polymer 
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electroactive actuators under space-hazardous environmental factors in 
laboratory conditions. These bending actuators are based on high molecular 
weight nitrile butadiene rubber (NBR), poly(ethylene oxide) (PEO) 
derivative and poly(3,4-ethylenedioxithiophene) (PEDOT). The electroactive 
PEDOT is embedded within the NBR/PEO membrane which is subsequently 
swollen with an ionic liquid as electrolyte. Actuators have been submitted 
to thermal cycling test between -25 to 60°C under vacuum (2.4E-8 mbar) 
and to ionizing Gamma radiation for at a level of 210 rad/h during 100 h. 
Actuators have been characterized before and after space environmental 
condition ageing. In particular the viscoelasticity properties and mechanical 
resistance of the materials have been determined by Dynamic Mechanical 
Analysis and tensile tests. The evolution of the actuation properties as the 
strain and the output force have been characterized as well. The long-term 
vacuuming, the freezing temperature and the Gamma radiations do not 
affect the thermomechanical properties of conducting IPNs actuators. Only 
a slight decrease on actuation performances has been observed. During the 
presentation the results will be presented in details.

9798-73, Session 10A

Performance improvement of IPMC flow 
sensors with a biologically inspired cupula 
structure
Hong Lei, Montassar A. Sharif, Michigan State Univ. (United 
States); Derek A. Paley, Univ. of Maryland, College Park 
(United States); Matthew McHenry, Univ. of California, 
Irvine (United States); Xiaobo Tan, Michigan State Univ. 
(United States)

Ionic polymer-metal composites (IPMCs) have inherent underwater sensing 
and actuation properties. They can be used as sensors to collect flow 
information. Inspired by the cupula of hair cells in the lateral line system of 
fish, the impact of a flexible, cupula-like structure is experimentally explored 
on the performance of IPMC flow sensors in this paper. The fabrication 
method to create a silicone-capped IPMC sensor is reported. Experimental 
results show that the performance of IPMC flow sensors are significantly 
improved under the stimulus of both periodic flow and laminar flow by the 
proposed silicone-capping. Mathematical modeling is also discussed to 
understand the influence of the material stiffness and the dimensions of the 
cupula.

To create the desired cupula-like structure, a custom-designed mold is 
3D printed to hold the IPMC sensor and the Polydimethylsiloxane (PDMS) 
during the curing process. Experiments are conducted to compare the 
sensing performance (short-circuit current) of the IPMC flow sensor before 
and after the PDMS-capping. In particular, the signal amplitudes of IPMC 
sensors are tested under the periodic flow stimulus generated by a dipole 
source in the still water, and the stand deviation of the IPMC sensor signals 
are compared under the laminar flow stimulus generated in a flow tank. The 
experimental results demonstrate the enhancive effect of the cupula-like 
structure, which is expected to increase the hydrodynamic drag and amplify 
the flow stimulus. 

9798-74, Session 10A

3D printing of IPMC actuators: 
characterization and application in soft 
robotics
James D. Carrico, Kam K. Leang, The Univ. of Utah (United 
States)

A three-dimensional (3D) fused filament additive manufacturing (AM) 
technique (3D printing) is described for creating ionic polymer-metal 
composites (IPMC) actuators. The 3D printing technique addresses some 
of the limitations of existing manufacturing processes for creating IPMCs, 
such as limited shapes and sizes and time-consuming approaches. In this 

paper, the 3D printing process is described in detail, where first a precursor 
material (non-acid Nafion precursor resin) is extruded into a thermoplastic 
filament for 3D printing. A custom-designed 3D printer is described which 
utilizes the filament to manufacture custom-shaped IPMC actuators, layer 
by layer. The 3D printed samples are hydrolyzed in an aqueous solution 
of potassium hydroxide and dimethyl sulfoxide, followed by application 
of platinum electrodes. Various geometries of IPMC actuators are created 
using the 3D printing process, and each sample is characterized in terms 
of actuation performance relative the 3D printing pattern employed to 
create the sample. An example soft-robotic IPMC device is created and 
characterization results demonstrate the functionality of the device. 
Technical challenges are also highlighted for the 3D printing process for 
IPMC.

9798-75, Session 10B

Online parameter identification algorithm 
for DEAP-based sensors and self-sensing 
concepts
Thorben Hoffstadt, Kai Bokermann, Jürgen Maas, 
Ostwestfalen-Lippe Univ. of Applied Sciences (Germany)

Beside the widely spread application of transducers based on dielectric 
electroactive polymers (DEAP) as actuators and generators, they can be 
used as sensors, too. Since the electrical parameters of the DEAP depend 
on the mechanical state, especially the DEAP capacitance is identified to 
estimate the stretch state of the sensor, or – in case of self-sensing concepts 
– of the whole transducer. However, already proposed identification 
algorithms require either a certain excitation or are tailor-made solutions 
for certain power electronics with characteristic properties. For example, 
algorithms in the frequency domain require a harmonic excitation. In case 
of self-sensing concepts this additional excitation has to be superimposed 
on the driving voltage. This results in a comparatively high instrumentation 
effort.

Thus, within this contribution, the authors present a universal identification 
algorithm that estimates the electrical parameters of the DEAP based on a 
measurement of the arbitrary terminal voltage and current. This algorithm 
is especially advantageous for self-sensing purposes, because it does not 
require a superimposition of the driving signal with a sensor signal (e.g. a 
harmonic excitation). Using analytical and numerical modelling approaches, 
the identified electrical parameters are correlated to the deformation state 
of the DEAP.

Finally, the proposed online identification algorithm is validated by 
experimental measurements. The obtained results are compared to 
expected values derived by the modelling approaches and extensively 
discussed.

9798-76, Session 10B

Dielectric elastomer strain and pressure 
sensing enables reactive fluidic artificial 
muscles
Allan J. Veale, Iain A. Anderson, The Univ. of Auckland 
(New Zealand) and Auckland Bioengineering Institute 
(New Zealand); Sheng Quan Xie, The Univ. of Auckland 
(New Zealand)

Wearable assistive devices are the future of rehabilitation therapy and bionic 
limb technologies. Robotics’ electric, hydraulic, and pneumatic actuators 
can provide the precise and powerful around-the-clock assistance that 
therapists cannot deliver. However, they do so in the confines of highly 
controlled factory environments, resulting in actuators too rigid, heavy, 
and immobile for wearable applications. In contrast, biological skeletal 
muscles have been designed and proven in the uncertainty of the real world. 
Bioinspired artificial muscle actuators aim to mimic the soft, slim, and self-
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sensing abilities of natural muscle that make them tough and intelligent.

Fluidic artificial muscles are a promising wearable assistive actuation 
candidate, with the high-force, inherent compliance of their natural 
counterparts. Until now, they have not been able to self-sense their length, 
pressure, and force in an entirely soft and flexible package. Their use of 
rigid components has previously been a requirement for the generation of 
large forces, but reduces their reliability and compromises their ability to be 
comfortably worn. 

We present the fabrication of water-proof dielectric elastomer (DE) strain 
sensors and DE pressure sensors featuring a novel structured dielectric layer 
for increased sensitivity. These sensors are integrated into a soft Peano 
fluidic muscle, a planar alternative to the relatively bulky McKibben muscle. 
Characterization of these DE sensors shows they can measure strains over 
15% and pressures up to 400 kPa. When applied to a flexible joint, they 
enable its torque and stiffness to be estimated, paving the way for wearable 
actuation that can truly feel its environment. 

9798-77, Session 10B

From land to water: bringing dielectric 
elastomer sensing to the underwater realm
Christopher R. Walker, Auckland Bioengineering Institute 
(New Zealand); Iain A. Anderson, Auckland Bioengineering 
Institute (New Zealand) and The Univ. of Auckland (New 
Zealand) and StretchSense (New Zealand)

Since the late 1990’s Dielectric Elastomers (DEs) have been investigated 
for their use as sensors. To date, there are some impressive developments: 
finger displacement controls for video games, full body analysis to 
determine injury risk for performance athletes, and integration with 
medical rehabilitation devices to aid patient recovery. It is clear DE sensing 
is well established for dry applications, the next frontier, however, is to 
adapt this technology for the other 71% of Earth’s surface. Experience has 
demonstrated an increase in capacitance noise during sensor submersion 
in fresh water. Further experiments and analysis are required in order to 
develop an accurate and reliable underwater sensor, allowing for new 
applications to be developed in areas such as diver communication and 
control of underwater robotics; even wearable devices must withstand 
sweat, washing, and the rain. 

This study seeks to investigate the influence of fresh and salt water on DE 
sensing. In particular, sensors have been manufactured with water proof 
connections and submersed in water baths with varying salt concentrations. 
Monitoring of temperature and humidity as well as a reproducible stretch 
sequence has been performed. Base capacitance and that at 80% stretch 
was recorded using dry sensors as a control. Salt and water diffusion into 
the sensors has been determined experimentally and from this a time 
dependent model has been derived. Post-analysis of noise and accuracy 
highlighted potential areas of improvement to the manufacture process. 

This paper presents the experimental procedures, results and improvements 
that can make underwater DE sensing a reality. 

9798-78, Session 10B

Applications of pressure-sensitive 
dielectric elastomer sensors
Holger Böse, Fraunhofer-Institut für Silicatforschung 
(Germany)

Recently, dielectric elastomer sensors with high sensitivity for compression 
load were introduced. The basic design of the sensors exhibits two profiled 
surfaces between which an elastomer film is located. All components of 
the sensor were prepared with silicone whose stiffness can be varied in 
a wide range. Depending on details of the sensor design, various effects 
can contribute to the enhancement of the capacitance. The intermediate 
elastomer film is stretched upon compression and electrode layers on the 

elastomer profiles and in the elastomer film approach each other. Different 
designs of the compression sensor give rise to very different sensor 
characteristics in terms of their dependence of electric capacitance on 
compression force. Due to their inherent flexibility, the pressure sensors can 
be used on compliant substrates such as seats or beds or on the human 
body. This gives rise to numerous possible applications.

The contribution describes some examples of possible sensor applications. 
A glove was equipped with various sensors located at the finger tips. When 
gripping an object with the glove, the sensors can detect the gripping 
forces of the individual fingers with high sensitivity. In a demonstrator of the 
glove equipped with sensors, the capacitances representing the gripping 
forces are recorded on a display. In another example, a touch pad with six 
pressure-sensitive fields is presented. The touch fields with corresponding 
sensors detect the exerted forces of the finger and display them in terms of 
the measured capacitances. A third example introduces a seat occupation 
sensor system based on four extended pressure sensors. The sensor 
system detects the load distribution of a person on the seat. The examples 
emphasize the high performance of the new pressure sensor technology.

9798-79, Session 10B

Non-verbal communication through sensor 
fusion
Andreas Tairych, Daniel Xu, The Univ. of Auckland (New 
Zealand); Benjamin M. O’Brien, StretchSense (New 
Zealand); Iain A. Anderson, The Univ. of Auckland (New 
Zealand) and Auckland Bioengineering Institute (New 
Zealand) and StretchSense (New Zealand)

When we communicate face to face, we subconsciously engage our whole 
body to convey our message. In telecommunication, e.g. during phone calls, 
this powerful information channel cannot be used. Capturing nonverbal 
information from body motion and transmitting it to the receiver parallel 
to speech would make these conversations feel much more natural. This 
requires a sensing device that is capable of capturing different types of 
movements, such as the flexion and extension of joints, and the rotation of 
limbs.

In a first embodiment, we developed a sensing glove that is used to control 
a computer game. Dielectric elastomer (DE) sensors measure finger 
positions, and an inertial measurement unit (IMU) detects hand roll. These 
two sensor technologies complement each other, with the IMU allowing the 
player to move an avatar through a three-dimensional maze, and the DE 
sensors detecting finger flexion to fire weapons or open doors.

After demonstrating the potential of sensor fusion in human-computer 
interaction, we have taken this concept to the next level and applied it in 
nonverbal communication between humans. One person uses a wearable 
sensing device comprising of DE sensors and IMUs to capture both static- 
and dynamic gestures. These gestures are mapped to corresponding 
messages and transmitted wirelessly to another person.

Sensor fusion combines the strengths of different sensor types, and 
therefore enables very comprehensive body motion sensing, which makes 
a large repertoire of gestures available to nonverbal communication over 
distances.

9798-80, Session 10B

Fluid flow sensing and control with ionic 
polymer-metal composites
Tyler P. Stalbaum, Kwang Jin Kim, Univ. of Nevada, Las 
Vegas (United States)

Ionic polymer-metal composite (IPMC) actuators and sensors have been 
developed and modeled over the last 25 years for use as soft-robotic 
deformable actuators and sensors. IPMC devices have been suggested 
for application as underwater actuators, energy harvesting devices, and 
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medical devices such as in guided catheter insertion. Another interesting 
application of IPMCs in flow sensing and control is presented in this study. 
IPMC interaction with fluid flow is of interest to investigate the use of IPMC 
actuators as flow control devices and IPMC sensors as flow sensing devices. 
An organized array of IPMCs acting as interchanging sensors and actuators 
can be designed for both flow measurement and control. The underlying 
physics for this system include the IPMC modeling framework along with 
fluid dynamics to describe the flow around IPMCs. A model has been 
developed to describe the response of an IPMC sensor to a flow field and for 
control of the flow field with an IPMC actuator. A simple experimental setup 
for an individual tube-shaped IPMC sensor with an externally controlled fluid 
flow has been developed to allow experimental verification of simulation 
results and provide further insight into the design and application of 
this type of device. The results from this portion of the study include 
recommendations for IPMC device designs in flow control.

9798-81, Session 10B

Tactile display enabled by selective 
patterning of integrated stretchable 
heaters on shape memory polymer 
membranes
Nadine Besse, Samuel Rosset, Herbert R. Shea, Ecole 
Polytechnique Fédérale de Lausanne (Switzerland)

A fully latching and scalable 4x4 tactile display with 5 s refresh time, 300 
mN holding force and 300 µm motion per taxel (tactile pixel) is presented. 
The device consists of a polyurethane shape memory polymer (SMPU) 
membrane, an integrated stretchable heater per taxel, and an interface to 
a single common pneumatic actuation mechanism. Driving current through 
the individually addressable local heating elements reversibly and rapidly 
changes the stiffness of the SMPU membrane of each taxel. SMPUs are soft 
above their glass transition and hard below it, with a variation by a factor 
1000 in their Young’s moduli. Turning off the heating current latches each 
taxel into its current position, enabling holding any array configuration 
with zero power consumption. Having one common pneumatic actuation 
mechanism allows for both displacing exclusively the heated taxels (leaving 
un-displaced the unheated ones), and significant holding force; while 
keeping a very simple and compact system design.

This concept is implemented in a graphical tablet for blind people with 
taxels on a 4 mm pitch, taking advantages of the large vertical displacement 
(300 µm), significant holding force (300 mN) and intrinsic latching. 
By judiciously choosing the heater design, the refresh time is lowered 
down to 5 s for the 4x4 taxels array and the driving voltage to 20 V; a 
level compatible with standard electronics. The actual 4x4 taxels array is 
scalable to larger arrays (30x20 taxels array is targeted) and the pneumatic 
actuation can be replaced by a single common dielectric elastomer actuator 
(DEA).

9798-82, Session 10B

Dielectric elastomer for stretchable 
sensors: influence of the design and 
material properties
Claire Jean-Mistral, Loîc Vial, Sophie Iglesias, Sébastien 
Pruvost, Jannick Duchet-Rumeau, Simon Chesné, Institut 
National des Sciences Appliquées de Lyon (France)

Dielectric elastomers exhibit extended capabilities as flexible sensors for 
the detection of load distributions, pressure or huge deformations. Tracking 
the human movements of the fingers or the arms could be useful for the 
reconstruction of sporting gesture, or to control a human-like robot. In a 
number of publications, the development of sensing method is highlighted. 
Improving the sensitivity and accuracy of the sensing method, proposing 
new measurements methods are addressed. Nevertheless, modelling is 

generally simple (RC or RC transmission line). The material parameters 
are considered constant or having a negligible effect which can lead to 
serious reduction of accuracy. Comparisons between measurements and 
modelling require care and skill, and could be tricky. Thus, we propose 
here a comprehensive modelling, taking into account the influence of the 
material properties on the performances of the dielectric elastomer sensor 
(DES). Various parameters influencing the characteristics of the sensors 
have been identified: dielectric constant, hyper-elasticity, conductivity of 
the electrode. The variations of these parameters as a function of the strain 
clearly impact the linearity and sensitivity of the sensor of few percent. The 
sensitivity of the DES is also evaluated changing geometrical parameters 
(initial thickness) and its design (rectangular and dog-bone shapes). We 
discuss the impact of the shape regarding stress. Finally, DES including a 
silicone elastomer sandwiched between two high conductive stretchable 
electrodes, were manufactured and investigated. Classic and reliable LCR 
measurements are detailed. Experimental results validate our numerical 
model of large strain sensor (>50%).

9798-83, Session 10B

Tactile sensor integrated dielectric 
elastomer actuator for simultaneous 
actuation and sensing
Kevin Kadooka, Hiroya Imamura, Minoru Taya, Univ. of 
Washington (United States)

Dielectric elastomers (DE) are a subgroup of electroactive polymers which 
may be used as soft transducers. Such soft transducers exhibit high energy 
density and silent operation, which makes them desirable for life-like robotic 
systems such as a robotic hand. A robotic hand must be able to sense 
the object being manipulated, in terms of normal and shear force being 
applied, and note when contact has been achieved or lost. To this end, a 
dielectric elastomer actuator (DEA) with integrated tactile sensing has 
been developed to provide simultaneous actuation and sensing. The tactile 
sensing dielectric elastomer actuator consists of a unimorph-type structure, 
where the active portion is a laminate of alternating DE and electrode 
material which expands under applied voltage, and the sensing portion is a 
stiffer sensing dielectric elastomer which has no electrical connection to the 
active portion. Under applied voltage, the deformation of the active portion 
expands but is constrained on one side by the sensing portion, resulting in 
bending actuation. The sensing portion is a DE with electrodes patterned 
to form 2x2 capacitive sensing arrays. Dome-shaped bumps positioned 
over the sensing arrays redistribute tactile forces onto the sensor segments, 
so that measurement of the capacitance change across the array allows 
for reconstruction of magnitude and direction of the incoming force. The 
stiffness of the sensing elastomer can be modulated to alter its sensitivity 
and load capacity, and additives such as carbon micro coil (CMC) and other 
particulates may be used to enhance sensitivity and impart a proximity 
sensing effect.

9798-84, Session 11A

Interface design for DEAP-based stack-
actuators considering various application 
cases
Helge Bochmann, Benedikt von Heckel, Ostwestfalen-
Lippe Univ of Applied Sciences (Germany); Thorben 
Hoffstadt, Jürgen Maas, Ostwestfalen-Lippe Univ. of 
Applied Sciences (Germany)

In order to increase the overall deformation and force generation, multilayer 
transducers are a common approach. In case of multilayer stack-actuators 
based on dielectric electroactive polymers (DEAP) the deformation can 
be scaled up by the number of stacked DEAP layers, while the force is 
increased with increasing cross-sectional area of the actuator. Compared 
to other multilayer topologies (e.g. a roll-actuator with passive core) 
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the energy density of these stack-actuators is higher since they almost 
completely consist of active material. Thus, these stack-actuators are 
predestined amongst other for positioning or haptic feedback applications.

However, for the integration into a certain application different mechanical 
connections have to be applied to the actuator to fulfill the specifications. 
Two mechanical interfaces on the top and bottom layer have to be applied, 
for example if the actuator is supposed to transmit pulling forces. In 
contrast, at least the second interface is not required if the actuator solely 
works against a compressive load. As the interfaces influence the actuation 
behavior of the stack, it is meaningful to use an actuator design appropriate 
for the considered application. Therefore, within this contribution stack-
actuator designs with different interface concepts are presented and 
optimized by a FE analysis. DEAP stack-actuators, realized with the 
automated manufacturing process that was presented in the previous 
editions of the conference, are equipped with different interfaces. Finally, 
the stretch-force characteristics of the different designs are compared by 
measurements and extensively discussed.

9798-85, Session 11A

Neural network modelling and model 
predictive control of ionic electroactive 
polymer actuators
Sunjai Nakshatharan Shanmugam, Andres Punning, Alvo 
Aabloo, Univ. of Tartu (Estonia)

Development of physics based control model for actuators based on ionic 
polymer transducers are of challenging task. Since the model is governed 
by partial differential equation, it will result in infinite dimensional transfer 
function. Model reduction and linearization for controller design will not 
give best results for position control under larger displacement. Further 
linearized model is not an optimal choice for these highly non-linear 
actuators. Various empirical, linear and nonlinear modelling methods have 
been proposed for control of these actuators, but still precise control of is 
not possible due to its sensitivity to environmental parameter variations 
such as temperature and humidity. In order to overcome the above issues 
we propose a neural network model for carbon based ionic polymer 
actuators that is capable of adapting to the environmental parameter 
variations. Further neural network method of modelling approach is well 
known to capture the dynamics of complex nonlinear systems. The model 
incorporated in the scheme gets updated provided the actuator is subjected 
to variations in humidity. The set point or regulatory action of the actuator 
is manipulated by Model Predictive Controller (MPC). Model predictive 
controller uses numerical optimization to predict the future behavior of 
the plant and provides optimal control for the constrained system. The 
performance of the proposed adaptive dynamic model along with MPC is 
experimentally evaluated and compared with standard PID controller. The 
results shows the designed method is well capable to predict and control 
the actuators at under varying environmental conditions. 

9798-86, Session 11A

Silicones with enhanced permittivity for 
dielectric elastomer actuators
Simon J. Dünki, Frank A. Nüesch, Empa (Switzerland) and 
Ecole Polytechnique Fédérale de Lausanne (Switzerland); 
Dorina M. Opris, Empa (Switzerland)

Silicone elastomers are often used as dielectric in dielectric elastomer 
actuators (DEA) mainly due to their high flexibility and stretchability, 
good mechanical and insulating properties. Nevertheless, they have the 
disadvantage of having a low permittivity, typically below 3. Therefore, high 
driving voltages are required for actuation. 

Blending high permittivity ceramic or metal fillers enhances the permittivity 
of silicone, however an increase in the stiffness is also observed. In the 
presented work, high permittivity silicone based materials were synthesized 

by modifying the siloxane backbone with polar side groups. The synthesis 
is based on the fast and quantitative conversion of the vinyl groups of high 
molecular polymethylvinylsiloxanes with thiols via thiol-ene reaction. A 
simple one-step process in which the dipole grafting and the crosslinking 
occurred simultaneously, allowed formation of soft high permittivity silicone 
films with suitable elastic properties for DEA.

Silicone elastomer containing varying amount of polar nitrile groups were 
prepared. The obtained elastomers feature permittivity values up to 17, 
which is nearly 6 times higher than for commercial silicone. Furthermore 
the mechanical properties and electromechanical response of materials 
containing varying amount of nitrile groups were investigated. 

9798-87, Session 11A

In-suite monitoring of mechanic and 
electronic instabilities: phase transitions 
and complex stiffness
Matthias Kollosche, Univ. Potsdam (Germany); Ujjaval 
Gupta, National Univ. of Singapore (Singapore); Guggi 
Kofod, Inmold Biosystems A/S (Denmark); Zhigang Suo, 
Harvard Univ. (United States); Jian Zhu, National Univ. of 
Singapore (Singapore)

Soft dielectric materials enable a set of mechanic phenomena if triggered 
by external input such as electrostatics stress. This research focused on a 
detailed analysis of mechanic and electric properties under high voltage 
using the pure shear geometry. The mechanic and electric stability is studied 
under the variation of pre-stretch in horizontal and vertical direction, 
electrostatic pressure and the externally applied mechanic excitation until 
mechanic or electric failure occurs. The in suite measurement of force, 
stretch, applied voltage and low current enable the analytic evaluation 
of the elastomer suffering instability using a hyper-elastic material and 
conductivity model. Therefore the characterization of the pure shear sample 
includes an iso-static step and a relaxation step under applied voltages 
up to 3kV. This ensures a direct access to required parameters such as 
permittivity, resistance and mechanics. The determined dielectric properties 
are compared to high voltage dielectric spectroscopy. The mechanic 
instability occurs when the pre-stretched elastomer is subject to a ramping 
tensile stress under a constant voltage. A sharp increase of current indicates 
the insert of the instability when the force reaches a critical value. While 
passing the instability the sample reaches uni axial stretches of up to 1100% 
and current readings of more than 500 µA before failure. This observation 
is accompanied by a theoretical evaluation of the instability using a 
viscoelastic model. This approach is capable to decouple the current into its 
geometric and leakage contribution. After reaching a critical current density 
the membrane suffers a progressing failure and fails. The nonlinear increase 
of the current is a predictor for mechanic instability and used further to 
determine the transition into a failure.
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9799-1, Session 1

Nonlinear vibration energy harvesting 
based on variable double well potential 
function
Wei Yang, Shahrzad Towfighian, Yu Chen, Binghamton 
Univ. (United States)

Converting ambient mechanical energy to electricity, vibration energy 
harvesting, enables powering of the emerging low power remote sensors. 
Nonlinear energy harvesters have the advantage of a wider frequency 
spectrum compared to linear resonators making them more efficient in 
scavenging the broadband frequency of ambient vibrations. To increase the 
output power of the nonlinear resonators, we propose an energy harvester 
comprised of a cantilever piezoelectric beam carrying a movable magnet 
facing a fixed magnet at a distance. The movable magnet on the beam is 
attached to a spring at the base of the beam. The spring-mass system on 
the cantilever beam creates the variable double well potential function. The 
spring attached to the magnet is in its fully compressed position when the 
beam is not deflected, as the beam oscillates, the spring energy gradually 
releases and further increases the amplitude of vibration. The larger the 
beam oscillation, the larger is the output voltage from the piezoelectric 
material at the base of the beam. To describe the motion of the cantilever 
beam, we obtained two coupled partial differential equations by assuming 
the cantilever beam as Euler-Bernoulli beam considering the effect of the 
moving magnet. Method of multiple scales is used to solve the coupled 
equations.

9799-2, Session 1

Nonlinear switching circuits integrated to 
a structurally nonlinear broadband energy 
harvester
Tarcisio M. Silva, Escola Politécnica da Univ. de São Paulo 
(Brazil); David Tan, Georgia Institute of Technology (United 
States); Carlos De Marqui Jr., Univ. de São Paulo (Brazil); 
Alper Erturk, Georgia Institute of Technology (United 
States)

In the existing literature of vibration-based energy harvesting using 
piezoelectric transduction, nonlinear electrical circuits and nonlinear 
structures have been treated separately. Circuit nonlinearities range from 
standard AC-DC conversion and voltage regulation circuits to switch-on-
inductor circuits for boosting the electrical output in systems with weak 
electromechanical coupling. Structural nonlinearities are typically those 
that are deliberately introduced for frequency bandwidth enhancement. 
Other nonlinear effects are due to inherent material behavior and complex 
internal and external dissipative mechanisms. This work aims to combine 
an intentionally designed, structurally nonlinear monostable piezoelectric 
energy harvester with various nonlinear switching circuits. A recently 
developed M-shaped piezoelectric energy harvester is combined with 
various nonlinear switching circuits with a focus on the primary resonance 
behavior of the harvester. Both experimental results and numerical 
simulations are presented.

9799-3, Session 1

In vacuo elastodynamics of a flexible 
cantilever for wideband energy harvesting
David Tan, Alper Erturk, Georgia Institute of Technology 
(United States)

Various forms of intentionally designed external nonlinearities have been 
exploited for frequency bandwidth enhancement in vibration energy 
harvesting. This paper aims to exploit the simplest configuration for 
wideband energy harvesting, namely a flexible cantilever under transverse 
base excitation. It is well known that the predominant nonlinear effects in 
a materially linear cantilever undergoing large deformations are stiffness 
hardening due to nonlinear curvature and inertial softening, both of them 
being cubic nonlinearities. Furthermore, geometric hardening dominates 
inertial softening, yielding an overall hardening behavior under high 
excitation levels. To date, this cubic hardening behavior has been minor due 
to dissipative effects, especially fluid drag, a quadratic form of damping, 
which drastically suppresses the resulting nonlinear hardening behavior. In 
this work, we explore the potential for bandwidth enhancement by merely 
exploiting the hardening nonlinearity of a flexible cantilever. The basic 
idea is to minimize the fluid damping effect and thereby achieve the jump 
phenomenon. A vacuum setup that is compatible with the armature of a 
long-stroke shaker is employed. Experiments are conducted for a range 
of air pressure values and base excitation levels. The overall nonlinear 
non-conservative elastodynamics of the cantilever is also modeled and 
experimentally validated by empirically accounting for fluid dissipation.

9799-4, Session 1

On the optimization of mechanical 
harvesters based on highly nonlinear 
solitary waves
Kaiyuan Li, Piervincenzo Rizzo, Univ. of Pittsburgh (United 
States)

Highly nonlinear solitary waves (HNSWs) are compact nondispersive waves 
that propagate in nonlinear media such as straight chains of spherical 
particles. In the last two decades these waves have found many applications 
in physics and engineering including lensing and nondestructive testing. 
In this paper we propose the propagation of HNSWs along a metamaterial 
formed by granular chains to harvest the mechanical energy of an oscillating 
structure. Specifically, an oscillator taps a circular granular array and creates 
a train of solitary waves along each chain. At the interface between the 
chains and a solid material, part of the acoustic energy refracts into the solid 
where it coalesces at a point and triggers the vibration of the solid. Here, a 
wafer-type transducer converts the focalized stress wave and the vibration 
into electric potential. In this study, we optimize some of the harvester’s 
geometric parameters to maximize the electrical power output. The results 
demonstrate that the proper selection of parameters such as the diameter 
of the grains and of the array, the size of the solid, and number of chains 
(we compared 1 vs 20) increases by a few orders of magnitude the amount 
of power that can be harvested.
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9799-6, Session 2

Parametric study of wave propagation 
in hierarchical auxetic perforated 
metamaterials
Kevin Billon, Morvan Ouisse, Emeline Sadoulet-Reboul, 
FEMTO-ST (France); Manuel Collet, Ecole Centrale de 
Lyon (France); Fabrizio Scarpa, Univ. of Bristol (United 
Kingdom)

The understanding of wave propagation in a metamaterial with hierarchical, 
auxetic rectangular perforations is presented in this work.

The metamaterial is a 2D structure with chaining horizontal and vertical 
perforations exhibing auxetic in-plane behavior. The unit cell of this lattice 
is identified as the reference level 0. Hierarchical structures are composed 
of structural elements witch themselves have structure. At level 0, 4 rigid 
squares are present in the unit cell. In each square, the reference structure 
is used by applying a scale ratio to obtain the level 1. Exactly the same at 
upper level in each subunit.

Some numerical eigenvalue tools are used for the dispersion analysis of this 
structure. The total width of Band gaps increases with the hierarchy.

A geometric parametric investigation of these rectangular perforations 
using a numerical asymptotic homogenisation finite element approach is 
done. All results are normalised against the first mode of a plate with same 
overall dimensions. The porosity induced by the perforations is taken into 
account in the mechanical properties. The symmetry of the geometry in 
the x-y plane allow to define the entire geometry of the unit cell using only 
2 parameters: the void aspect ratio, the intercell spacing and the hierarchy 
level.

When decreasing the intercell spacing, the total width of Band gaps 
increases and the effective stiffness in x and y directions decrease, allowing 
for increased rotations of the rigid sqares, so auxetic behaviour is greater. 
Hierarchical levels shift from isotropic to orthotropic, hierarchical levels are 
always auxetic.

9799-7, Session 2

3D printed elastic honeycombs with 
graded density for tailorable energy 
absorption
Simon Bates, Richard S. Trask, Ian R. Farrow, Univ. of 
Bristol (United Kingdom)

Hyperelastic cellular structures have the potential to absorb large amounts 
of energy in compression and do so efficiently for a narrow range of impact 
energies. It must be considered however when designing for practical use, 
such as for protection of crew from oscillations of a high speed marine craft, 
a large range of impact energies must be absorbed. By building an energy 
absorbing structure with graded density, it is possible to optimise the 
structure to absorb a wider range of impact energies more efficiently.

This work describes the development and experimental analysis of 3D 
printed, thermoplastic polyurethane honeycombs with graded density. 
Honeycombs with hexagonal and auxetic topologies are manufactured 
along with multi-topology honeycombs that combine both unit cells. 
The honeycombs are graded either with a step change in density, with a 
continuous increase or by including discrete, high density layers. 

A parametric study is carried out to assess the energy absorbing 
characteristics of the graded structures, which are compressed cyclically 
over strain rates 0.03s-1-0.3s-1, to 75% strain. The response of these 
structures is compared to equivalent constant density arrays. Using the 
data gathered, the potential of the different types of graded structures as 
practical energy absorbing systems is discussed.

9799-8, Session 2

Energy exchange and localization in a 
modular metastructure under impulsive 
excitation
Zhen Wu, Kon-Well Wang, Univ. of Michigan (United 
States); Ryan L. Harne, The Ohio State Univ. (United 
States)

Recent advances in modular metastructure have demonstrated remarkable 
adaptivity of properties as a synergistic product of assembling together 
metastable modules, modules that exhibit coexisting states for the same 
topology. It has been found that such modularity provides an accessible 
pathway for unprecedented massive property adaptivity. Despite the 
extensive report on the static or quasi-static characteristics of modular 
metastructures, much remains to be exploited regarding their dynamic 
characteristics. This research initiates the study on transient response of 
modular metastructure under impulsive excitation. Response phases that are 
accountable for intense energy exchange as well as energy localization are 
respectively identified. Analysis also elucidates the adaptability of energy 
exchange and localization characteristics afforded by metastable states. 
Overall, this investigation opens potential avenues for designing transient 
vibration absorbers using modular metastructures.

9799-9, Session 2

Vibration control via stiffness switching of 
magnetostrictive transducers
Justin J. Scheidler, Vivake M. Asnani, NASA Glenn 
Research Ctr. (United States); Marcelo J. Dapino, The Ohio 
State Univ. (United States)

This paper presents a computational study of structural vibration control 
that is realized by switching a magnetostrictive transducer between high 
and low stiffness states. Switching is accomplished by either changing the 
applied magnetic field or the shunt inductance on the transducer’s coil (i.e., 
the magnetostrictive material’s magnetic boundary condition). Switched-
stiffness vibration control is simulated using a lumped mass supported by a 
damper and the magnetostrictive transducer (mount), which is represented 
by a nonlinear, electromechanical model. Free vibration of the mass is 
calculated while varying the mount’s stiffness according to a reference 
switched-stiffness vibration control law. The results reveal that switching 
the magnetic field produces the desired change in stiffness, but also an 
undesired actuation force that can significantly degrade the vibration 
control. Hence, a modified switched-stiffness control law that accounts for 
the actuation force is proposed and implemented for magnetic field-induced 
stiffness switching. The influence of the magnetomechanical bias condition 
is also discussed. Magnetic field- and shunt inductance-induced stiffness 
switching are found to introduce damping equivalent to viscous damping 
ratios of about 0.15 and 0.06, respectively. By quantifying the controlled 
response after artificially removing the actuation force, the superior 
performance of field-induced stiffness switching is shown to primarily result 
from active vibration reduction. The merit of magnetostrictive switched-
stiffness vibration control is then quantified by comparing the results to the 
performance of optimal magnetostrictive shunt damping.

9799-10, Session 3

Impedance monitoring at tendon-
anchorage via mountable PZT interface 
and temperature-effect compensation
Thanh-Canh Huynh, Tuan-Cuong Nguyen, Tae-Hwan Kim, 
Sang-Hoon Choi, Jeong-Tae Kim, Pukyong National Univ. 
(Korea, Republic of)
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In this study, the prestress force in prestressed concrete (PSC) girders 
is monitored via mountable PZT interface under varying temperature. 
Firstly, an impedance-based technique using mountable PZT interface 
is proposed for prestress-loss monitoring in tendon-anchorage systems. 
A cross correlation-based temperature-effect compensation algorithm 
using an effective frequency shift (EFS) of impedance signatures is 
visited. Secondly, lab-scale experiments are performed on a PSC girder 
instrumented with a mountable PZT interface at tendon-anchorage. A series 
of temperature variation and prestress-loss events are simulated for the 
lab-scale PSC girder. Thirdly, the feasibility of the mountable PZT interface 
for prestress-loss monitoring in tendon-anchorage is experimentally verified 
under constant temperature conditions. Finally, the PZT interface device 
is examined for prestress-loss monitoring under temperature changes to 
validate its applicability. The temperature effect on impedance signatures is 
compensated by minimizing cross-correlation deviation between impedance 
patterns of the mountable PZT interface.

9799-11, Session 3

Thermal stress characterization using 
the impedance-based structural health 
monitoring system
Xuan Zhu, Francesco Lanza di Scalea, Univ. of California, 
San Diego (United States); Mahmood Fateh, Federal 
Railroad Administration (United States)

Structural Health Monitoring (SHM) attracted researchers focus in the 
last two decades to handle the aging infrastructure systems all over the 
world. As one of the potential solutions, the Electro-Mechanical Impedance 
(EMI) method was introduced in the early 1990s and has a great number 
of potential applications in the SHM of civil, mechanical and aerospace 
engineering. This paper presents current investigations on the feasibility 
of using the EMI-based SHM technique to monitor the thermal stress state 
in Continuous Welded Rails (CWR). This work is important to prevent train 
accidents due to either rail buckling (in hot weather) or rail breakage (in 
cold weather). The objective of this research is to investigate the influences 
from temperature, axial load and thermal stress on the EMI admittance 
signatures with analytical, numerical and experimental studies. The features 
are selected using the principle component analysis. The final results 
illustrate possible ways to compensate for temperature changes in the quest 
for thermal stress measurements. 

9799-12, Session 3

Damage identification based on direct 
inverse analysis with piezoelectric 
impedance signatures
Qi Shuai, Univ. of Connecticut (United States); Gang Liang, 
Shanghai Maritime Univ. (China); Jiong Tang, Univ. of 
Connecticut (United States)

Piezoelectric impedance measurements have been used in structural health 
monitoring. In theory, inverse analysis using sensitivity analysis can lead 
to the identification of structural fault location/severity, provided that a 
credible structural model, e.g., a finite element model, is available. In reality, 
the sensitivity matrix may very well be ill-conditioned, yielding incorrect 
identification results. In this research, we combine the inverse sensitivity 
analysis with the Bayesian inference, and establish a two-step identification 
procedure. First, the location of the damage is identified based on a 
carefully constructed sensitivity matrix. Second, the severity is quantified 
through intelligent inference. The performance of the proposed method is 
validated by case studies. 

9799-13, Session 3

A compressive sensing approach 
for damage detection and condition 
monitoring
Myung jun Lee, Gyuhae Park, Jun Young Jeon, Chonnam 
National Univ. (Korea, Republic of); To Kang, Jin-Ho Park, 
Korea Atomic Energy Research Institute (Korea, Republic 
of)

Structural Health Monitoring (SHM) methods encounter a big data problem 
in processing the data collected through dense sensor networks with a high 
sampling rate. For this reason, compressive sensing technique has been 
introduced to improve efficiency and scalability of today’s SHM procedures 
parallel to data acquisition enhancements. In this study, two compressive 
sensing approaches for damage detection and condition monitoring are 
proposed to demonstrate efficiency in handling a large amount of data. For 
experiments, a wing shaped structure was built for damage detection using 
active-sensing based on guided waves. Also a built-in system was used for 
condition monitoring of a rotating system. During the experiments, all data 
were randomly sampled to obtain compressed data. Damage was accurately 
detected and localized even using compressive and reconstructed wave 
signals. In addition, efficient condition monitoring was determined only 
using compressed data without the reconstruction process. Experimental 
results show that the proposed method could effectively improve the speed 
of data processing and reduce energy consumption of sensing networks.

9799-15, Session 3

Composite NDE using full-field pulse-echo 
ultrasonic propagation imaging system
Seung-Chan Hong, Jung-Ryul Lee, KAIST (Korea, Republic 
of)

Recently, nondestructive inspection (NDI) is widely applied to control part 
quality in manufacturing processes and to inspect in-service damages. 
Thus, various in-situ NDI methods are being developed to meet in-situ 
inspection requirements. The conventional immersed and mobile C-scanners 
have provided quantitative results of detected defects. The typical C-scan 
techniques are the immersion C-scanner using under-water probes, the 
waterjet C-scanner using air-coupled ultrasonic transducers and the 
mobile contact C-scanner using single or phase arrayed transducers. 
However, the conventional C-scan methods have the limitation of stand-off 
distance between transducer and structure and the disadvantage of using 
couplant. Recently, the laser ultrasonic generator is widely used because 
it can generate broadband ultrasound of diverse modes by thermoelastic 
mechanism. In addition, many researchers are interested in sensing lasers 
for measuring ultrasound because it has an advantage of remote and 
non-contact sensing which can make break-through in many difficult NDI 
problems. 

In this paper, a novel ultrasonic propagation imaging system, called a full-
field pulse-echo ultrasonic propagation imaging system is presented. The 
coincided laser beams for ultrasonic sensing and generation are scanned 
and pulse-echo mode ultrasounds are captured. This procedure makes it 
possible to generate full-field ultrasound in through-the-thickness direction 
as large as the scan area. Various structural inspection results in the form 
of full-field ultrasonic wave propagation videos with a spatial resolution 
of 0.52 mm are introduced, which provides high accuracy and resolution 
damage visualization capability in real world structures such as an aluminum 
honeycomb sandwich, a sandwich ailerons with sub-structures and carbon 
and glass fiber reinforced plastics (FRPs) honeycomb sandwich structures 
including various defects and tapers.
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9799-16, Session 3

Continuous fatigue crack monitoring 
of bridges: Long-Term Electrochemical 
Fatigue Sensor (LTEFS)
Monty Moshier, Embry-Riddle Aeronautical Univ. (United 
States); Levi Nelson, Ryan Brinkerhoff, Southern Utah 
Engineering Experts LLC (United States); Marybeth Miceli, 
Miceli Infrastructure Consulting, LLC (United States)

Fatigue cracks in steel bridges degrade the load-carrying capacity of 
these structures. Fatigue damage accumulation caused by the repetitive 
loading of everyday truck traffic can cause small fatigue cracks initiate. 
Understanding the growth of these fatigue cracks is critical to the safety 
and reliability of our transportation infrastructure. However, modeling 
fatigue in bridges is difficult due to the nature of the loading and variations 
in connection integrity. When fatigue cracks reach critical lengths failures 
occur causing partial or full closures, emergency repairs, and even full 
structural failure. Given the aging US highway, the need for reliable, cost 
effective sensors and monitoring technologies to alert bridge owners when 
fatigue cracks are growing is higher than ever.

In this study, an innovative Long-Term Electrochemical Fatigue Sensor 
(LTEFS) has been developed and introduced to meet the growing NDT 
marketplace demand for sensors that have the ability to continuously 
monitor fatigue cracks. The performance of the LTEFS has been studied 
in the laboratory and in the field. Data was collected using machined 
specimens with different lengths of naturally initiated fatigue cracks, applied 
stress levels, applied stress ratios, and for both sinusoidal and real-life 
bridge spectrum type loading. The laboratory data was evaluated and 
used to develop an empirically based algorithm used for crack detection. 
Additionally, beta-tests on a real bridge structure has been completed. 
These studies have conclusively demonstrated that LTEFS holds great 
potential for long-term monitoring of fatigue cracks in steel structures. 

9799-17, Session 4

An experimental study on reflector wave-
front error correction using PZT actuators
Lan Lan, Shuidong Jiang, Yang Zhou, Houfei Fang, 
Shanghai YS Information Technology Co., Ltd. (China); 
Zhigang Wu, Jianming Du, Dalian Univ. of Technology 
(China)

With the advancing of space technologies, the radio frequencies used 
for space observation and communication are continuously increasing. 
Therefore, the geometry precision of the reflector onboard a spacecraft 
needs to be increased accordingly. Although many efforts have been made 
to reduce the fabrication error and the on-orbit thermal deformation, shape 
adaptive control is becoming more and more necessary for high precision 
reflectors.

The architecture of an adaptive GFRC reflector is proposed, and it is 
composed of a GFRC reflector with Piezoelectric Ceramic Transducer (PZT) 
actuators assembled on the ribs. A multidisciplinary analytical model has 
been developed? which includes the composite structure, temperature 
distribution, thermal deformation, and control system. The analytical model 
as well as the analysis procedure has been experimentally verified with a 
single cell unit.

An adaptive reflector has been fabricated for the experimental study. The 
inscribed circle radius of the adaptive hexagonal reflector is 0.5 m and the 
focal length of the reflector is 2.1 m. The thickness of the reflector surface 
is 0.6 mm and the thickness of the rib is 1mm. The reflector surface and 
the ribs are fabricated by eight layers of unidirectional carbon fibers. The 
orientations of the layup are (0/45/-45/90)s. It contains 72 PZT actuators, 
which are actuated by a 72 channels controller. The center point of the 
adaptive hexagonal GFRC reflector is fully fixed on the optical platform. The 
measuring targets are systematically arranged according to the rib structure 

of the reflector.The test set up as well as the distribution of measuring 
targets are shown in our paper.

In this study, the maximum actuation displacement of a PZT actuator is 
around 60 micron when the maximum actuation voltage (150V) is applied. 
The control behavior of the adaptive reflector system is characterized by 
the influence function matrix. In order to correct a known wave-front error, 
a voltage array needs to be applied to the PZT actuators. Least squares 
optimization algorithm is used to determine the actuation voltages in 
order to minimize the wave-front error between the designing surface 
and the measuring surface. Each row of the influence function matrix is 
associated with the deformation of a measuring point on the reflector, and 
each column of the influence function matrix is associated with a specific 
actuator. Considering the test accuracy, a laser displacement sensor is 
used to measure the influence function matrix. The resolution of this laser 
displacement sensor is 0.1 micron . The maximum measurement range is 
from -500 micron to 500 micron 

Wave-front error correction of the adaptive hexagonal GFRC reflector was 
studied analytically using the multidisciplinary analytical approach. The rib 
height of the adaptive GFRC reflector is 40 mm. The cut out height and 
cut out length of the U-shape rib are 20 mm and 100 mm, respectively. The 
material properties of each carbon fiber layer and the equivalent simulation 
parameter of PZT actuator are given.

According to a preliminary study, the peak to valley value (P-V) value and 
the responses of each point to the actuation of that actuator obtained 
experimentally and analytically are in good agreement. The actuation 
voltage is 150V. The location of the actuated PZT actuator is shown in paper. 
It has been found by this study that the high order wave-front error caused 
by rib print through is difficult to control. Some methods for reducing these 
high order wave-front errors will be investigated in our future work.

9799-18, Session 4

Design and development of a double 
piezoelectric pump-hydraulic hybrid 
actuator
Yongzhe Li, Ngoc San Ha, Nam Seo Goo, Konkuk Univ. 
(Korea, Republic of); Tae Heun Kim, Firstec Co., Ltd. 
(Korea, Republic of); Chang Seop Lee, Agency for Defense 
Development (Korea, Republic of)

A piezoelectric-hydraulic actuator is a hybrid device consisting of a hydraulic 
pump driven by piezoelectric stacks that is coupled to a conventional 
hydraulic cylinder via a set of fast-acting valves. Nowadays, such hybrid 
actuators are being researched and developed actively in many developed 
countries by requirement of high performance and compact flight system. 
In this research, double piezoelectric pump-hydraulic hybrid actuator 
was designed, manufactured and tested. In order to ensure the same 
performance between the two piezoelectric pumps, two same piezo-stacks 
and two same power amplifiers were used. The key design factors such 
as cylinder size, connection method and driving method were considered 
to get high performance. Among eight kinds of combinations, three kinds 
of double-pump designs were selected and implemented. A manual valve 
system was installed for switching of series and parallel modes. Input 
signals were controlled by LabVIEW program. By experimental results, the 
maximum blocking force 4615N was measured at 100Hz, in case of cross 
driving-series connection combination (?30mm cylinder) and the maximum 
velocity 68.3mm/s was measured at 300Hz in case of cross driving-series 
connection combination (?21mm cylinder) at bias pressure 2MPa.

9799-19, Session 5

Control between coexistent attractors 
for optimal performance of a bistable 
piezoelectric vibration energy harvester
Daniel Geiyer, Jeffrey L. Kauffman, Univ. of Central Florida 
(United States)
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Research in broadband nonlinear piezoelectric energy harvesting has 
gained traction in recent years as resonant, linear harvesters do not operate 
optimally in dynamic environments. By placing a linear harvester in a 
symmetric magnetic field, a nonlinear restoring force allows the system 
to realize motion across two potential wells. Different levels of excitation 
allow the system to oscillate solely in one potential well, periodically across 
both potential wells, or aperiodically across both potential wells. Periodic 
interwell motion is considered desirable for nonlinear energy harvesting 
systems, however, coexistent attractors inhibit uniqueness of such a solution. 
The authors have previously shown that chaotic, aperiodic motion between 
potential wells can be optimized for improved energy harvesting. The 
technique applied a chaotic controller to stabilize a large amplitude periodic 
orbit within the chaotic attractor. This work aims to consider the basins of 
attraction of the two concurrent attractors and apply an intermittent control 
law in which the system is perturbed from an aperiodic interwell response 
into the desirable large amplitude, periodic interwell response attractor. 
Theoretical and experimental treatment will be used to quantify power 
required for control and power harvested from the system.

9799-20, Session 5

Exploring the roles of standard rectifying 
circuits on the performance of a nonlinear 
piezoelectric energy harvester
Lihua Tang, Yue Han, James Hand, The Univ. of Auckland 
(New Zealand); Ryan L. Harne, The Ohio State Univ. 
(United States)

To enhance the energy conversion performance of piezoelectric vibration 
energy harvesters, such structures have been recently designed to leverage 
bandwidth-enhancing nonlinear dynamics. While key findings have been 
made, the majority of researchers have evaluated the opportunities when 
the harvesters are coupled to resistive loads. The alternating voltage 
generated by such energy harvesting systems cannot be directly utilized 
to power conventional electronics. Rectifying circuits are required to 
interface the device and electronic load but few efforts have considered 
how a standard rectifying circuit coupled to a nonlinear piezoelectric energy 
harvester influences the system performance. The aim of this research is 
to begin exploring this critical feature of the nonlinear energy harvesting 
system.

A nonlinear, monostable piezoelectric energy harvester (MPEH) is fabricated 
and evaluated to determine the generated power and useful operating 
bandwidth when coupled to a standard, voltage-rectifying interface circuit. 
The nonlinearity is introduced into the harvester design by tunable magnetic 
force. An equivalent circuit model of the MPEH is implemented with a 
user-defined nonlinear circuit component representative of the magnetic 
coupling. The model is validated comparing the open circuit voltage from 
circuit simulation and experiment. The practical energy harvesting capability 
of the MPEH coupled to the standard interface circuit is then investigated, 
focusing on the influence of the rectifying circuit in terms of varying 
load and filtering capacitor on the nonlinear dynamics and subsequent 
bandwidth and harvested DC power. Ongoing efforts to account for the 
structural and electrical nonlinearities through insightful analyses will be 
described.

9799-22, Session 5

Global stabilization of high-energy 
resonance for a nonlinear wideband 
electromagnetic vibration energy 
harvester
Arata Masuda, Takeru Sato, Kyoto Institute of Technology 
(Japan)

This paper presents an experimental verification and further improvement 
of a wideband nonlinear vibration energy harvester with a globally 

stabilized high-energy resonating response. For the conventional linear 
vibration energy harvester, the performance of the power generation at 
the resonance frequency and the bandwidth of the resonance peak are 
trade-off. The resonance frequency band can be expanded by introducing 
a Duffing-type nonlinear oscillator in order to enable the harvester to 
generate larger electric power in a wider frequency range. However, since 
such nonlinear oscillator can have multiple stable steady-state solutions in 
the resonance band, it is difficult for the nonlinear harvester to maintain the 
high performance of the power generation constantly. The principle of self-
excitation and entrainment has been utilized to provide the global stability 
to the highest-energy solution by destabilizing other unexpected lower-
energy solutions by introducing a switching circuit of the load resistance 
between positive and the negative values depending on the response 
amplitude of the oscillator. In this study, an experimental verification of 
this concept was carried out. An experimental prototype harvester was 
designed and fabricated and the performance of the proposed harvester 
was experimentally verified. It has been shown that the numerical and 
experimental results agreed very well, and the highest-energy solutions 
above the threshold value were successfully stabilized globally. Furthermore, 
for the practical implementation and power management of the control 
circuit, an additional logic which monitors the input frequency to adaptively 
adjust the control law will be introduced and experimentally examined.

9799-109, Session 5

Galloping-based piezo-aeroelastic energy 
harvester for wireless sensors to be 
installed on freight trains
Gisella Tomasini, Stefano Giappino, Andrea Costa, 
Politecnico di Milano (Italy)

The possibility of supplying power to a wireless sensor harvesting energy 
from galloping oscillations of a bluff body attached to a cantilever beam 
is investigated. The target of the sensor is to measure accelerations 
in correspondence of axle boxes of freight trains to detect possible 
deteriorations of the running conditions that, in the worst cases, can lead 
to the vehicle derailment. The input wind speed is due, for this application, 
to the relative motion between vehicle and air and, for typical freight trains 
and standard running conditions, is equal to about 20 m/s. The oscillations 
associated to the galloping instability are converted into electrical power 
by means of piezoelectric transducers attached to the transverse degree of 
freedom of the beam.

The goal of the work illustrated in this paper is to design and to realize a 
galloping-based piezo-aeroelastic energy harvester, optimized in terms of 
dimensions and cross-section geometry, for supplying energy to the sensor 
at the target velocity, also in conditions of turbulent wind.

In the first part of the study a single-degree of freedom linear model based 
on a modal model of the system is set up and a sensitivity analysis to the 
mass, dimensional and geometrical parameters is performed to identify the 
optimal energy harvester for the considered application.

In the second part of the paper a prototype of the harvesting system is 
realized and tested in a wind tunnel, varying a number of parameters as 
cross-section, natural frequency of the beam, electrical load resistance, 
etc. The obtained experimental data are then adopted to validate and to 
identify the parameters of the analytical linear model as well as to verify the 
performance of the different tested configurations in terms of displacement 
and harvested power.

9799-23, Session 6

Motion amplification using a flextensional 
compliant mechanism for enhanced energy 
harvesting
Mohammed A. Abdelnaby, Akhbar El Yom Academy 
(Egypt); Mustafa H. Arafa, The American Univ. in Cairo 
(Egypt)
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In vibration-based energy harvesting, ambient vibration often occurs in 
such small amplitudes that it cannot be used to drive electrical generators 
directly. To maximize the amount of output power, the input motion is 
usually amplified before being used for power generation. This work 
presents a non-resonant piezoelectric energy harvester that relies on a 
compliant mechanism to amplify a given persistent input motion in order 
to enhance the power output. The device can be used in situations where 
a small cyclic relative motion occurs between two surfaces, and where a 
device can be fitted to extract energy. The use of a compliant mechanism, 
as opposed to conventional gear drives or linkages, alleviates problems 
of excessive clearances, friction and power losses. A theoretical electro-
mechanical model is developed in conjunction with a finite element model 
of the mechanism. The models are used to investigate the effect of the 
various design parameters on the system performance in terms of the 
amplification ratio, internal stresses in the flexure joints, output stiffness and 
output power. Findings of the present work are verified experimentally on 
a cam-driven polymer mechanism across a range of operating speeds and 
load resistance. A parametric study is conducted to investigate the most 
influential design parameters in an attempt to achieve greater levels of 
power. 

9799-24, Session 6

Efficiency improvement of a cantilever-
type energy harvesterusing torsional 
vibration
Hyung-Jo Jung, In-ho Kim, KAIST (Korea, Republic of); 
Seon Jun Jang, Hoseo Univ. (Korea, Republic of); Jeong-
Hoi Koo, Miami Univ. (United States)

In this paper, the piezoelectric-based energy harvester utilizing coupled 
bending and torsional vibrations is investigated. The proposed system 
consists of a proof mass, cantilever-type substrate covered by the 
piezoelectric ceramic and rigid beam. While the natural frequencies 
and output voltages of a conventional system are affected by bending 
deformation, the proposed system makes use of twisting deformation. In 
order to induce the torsional vibration, the proof mass is installed on the 
rigid arm which is perpendicularly deploying to longitudinal substrate. 
Therefore, the natural frequency of the device can be significantly decreased 
by manipulating the mass position on the rigid beam. In order to validate 
the performance of the proposed energy harvester, numerical simulation 
and vertical shaker test are carried out. As a result, it is demonstrated from 
numerical and experimental studies that the proposed energy harvester can 
shift down its resonant frequency considerably and generate much higher 
output power than the conventional system. It is, therefore, concluded that 
the energy harvester using torsional vibration is an efficient and reliable 
energy harvesting strategy for applying to low-frequency structures.

9799-25, Session 6

Periodic substructure for multi-frequency 
energy harvesting with single piezoelectric 
patch
Francesco Braghin, Nora Lecis, Iman Mehdipour, 
Politecnico di Milano (Italy)

Simple piezo benders are able to harvest energy almost only at their 
first natural frequency. Thus, their efficiency is good only in presence of 
harmonic excitation having frequency equal to their first natural frequency. 
In case of wide band excitation, instead, more complex solutions have to be 
sought. In particular, various forms of nonlinearity have been investigated 
that allow to bend resonance peaks and thus convert kinetic energy into 
electric energy over a wider frequency band. Also harvester with more 
benders have been analyzed.

In the present paper a novel periodic substructure is proposed that allows 
to obtain several eigenfrequencies in a given frequency range. Moreover, 

the position where the piezo bender is placed has the same mode of 
vibration for all these eigenfrequencies. The bender is therefore able to 
harvest energy at all these eigenfrequencies thus greatly improving the 
overall efficiency. The next step will be to introduce nonlinearities in the 
substructure to even further extend the range of frequencies at which 
energy is harvested.

9799-26, Session 6

Power conditioning for low-voltage 
piezoelectric stack energy harvesters
Ellen A. Skow, Stephen M. Leadenham, Kenneth A. 
Cunefare, Alper Erturk, Georgia Institute of Technology 
(United States)

Many energy harvesting devices aim to produce self-powered sensor 
networks. Low-power vibration and acoustic energy harvesting applications 
typically require a storage component to be charged to enable wireless 
sensor networks to have sufficient and stable power levels sustained. In 
order to charge these components, power conditioning of the AC output is 
required. Piezoelectric bender-type energy harvesters or other devices that 
operate using a piezoelectric element at resonance produce high voltage 
levels, for which AC-DC converters and step-down DC-DC converters have 
been previously investigated. However, for piezoelectric stack energy 
harvesters operating off-resonance, a voltage step-up circuit is required 
for power conditioning, such as seen in electromagnetic vibration energy 
scavengers. A voltage multiplier circuit, previously used by electromagnetic 
generators, is a power conditioning method that steps-up the voltage level 
while simultaneously rectifying the output. Another method to step-up 
voltage levels is through implementation of a transformer. Recently, an off-
resonance piezoelectric stack energy harvester excited by hydraulic pressure 
ripple, called hydraulic pressure energy harvesters (HPEH), was developed 
that requires a step-up voltage circuit to allow for storage component 
charging. This paper will investigate power conditioning of a low-voltage 
piezoelectric stack energy harvester with minimal energy losses. The circuit 
model will be validated using simulation software and an experimental set-
up using piezoelectric stacks.

9799-27, Session 6

Two degrees of freedom piezoelectric 
vibration energy harvester
Wei Wang, ShengSheng Liu, Junyi Cao, Shengxi Zhou, Lin 
Jing, Xi’an Jiaotong Univ. (China)

Recently, vibration energy harvesting from surrouding environments to 
power wearable devices and wireless sensors in structure health monitoring 
has received considerable interest. Piezoelectric conversion mechanism has 
been employed to develop many successful energy harcesting devices due 
to its simple structure, long life span, high harvesting efficiency and so on. 
However, there are many difficulties of microscale cantilever configurations 
in energy harvesting from low frequency ambients. In oder to improve the 
adaptability of energy harvesting from ambient vibrations, a two degrees 
of freedom(2-DOF) magnetic-coupled piezoelectric energy harvester is 
proposed in this paper. 

The proposed 2-DOF energy harvester consists of piezoelectric cantilever 
beam and clamped beam. The dynamic model of magnetic-coupled 
cantilever beam is established based on Euler-Bernoulli beam theory and 
the calculated nonlinear restoring force from ANSYS. The time-varied 
stiffness lumped parameter model of the clamped beam is derived to 
describe the fundametal mode. Then, the dynamic models of the cantilever 
beam and the clamped beam are coupled through the external nonlinear 
magnetic force to obtain the system model for 2-DOF magnetic-coupled 
piezoelectric vibration energy harvester. Numerical simulations based on 
Matlab software show that the proposed magnetically coupled energy 
harvester can enhance the effective operating frequency bandwidth and 
increase the energy density.
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The experimental system for 2-DOF magnetic-coupled piezoelectric 
vibration energy harvester is designed for verifying the energy harvesting 
performance. The experimental voltage responses of 2-DOF harvester 
under different structure parameters are acquired to demonstrate the 
effectiveness of the lumped parameter model for low frequency excitations. 
Moreover, the influence of the excitation level, the proof mass and axial load 
on the dynamic characteristics and the energy harvesting performance of 
the clamped beam is analyzed. It is revealed that the clamped piezoelectric 
beam possesses the broadband frequency. More importantly, the effect 
of the excitation level and the static distance between end magnets and 
middle magnets on energy harvesting performance of the proposed 
2-DOF vibration energy harvesters are experimentally investigated. 
The experimental results show that the proposed energy harvester can 
enhance the energy harvesting performance over a wider bandwidth of 
low frequecnies and has a great potential for broadband vibration energy 
havesting.

9799-28, Session 7

Relationship between power density and 
temperature of SMA spring
Cheol Hoon Park, Sang Yong Ham, Se Young Kim, Sang 
Kyu Choi, Young Su Son, Korea Institute of Machinery & 
Materials (Korea, Republic of)

Recently, the development of artificial muscle to replace the conventional 
actuators such as rotary motors or hydraulic actuators are actively ongoing 
around world. However, so far the applications of the artificial muscle are 
limited on the small-sized robots. From this year, KIMM started the project 
to develop the artificial muscle modules to apply them to the human-sized 
robot manipulator. The important characteristics of the artificial muscle 
for the human arm-like manipulator are the high strain and high power 
density. From this point of view, SMA(Shape memory alloy) spring is a 
good candidate for the actuator in the robot manipulator using the artificial 
muscle. In this study, the power density of SMA springs depending on the 
input power and temperature is evaluated. SMA springs are fabricated by 
using the SMA wires with the different diameter from 0.1 ~ 1 mm. SMA spring 
is stretched downward by the weight, and the temperature is increased by 
supplying the current. In the meanwhile, the displacement, velocity and the 
temperature of SMA spring are measured by using the laser displacement 
sensors and the thermocouple. By using the experimental data, it is found 
that the maximum power densities of the different SMA springs are ranged 
from 1,200 ~ 2,500 W/kg. Based on these results, SMA spring could be 
applicable to the human arm-like robot manipulators, and these results 
would be used as the reference for the design. 

9799-29, Session 7

Load carrying capacity of RCC beam by 
replacing steel reinforcement bars with 
shape memory alloy bars
Kamalkishor M. Bajoria, Shreya S. Kaduskar, Indian Institute 
of Technology Bombay (India)

1. INTRODUCTION

Depending on the temperature, Shape Memory Alloy (SMA) can be 
austenite, martensite or the mixture of them. Indeed, these alloys are 
particularly useful when large deformation and recovery of the shape is 
observed under a small rate of stress or temperature.

In recent years, the two major properties of SMAs have attracted the 
attention of many researches for application to smart structural systems. 
One is the shape memory effect (SME), in which a specimen exhibits a larger 
residual strain after loading and unloading that can be fully recovered upon 
raising the temperature of the material. This recovery stress can be used for 
introducing forces in structures. The other important phenomenon is the 
superelastic effect (SE), in which a specimen achieves a very large strain by 
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the phase transformation from austenite to martensite upon loading that 
is then fully recovered in a hysteresis loop upon unloading and without the 
changing the temperature. Besides, both SME and SE are caused by solid-
to-solid phase transformation.

In the present study, finite element analysis of reinforced concrete beams 
using steel and SMA rebar were performed to investigate the effect of ratio 
of SMA/Steel, and strength of concrete on the behavior of RC beams. Both 
characteristics of materials and finite element model are described. Then, 
results of analysis are presented and discussed. 

2. RCC Beam Reinforced with Steel and SMA

The modeling of concrete considers cracking, crushing failure modes 
and nonlinear behavior. Bilinear stress-strain curve has been used for the 
modeling of steel behavior. The model, which introduces the behavior 
of steel in nonlinear form, is based on the model of Bilinear Kinematic 
Hardening. The steel is assumed to have yield strength of 400 MPa. In 
order to model SMA a nonlinear model, has been used here for describing 
the superelastic (SE) effect of NiTi-based alloys. The term SE refers to a 
recovery of large deformations in loading-unloading cycles, occurring at 
the certain temperatures. Furthermore, the capability of these classes of 
materials in recovering the possible accumulated deformations by heat 
treatment is called Shape Memory Effect (SME). 

Figure 1 shows the stress-strain relationship for the SMA. In this figure, ?s 
AM and ?f AM are starting and final stresses for the forward transformation 
(austenite to martensite) respectively, ?s MA and ?f MA are starting and 
final stresses for the reverse transformation (martensite to austenite) 
respectively, EA is the elastic modulus of the austenite phase, and L is the 
maximum residual phase. The values of these parameters are also listed in 
table.

A RCC beam with two point loading case was taken for analysis as shown 
in the Fig. 2, with: size of the reinforced concrete beam – 100 ? 150 mm; 
size of loading and support steel plates – 100 ? 100 mm, 6 mm thick; steel 
reinforcement details: 3 rebars of 12 mm dia at bottom, 2 rebars of 8 mm dia 
at top, stirrups of 2 legged 6 mm dia at 100 mm c/c

3. RESULTS

In this study, it is demonstrated that, use of super elastic shape memory 
alloy bars combining with steel reinforcement with some percentage in 
reinforced concrete beam as main reinforcement works effectively very well. 
The load carrying capacity can be increased. The failure mechanism of a 
reinforced concrete beam is modeled quite well using FEA. The entire load-
deformation response of the model for both the beams reinforced with steel 
and partially reinforced with SMA was evaluated. 

9799-30, Session 7

Fabrication and test bending behavior of 
shape memory polymer composite hinges
Thanh Duc Dao, Ngoc San Ha, Nam Seo Goo, Konkuk Univ. 
(Korea, Republic of); Woong-Ryeol Yu, Seoul National 
Univ. (Korea, Republic of)

Shape memory polymers (SMPs) are smart materials that were 
characterized by the recoverability memory effect, but its mechanical 
property such as the strength is low. The characteristic of these SMPs have 
significant improved with carbon fiber reinforced fabric. The SMPC was 
developed and aroused as a red point in many science applications. In this 
study, a carbon fiber fabric reinforced shape memory polymer hinge was 
developed for aerospace applications. The SMPC specimens with 4 to 8 
plies of carbon fiber fabric and shape memory polymer were prepared. The 
transition temperature (Tg) were determined by using Dynamic Mechanical 
Analysis (DMA). The results show that SMPC hinge developed have good 
shape recoverability, and their recovery ratio was above 90% at/above 
Tg. Furthermore, a SMPC hinge has been manufactured and then tested 
packaging/deploying ability.
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9799-31, Session 7

Design of an electronic oscillator for 
resonant pressure sensor with non-
collocated sensor and actuator
Akila Ravindran, Uma Gandhi, National Institute of 
Technology, Tiruchirappalli (India); Suresh Kaluvan, Seung-
Bok Choi, Inha Univ. (Korea, Republic of)

In the past few years resonant sensing has become a very popular method 
for measuring physical and chemical phenomena. In resonant sensor, 
resonance frequency of the mechanical structure is changed by a physical or 
chemical quantity to be measured, and the value of the measurand can be 
derived by the shift in the resonant frequency.

In this paper, electronics for a resonant pressure sensor with non-collocated 
piezoelectric sensing and actuation is proposed. From the pressure sensor 
modeling and analysis in COMSOL Multiphysics, the resonating structure 
of the resonant pressure sensor is designed to operate at its first mode 
frequency in the range of 12-15 kHz. The proposed electronics consists 
of an oscillator designed using a charge amplifier, high pass filter and a 
differentiator for exciting the resonating structure at resonance and for 
measuring the change in resonant frequency. When a pressure acts on 
the diaphragm, due to variation in strain, the resonant frequency of the 
resonating structure changes, which varies the output of the sensing piezo. 
This makes the oscillator to experience an additional phase shift, thereby 
locking the sensor to vibrate at the new resonant frequency. To ensure 
sustained oscillations, the circuit is designed such that phase shift is close to 
zero at resonant frequency.

Sensors were fabricated using three different grades of stainless steel 
namely SS 304, SS 431 and SS 15-5 PH, and tested with the proposed 
electronics for a varying pressure load of 0 to 25 bar using a pressure 
calibrator in both loading and unloading conditions. The circuit is found to 
track the variation in the resonant frequency due to applied pressure with a 
good repeatability and a low hysteresis. 

9799-32, Session 7

Experimental validation of an analysis 
framework for morphing radiators
Christopher L. Bertagne, Texas A&M Univ. (United States); 
Lisa R. Erickson, Rubik B. Sheth, NASA Johnson Space Ctr. 
(United States); John D. Whitcomb, Darren J. Hartl, Texas 
A&M Univ. (United States)

Thermal control is one of the most important aspects of spacecraft design, 
as the temperature of every system onboard a spacecraft must be kept 
within specified limits over the course of a mission. Future long-term 
crewed missions beyond Low Earth Orbit, such as missions to Mars, will 
require advanced thermal control components capable of operating reliably 
and efficiently across a wide range of thermal environments. This paper 
investigates an innovative radiator concept, known as a morphing radiator, 
which employs the temperature-dependent phase change of shape memory 
alloy (SMA) materials to change the radiator’s geometry and adapt the rate 
of heat rejection to vehicle requirements over the course of a mission. It is 
challenging to predict the behavior of SMA-based morphing radiators, as 
the combination of radiation boundary conditions with the driving effects 
of the SMA material gives rise to a two-way coupling between temperature 
and deformation. A custom analysis framework has been developed to 
consider this type of thermomechanical coupling, thus enabling morphing 
radiators to be modeled in existing simulation tools. This work seeks to 
validate the framework using experimental data from a series of tests which 
considered a morphing radiator prototype in a representative mission 
environment. In particular, a high-fidelity computational model of the test 
specimen is developed and executed using the framework. The model 
results are then compared to the experimental data to evaluate the physical 
accuracy of the computational model. Insofar as accurate design tools are 

an essential aspect of morphing radiator technology development, this work 
represents an important milestone in the process of deploying morphing 
radiators in future space missions.

9799-33, Session 7

Optimization of SMA layers in composite 
structures to enhance damping
Pouya Haghdoust, Simone Cinquemani, Nora Lecis, 
Politecnico di Milano (Italy); Paola Bassani, Consiglio 
Nazionale delle Ricerche (Italy)

The performance of lightweight structures can be severely affected by 
vibration. New design concepts leading to lightweight, slender structural 
components can increase the vulnerability of the components to failure 
due to excessive vibration. The intelligent approach to address the problem 
would be the use of materials which are more capable in dissipating the 
energy due to their high value of loss factor. Among the different materials 
available to achieve damping, much attention has been attached to the use 
of shape memory alloys (SMAs) because of their unique microstructure, 
leading to good damping capacity.

This work describes the design optimization of a hybrid composite structure 
for the passive suppression of flexural vibrations in slender and light 
structures. Embedding the SMA layers in composite structure allows to 
combine different properties: the lightness of the base composite (e.g. fiber 
glass), the mechanical strength of the insert of metallic material and the 
relevant damping properties of SMA, in the martensitic phase. In particular, 
we focus on embedding the CuZnAl in the form of thin film (thin sheet) in 
a layered composite made by glass fiber reinforced epoxy. By appropriately 
positioning the SMA sheets so that they are subjected to the maximum 
curvature, it is anticipated that the damping of these high-strength 
composites can be considerably enhanced. 

Analytical method for evaluating the energy dissipation of the thin sheets 
with different shapes and patterns is developed and is followed by a shape 
optimization based on genetic algorithm. Eventually different configurations 
of the hybrid beam structure are proposed and compared in the term of 
damping capacity.

9799-34, Session 7

Use of the shape memory polymer 
polystyrene in the creation of thin 
film stretchable sensors for wearable 
applications
Kyle R. Van Volkinburg, Thao Nguyen, Jonathan Pegan, 
Michelle Khine, Gregory N. Washington, Univ. of California, 
Irvine (United States)

The shape memory polymer polystyrene (PS) has been used in the 
fabrication of stretchable thin film platinum sensors ideal for wearable 
based gesture monitoring applications. The thin film sensors are produced 
by sputtering platinum onto a masked sheet of PS. Post sputtering the mask 
is removed and the platinum sputtered PS is shrunk, annealed, and coated 
in a silicone rubber material; this process has been shown to introduce 
nanowrinkling in the platinum. Post coating the polystyrene is dissolved 
leaving the shrunken thin film platinum trace embedded in silicone rubber. 
Traditional metal foil strain gauges have small strain limits ( <5%) rendering 
them unsuitable for wearable applications. The described sensors, as a 
consequence of the nano wrinkling, have the elastic modulus of the silicone 
rubber material, typical values of 0.001-0.05 GPa, and have exhibited linear 
behavior when subjected to strains up to 30%. By strategically locating the 
stretchable sensors above identified muscles, and taking advantage of the 
sensor’s pseudo piezoresistive effect, joint angles and gestures are able to 
be sensed, measured, and identified.
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9799-55, Session PTue

Structural design of active seismic 
isolation floor with a charging function
Hayato Nakakoji, Nanako Miura, Kyoto Institute of 
Technology (Japan)

This study shows an optimum structure of a seismic isolation floor against 
horizontal ground motions. Although a seismic isolation floor is effective 
with vibration reduction, the response of the floor becomes larger when 
excited by long-period ground motions. It is shown that caster equipment 
move and suffer damage in a seismic isolation structure by an experiment. 
Moreover, the permissible displacement of the floor is limited. Therefore, 
the focus is on an active seismic isolation. About active control, the system 
cannot operate without power supply. To solve these problems an energy 
regeneration is considered in our previous study. These studies only analyze 
simple model and did not choose the suitable structure for active control 
and energy regeneration. This research propose a new structure which has 
regenerated energy exceeds the energy required for the active control by 
numerical simulation.

9799-110, Session PTue

Design principle of a nonlinear robust 
dynamic vibration absorber based on 
equivalent dynamic stiffness
Yuki Koga, Arata Masuda, Kyoto Institute of Technology 
(Japan)

Dynamic vibration absorbers are effective and widely-used devices of 
vibration control. However general dynamic vibration absorbers have a 
weakness that their performances deteriorate due to the change of the 
natural frequency of the primary system. This study aims to develop a 
design principle of a nonlinear dynamic vibration absorber especially 
focusing on its robustness against the fluctuation of the natural frequency 
of the primary system. To this end, the 2-DOF coupled system is analytically 
solved to evaluate the maximally possible level of the displacement 
response of the primary system in the presence of the system fluctuation 
by means of averaging method. In this approach, the equation of motion of 
the vibration absorber is first solved by the averaging method for a given 
amplitude of the primary system assuming that the whole responses of 
the coupled system have the same frequency as the excitation force. Then, 
the equivalent dynamic stiffness of the dynamic absorber is derived which 
represents how the reaction force of the absorber acts on the primary 
system in reaction of the displacement of the primary system. Because 
the maximally possible displacement amplitude of the primary system is 
enveloped by the reciprocal of the imaginary part of the equivalent dynamic 
stiffness, the benefit of introducing a softening effect into the design of the 
dynamic absorber is theoretically suggested, and validated numerically and 
experimentally.

9799-111, Session PTue

Human-simulated intelligent control of 
train braking response of bridge with MRB
Rui Li, Chongqing Univ. of Posts and Telecommunications 
(China)

The urgent train braking could bring structural response menace to a bridge 
under passive control. Based on the analysis of breaking dynamics of a 
train-bridge vibration system, a magnetorheological elastomeric bearing 
(MRB) whose mechanical parameters are adjustable is designed, tested 
and modeled. A finite element method (FEM) is carried out to model and 
optimize a full scale isolation system of railway bridge by using MRB. 
Based on the model above, we also consider the effect of different braking 

stop positions on the vibration isolation system and classify the bridge 
longitudinal vibration characteristics into several cases. Because the train-
bridge vibration isolation system has multiple vibration states and strongly 
coupling with nonlinear characteristics, a human-simulated intelligent 
control (HSIC) algorithm for isolating the bridge vibration under the impact 
of train braking is proposed, in which the peak shear force of pier top, the 
displacement of beam and the acceleration of beam are chosen as control 
goals. The simulation of longitudinal vibration control system under the 
condition of train braking is achieved by MATLAB. The results indicate that 
different braking stop positions significantly affect the vibration isolation 
system and the structural response is the most drastic when the train stops 
at the third cross-span. With the proposed HSIC smart isolation system, the 
displacement of bridge beam and peak shear force of pier top is reduced by 
53.8% and 34.4%, respectively. Moreover, the acceleration of bridge beam is 
effectively controlled within limited range.

9799-112, Session PTue

Seismic isolation device having charging 
function by a transducer
Takashi Yamaguchi, Nanako Miura, Kyoto Institute of 
Technology (Japan); Masaki Takahashi, Keio Univ. (Japan)

In late years, many base-isolated structures are planned as the seismic 
design. The base-isolated structures suppress vibration of the structures 
during large earthquakes. In addition, to improve safety a semi-active or 
an active vibration control is incorporated in the seismic isolation devices. 
About vibration reduction, the semi-active or the active vibration control is 
more effective than a passive one. However, the semi-active and the active 
vibration control system cannot operate as expected when external power 
supply is cut off.

To solve the problem of energy consumption, in our previous research a self-
powered active seismic isolation device is proposed and the performance of 
it was verified through numerical simulation. As the device achieves active 
control system using only regenerated energy, it doesn’t require external 
power supply.

The purpose of this study is to verify the performance of the seismic 
isolation device which has a charging function by simulation and 
experiment, where a transducer (motor) is used for the charging function. 
Parameters such as a spring coefficient and a damping coefficient are 
optimized using a genetic algorithm.

In this paper we compared the seismic isolation device having charging 
function with a passive seismic isolation device. It is confirmed that the 
proposed device can suppress vibration response and regenerate electric 
power.

9799-113, Session PTue

Electrically controlled release of naproxen 
using polyazulene/deproteinized natural 
rubber blend film
Rattanapond Kaewchingduang, Anuvat Sirivat, 
Chulalongkorn Univ. (Thailand)

Transdermal drug delivery system (TDDS) is the alternative route to 
provide a controlled and continuous delivery of drugs through the skin to 
the systemic circulation. TDDS has many advantages such as the ability to 
avoid the first-pass metabolism and the steady permeation of drug across 
the skin, allowing consistent the level of drug, often a goal of therapy. 
However, TDDS has certain limitations such as the level of drug permeated 
across the skin and the diffusion of drug through the drug matrix are too 
low. In addition, the drug size has an adverse effect on the permeation. To 
improve those limitations, the electrical potential and conductive polymer 
were applied. In this work, an attempt was made to design a transdermal 
patch consisting of naproxen, an anti-inflammatory drug, as the model drug 
and deproteinized natural rubber as the drug matrix. The drug permeation 
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was shown to improve by applying electrical potential and a conductive 
polyazulene as the drug carrier. The in-vitro permeation of drug from 
the films was studied by a modified Franz diffusion cell which was filled 
with phosphate-buffered saline (PBS) buffer pH7.4 and maintained at the 
temperature of 37 °C. The amount of released drug was detected by UV-
visible spectrometry to investigate the effect of conductive polymer and 
electric field strength on drug-released behavior. The other characteristics 
were also studied in details such as the drug matrix thickness, content 
uniformity, blending ratio, and morphology.

9799-114, Session PTue

An investigation on a semiactive 
magnetorheological tuned liquid column 
damper (MR-TLCD)
Hongxin Sun, Xiuyong Wang, Hunan Univ. of Science and 
Technology (China)

In this paper, a novel semiactive magnetorheological tuned liquid column 
damper (MR-TLCD) device combined tuned liquid column damper (TLCD) 
with magnetorheological damper (MRD) is devised for wind or earthquake 
vibration control of structures. Its damping characteristic is that a traditional 
moving headloss in the TLCD is replaced with a controlled MRD in the 
bottom or one side vertical column, which can easily and rapidly adjust 
the damping of the device. An experimental prototype semiactive MR-
TLCD consists of a shear rotatry MRD and a TLCD. Based on the five basic 
assumptions, a mathematical model of the devised MR-TLCD is established 
using the Lagrange equation. In this equation, the formula of MRD employs 
the Bingham Boltzmann mechanical model. The natural frequency of 
the MR-TLCD considers the total central length and spring stiffness . It 
is worth noting that the natural frequency differs with the simple TLCD, 
because the device adds a joint spring. An equivalent linear damping 
expression is developed for harmonic excitation, and its mechanical model is 
subsequently developed using the equivalent period displacement and the 
coulomb friction force of MRD. At the same time, the equivalent damping 
can be adjusted by the real-time outer current, which can achieve the 
semiactive control strategy. Experimetal test is implemented on a section 
area 150mm ?150mm and a total length 2.24m of the MR-TLCD dimensions, 
to validate the proposed frequency and daming model. Comparisons are 
made between predicted and measured TLCD liquid surface displacement 
motion. The result shows the error of its nature frequency is olny 2.29%. 

9799-115, Session PTue

Design of a sensor system based on multi-
direction isolation and application in time-
delayed active control
Xiuting Sun, Univ. of Shanghai for Science and Technology 
(China) and Tongji Univ. (China); Jian XU, Shu Zhang, 
Tongji Univ. (China)

A multi-direction isolation based sensor system is proposed for absolute 
motion measurement in some fields such as vibration control and health 
monitoring etc. A novel Multi-Direction Quasi-zero stiffness (MDQZS) system 
is utilized to create a fixed point in the space because of its significant 
isolation property in different directions. The MDQZS system is achieved by 
employing several scissor-like structures (SLSs) in different directions with 
or without pre-deformation. The nonlinear dynamic response and isolation 
effectiveness of the multi-direction sensor system are deeply analyzed via 
mathematical modeling and the method for nonlinear system. It is shown 
that the multi-direction isolation based sensor system is very effective 
and reliable in absolute motion measurement for vibration systems. The 
following case study in time-delayed active control using the proposed 
Multi-direction sensor system demonstrates that the time delay could 
be considered as an adjustable and available parameter in active control 
because the signal obtained by the proposed sensor could be used as 

delayed feedback signal directly. Also, from the comparison of vibration 
control performance, the control effectiveness of the case utilizing the signal 
measured by this sensor is much better than utilizing a linear damper or 
feedback controller. This novel sensor system should provide an alternative 
or much better solution to many vibration control problems in various 
engineering practices.

9799-116, Session PTue

Spiral passive electromagnetic sensor 
(SPES) for composite damage detection 
and diagnosis of aircraft structures
Onorio Iervolino, Michele Meo, Univ. of Bath (United 
Kingdom)

A major goal of structural health monitoring (SHM) is to provide accurate 
and responsiveness detection and monitoring of flaws. This research 
work reports a deep investigation of SPES sensor for damage detection, 
investigating different sensor geometries and size and how they affect the 
sensor’s signal. A flaws sensor that can be remotely interrogated and not 
need a power supply is presented in this work. The SPES-sensor presents 
the great advantage to monitor conductive and non-conductive structure 
such as fiberglass-reinforced composites (FRC) and carbon fiber-reinforced 
polymers (CFRP). The presence of flaws within the structure, affects the 
electrical properties of the structures, and could be monitored analysing 
the shift of the resonant frequency of the sensor. A study was conducted 
to investigate the capability of sensor to give information on defect size 
and the penetration depth of the sensor within the structure, analysing 
both FRC and CFRP samples. The sensor has been tested embedded and 
surface mounted on samples. In either configurations the sensor described 
herein has demonstrated a great potential to monitor conductive and non-
conductive structure, acting as SHM/NDE sensor. The technique illustrated 
is able to locate and quantify the presence of damage, such as crack or 
delamination. 

9799-117, Session PTue

Power converter design for energy-
harvesting shock absorber
Chien-An Chen, Khai Ngo, Lei Zuo, Virginia Polytechnic 
Institute and State Univ. (United States)

This paper shows a design guideline of power converter for regenerative 
mechanical-motion-rectifier (MMR) system. DC generator will be connected 
to converter’s input and 12V lead-acid battery at the output side. The 
generator and battery circuitry model will be included for the design 
process toward a high efficiency converter. 

9799-118, Session PTue

Uncertainty observer-based fuzzy sliding 
controller for active railway suspension 
systems
Dung Sy Nguyen, Ho Chi Minh Univ. of Industry (Viet 
Nam); Seung-Bok Choi, Inha Univ. (Korea, Republic of)

In this paper, controlling an active railway suspension system using a 
magnetorheological damper (MRD) as an actuator is presented. The 
suspension works in an uncertainty condition which consists in the sprung 
mass consisting of the passenger mass, load and including the impacting 
of the windy-resistance force on the system to be randomly time varying 
parameters with an existing of unknown model errors. Firstly, an optimal 
nonlinear uncertainty observer which uses a third-order function with 
respect to the state variable (signed 3-NUO) as well as a fuzzy sliding mode 
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controller (signed FSC) are proposed. A controller is then established based 
on the observer and FSC so-called 3-NuoSC. When the system operates, 
the active control force, which is required to stamp out the vibration of the 
chassis, is calculated by the 3-NuoSC. In this estimated active force, the 
main part comes from the FSC while the compensated force part due to the 
uncertainty status is estimated by the 3-NUO. The stability of the controllers 
is proved theoretically and their effectiveness is verified by simulations 
based on measured datasets from a MRD.

9799-119, Session PTue

Controlled release of folic acid from 
zeolite Y/Ca-alginate composite hydrogel 
assembly by electrical stimulation in 
transdermal drug delivery
Nophawan Paradee, Anuvat Sirivat, Chulalongkorn Univ. 
(Thailand)

Electrical current can be used to enhance drug permeation through the 
skin as transdermal drug delivery (TDD) via iontophoresis. However, the 
iontophoresis involves the competition in the transport process between 
buffer ions and drug ions resulting in a decrease in the effective transport 
of the drug ions. This limitation is eliminated by encapsulating the drug 
ions in the porous materials such as zeolite. In this work, folic acid (FA) as 
the model drug was loaded into the zeolite Y via an ion-exchange process 
before embedding in an alginate matrix in order to study the release 
mechanism under applied electrical potential. The FA was released from the 
matrix through the diffusion controlled mechanism or the Fickian diffusion. 
The FA diffused from zeolite/alginate hydrogel by two processes: the FA 
release from the zeolite via the ion-exchange process; and the enhanced 
Fickian transport through hydrogel. The amount of FA release depended 
on the electrical potential and aluminum content of zeolite. The lower 
aluminium content (higher Si/Al ratio) of zeolite provided the higher amount 
of FA release due to a lower hydrogen bonding interaction. Moreover, 
the electrical potential applied with the anode on the matrix effectively 
enhanced the diffusion of drug resulting from the electro-repulsive force 
between the positively charged FA and the charged electrode. Thus, 
the fabricated zeolite/hydrogel is of a potential material to be used in 
electrically controlled TDD.

9799-120, Session PTue

Low frequency inertial control strategy 
for seismic attenuation with passive 
monolithic mechanical sensors
Fabrizio Barone, Gerardo Giordano, Fausto Acernese, 
Rocco Romano, Univ. degli Studi di Salerno (Italy)

In this paper we present preliminary experimental results relative to the 
control of multistage seismic attenuators and inertial platforms in the band 
0.01±10Hz, using open loop monolithic folded pendulums as inertial sensors.

In fact, beyond the obvious compactness and robustness of monolithic 
implementations of folded pendulums, the main advantages of this class 
of sensors are the tunability of their resonance frequency and their high 
sensitivity over a large measurement band. The results are presented and 
discussed in this paper together with the planned further developments and 
improvements.

9799-121, Session PTue

Active mass damper system for high-
rise buildings using neural oscillator and 
position controller considering stroke 
limitation of the auxiliary mass
Junichi Hongu, Daisuke Iba, Morimasa Nakamura, Ichiro 
Moriwaki, Kyoto Institute of Technology (Japan)

This paper proposes a method of resolving the stroke limitation problem, 
which is related to auxiliary masses of active mass damper systems for 
high-rise buildings. The proposed method is used in a new simple control 
system for the active mass dampers mimicking the motion of bipedal 
mammals, which has a neural oscillator synchronizing with the acceleration 
response of structures and a position controller. In the system, the travel 
distance and direction of the auxiliary mass of the active mass damper is 
determined by reference to the output of the neural oscillator, and then, 
the auxiliary mass is transferred to the decided location by using a PID 
controller. The one of the purpose of the proposed system is that, to avoid 
the stroke restriction problem of the auxiliary mass during large earthquakes 
by the determination of the desired value within the stroke limitation of 
the auxiliary mass. However, the auxiliary mass could not be restricted only 
by applying the limited desired value, because the excessive inertia force 
except for the control force produced by the position controller affected 
on the motion of the auxiliary mass. In this paper, to remove the effect on 
the auxiliary mass by the structural absolute acceleration, the cancellation 
method is introduced by adding a term to the control force of the position 
controller. As a result of numerical simulation, the proposed method for the 
new active mass damper system could operate the auxiliary mass within the 
stroke limitation, no matter how large amplitude the structure had.

9799-122, Session PTue

Pounding-induced stress waves analysis 
and its mitigation in highway bridges 
under earthquakes
Suchao Li, Harbin Institute of Technology (China)

Seismic colliding between adjacent structures without enough distance 
may lead to considerable structural damage or even collapse during large 
earthquakes. Additionally, during the contact-separation process, pounding-
induced waves not only increase internal damage of the structure but also 
have significant effect on the acceleration measurement. To investigate the 
propagation behavior of the colliding-induced stress wave and the pounding 
mitigation effects of shape memory alloy pseudo-rubber shock absorber 
devices (SMAPR-SADs) on adjacent superstructures, a series of shaking 
table tests on a 1:30 scaled steel highway bridge model are performed. 
Then, the effect of stress waves on the acceleration signals of bridge 
structures is firstly investigated. The characteristics of pounding stress 
waves are analyzed based on wave theory, the cross wavelet transform and 
wavelet coherence analysis. The amplitude and absolute energy of the stress 
waves are compared between the original structure and after the installation 
of SMAPR-SADs. Furthermore, the mitigation mechanism of SMAPR-SADs 
on pounding-induced stress waves is interpreted. Results show that SMAPR-
SAD has stable energy absorption ability and could obviously reduce the 
amplitude and energy of the pounding stress waves, and also lower the 
corresponding effect on the accuracy of the measurement system.

9799-123, Session PTue

Magneto-Thermo-Triboelectric 
Generator(MTTG) for thermal energy 
harvesting
Kwang-Yeop Jang, James Lee, Dong-Gun Lee, Korea 
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Polytechnic Univ. (Korea, Republic of)

We present a novel thermal energy harvesting system using triboelectric 
effect. Recently, there has been intensive research efforts on energy 
harvesting using triboelectric effect, which can produce surprising amount 
of electric power (when compared to piezoelectric materials) by rubbing 
or touching (i.e, electric charge by contact and separation) two different 
materials together. Numerous studies have shown the possibility as an 
attractive alternative with good transparency, flexibility and low cost 
abilities for its use in wearable device and smart phone applications 
markets. However, its application has been limited to only vibration source, 
which can produce sustained oscillation with maintaining contact and 
separation states repeatedly for triboelectric effect. Thus, there has been no 
attempt toward thermal energy source. The proposed approach can convert 
thermal energy into electricity by pairing tribolectric effect and active 
ferromagnetic materials The objective of the research is to develop a new 
manufacturing process of design, fabrication, and testing of a Magneto-
Thermo-Triboelectric Generator (MTTG). The results obtained from the 
approach show that MTTG devices have a feasible power energy conversion 
capability from thermal energy sources. The tunable design of the device 
is such that it has efficient thermal capture over a wide range of operation 
temperature in waste heat. 
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9799-124, Session PTue

Hybrid energy harvesting using active 
thermal backplane
Hyun Wook Kim, Dong-Gun Lee, Korea Polytechnic Univ. 
(Korea, Republic of)

In this study, we demonstrate the concept of a new hybrid energy 
harvesting system by combing solar cells with magneto-thermoelectric 
generator (MTG, i.e., thermal energy harvesting). The silicon solar cell can 
easily reach high temperature under normal operating conditions. Thus 
the heated solar cell becomes rapidly less efficient as the temperature of 
solar cell rises. To increase the efficiency of the solar cell, air or water-based 
cooling system is used. To surpass conventional cooling devices requiring 
additional power as well as large working space for air/water collectors, we 
develop a new technology of pairing an active thermal backplane (ATB) to 
solar cell. The ATB design is based on MTG technology utilizing the physics 
of the 2nd order phase transition of active ferromagnetic materials. The 
MTG is cost-effective conversion of thermal energy to electrical energy 
and is fundamentally different from Seebeck TEG devices. The ATB(MTG) 
is in addition to being an energy conversion system, a very good conveyor 
of heat through both conduction and convection. Therefore, the ATB can 
provide dual-mode for the proposed hybrid energy harvesting. One is 
active convective and conductive cooling for heated solar cell. Another is 
active thermal energy harvesting from heat of solar cell. These novel hybrid 
energy harvesting device have potentially simultaneous energy conversion 
capability of solar and thermal energy into electricity. The results presented 
can be used for better understanding of hybrid energy harvesting system 
that can be integrated into commercial applications.
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(1) M. Ujihara, G. P. Carman, D.-G. Lee, 2007, “Thermal Energy Harvesting 
Device Using Ferromagnetic Materials,” Applied Physics Letters, Vol. 91, 
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9799-125, Session PTue

Design of haptic master featuring small-
sized MR brakes
Jung Woo Sohn, Han-Gyeol Gang, Kumoh National 
Institute of Technology (Korea, Republic of); Seung-Bok 
Choi, Inha Univ. (Korea, Republic of)

Recently, the demand for minimally invasive surgery using surgical robot 
system is increasing for the advantages of small scar and rapid recovery. 
However, the major drawback of the surgical robot system is the absence 
of haptic effect for human operator. Since just limited visual information 
from camera is provided to operator, tactile information from haptic 
effector can increase immersion and reality and help to obtain good 
performance of surgery. To make haptic effects for surgical robot system, 
many research works has been carried out and good performances are 
reported. But, most of the developed haptic system has a bulky package 
with mechanical devices and cannot be applied to real medical system. In 
the present work, novel haptic master featuring small-sized MR brake is 
proposed and its control performances are evaluated. The proposed haptic 
master consists of small-sized MR brakes for 3DOF rotational motion and 
1DOF gripper motion. To obtain large braking torque under limited small 
size, tapered inner magnetic core shape is proposed and its performance 
is experimentally evaluated. After construction of dynamic model for the 
master system, control algorithm is designed and implemented. It has been 
demonstrated through experiment that the proposed haptic master has 
good performances on tracking control of desired torque and position and 
can be effectively applied to system in real field.

9799-126, Session PTue

New design of hydraulic mount 
considering three operating modes of 
Magneto-rheological fluid for vibration 
control
Xuan Phu Do, Seung-Bok Choi, Soon-Yong Yang, Inha Univ. 
(Korea, Republic of)

In this study, a new type of high-loaded magneto-rheological (MR in short) 
mount is proposed and analyzed. The mount is optimally designed by 
choosing the objective function as minimal consumption of energy and its 
load capacity is considered in the range from 5000 N to 25000 N. In order 
to adaptively and effectively control of different magnitude of vibration, the 
mount is designed to adjust its force by itself with correlative controller. The 
operated frequency of the proposed mount is expanded from 2 Hz to 50 Hz. 
The damping force of MR mount is derived from the difference of pressure 
between upper chamber and lower chamber. Process of optimization is 
carried out by applying ANSYS software. A commercial MR fluid is used for 
damping force analysis. It has been shown that the optimally design MR 
mount can satisfy the requirements of force level, frequency range and self-
adjusting force controllability.

9799-127, Session PTue

Using the group of non-linear cells design 
metamaterial bar
Weili Cao, Rongxiang Cao, Institute of Automation (China)

The paper present the wave propagation in one-dimensional metamaterial 
bar with attached group of non-linear local oscillators by using analytical 
and numerical models. The focus is on the influence of group of non-linear 
cells on the filtering properties of the bar in the 1000Hz to 2000Hz range. 
Group of Periodic cells with alternating properties exhibit interesting 
dynamic characteristics that enable them to act as filters. Waves can 
propagate along bars within specific bands of frequencies called pass bands, 
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and attenuate within bands of frequencies called gaps. Gaps in structures 
with group of periodic cells are located according on the frequency of cells. 
From the cell, we can yield the effect negative stiffness and effect negative 
mass. We can also design the gaps from attached oscillators or cells. In 
the uniform case the gap is located around the resonant frequency of the 
oscillators, and thus a stop band can be created in the lower frequency 
range. In the case with group of non-linear cells the results show that 
the position of the gap can be designed, and the design depends on the 
amplitude and the degree of non-linear cells.

9799-128, Session PTue

An inverse model for magnetorheological 
dampers based on a restructured 
phenomenological model
Li-Jun Qian, Bo Liu, Peng Chen, Xian-Xu Bai, Hefei Univ. of 
Technology (China)

Magnetorheological (MR) dampers, a semi-active actuator based on MR 
effect, have great potential in vibration/shock systems. However, it is difficult 
to establish its inverse model due to its intrinsic strong nonlinear hysteresis 
behaviors, and sequentially the control system could not realize precise, fast 
and effective control. This paper presents an inverse model for MR dampers 
based on a restructured phenomenological model with incorporation of the 
“normalization” concept. The corresponding drive control system for the 
inverse model, including the electronic control system and current driver, is 
developed. The presented inverse model of MR damper and the developed 
drive control system are validated by means of simulation and experiment. 
The research results indicate that the inverse model and its drive control 
system (1) could improve the output damping force (drive current) control 
performance for the strong nonlinear hysteresis behaviors of the MR 
damper, and (2) achieve the integration of electronic control system of MR 
actuator system.

9799-129, Session PTue

Seismic performance evaluation of 
recentering-damper-based steel structure 
under near-fault ground motions
Hui Qian, Zhengzhou Univ. (China); Gangbing Song, Univ. 
of Houston (United States); Dahai Zhao, Yanshan Univ. 
(China)

Superelastic shape memory alloys (SMAs) are a kind of materials, 
possessing the ability to undergo large deformations, while returning to 
their original unreformed shape by the removal of stresses. The unique 
property enables them widely used in structural vibration control of civil 
engineering. In this paper, the seismic performance of steel building with 
re-centering damper-based energy dissipation system under near-fault 
ground motions was numerically investigated. An innovative hybrid shape 
memory alloys friction damper, possessing both large energy dissipation 
and re-centering capabilities, was developed and tested. A simulation 
program based on MATLAB software was presented and nonlinear analysis 
of a three-story steel frame with and without the dampers subjected to a 
number of representative near-fault ground motions were performed. The 
results show the damper has both the stable energy dissipating capacity 
and re-centering feature under reverse loading and it is effective in reducing 
the seismic response of steel building exited by strong near-fault ground 
motions.

9799-130, Session PTue

Investigation of piezoelectric impedance-
based health monitoring of structure 
interface debonding
Li Xiao, Wuhan Univ. (China); Guofeng Chen, Xiaoming 
Chen, Inner Mongolia Dynamic Machines Research Institute 
(China); Wenzhong Qu, Wuhan Univ. (China)

Various damages might occur during the solid rocket motor (SRM) 
manufacturing/operational phase, and the debonding of propellant/
insulator/composite case interfaces is one of damage types which determine 
the life of a motor. The detection of such interface debonding damage 
will be beneficial for developing techniques for reliable nondestructive 
evaluation (NDE) and structural health monitoring (SHM). Piezoelectric 
sensors are widely used for structural health monitoring technique. In 
particular, electromechanical impedance (EMI) techniques give simple 
and low-cost solutions for detecting damage in various structures. In this 
work, piezoelectric EMI structural health monitoring technique is applied 
to identify the debonding condition of propellant/insulator interface 
structure using finite element method and experimental investigation. A 
three-dimensional coupled field finite element model is developed using the 
software ANSYS and the harmonic analysis is conducted for high-frequency 
impedance analysis procedure. In the experimental study, the impedance 
signals were measured from PZT and MFC sensors outside attached to 
composite case monitoring the different debonding conditions between the 
propellant and insulator. Root mean square deviation (RMSD) based damage 
index is conducted to quantify the changes in impedance for different 
debonding conditions and frequency range. Simulation and experimental 
results confirmed that the EMI technique can be used effectively for 
detecting the debonding damage in SRM and is expected to be useful for 
future application of real SRM’s SHM.

9799-131, Session PTue

A deformable walking robot with 
tensegrity structure using nylon artificial 
muscle
Lianjun Wu, Monica Jung de Andrade, Yonas Tadesse, Ray 
H. Baughman, The Univ. of Texas at Dallas (United States)

This paper describes design and experimental studies of a self-
reconfigurable robot for locomotion. The robot consists of novel, modular 
tensegrity structures, which enable maneuvering in unstructured 
environment while carrying a payload. Twisted and Coiled Polymer (TCP) 
muscles were utilized to actuate the tensegrity structure as needed. The 
tensegrity system has passive strings, rigid strut structures and active 
TCP muscles that allow keeping a payload in the central region. The TCP 
muscles provide large actuation stroke, high mechanical power per fiber 
mass and can undergo millions of highly reversible cycles. The muscles can 
be actuated in a variety of methods, among which electrothermally means 
is widely used. Upon receiving joule heat, the TCP muscles change the 
shape of tensegrity structures. We will experimentally demonstrate various 
self-reconfigurable robots that can walk or crawl in land or extraterrestrial 
environments. 

9799-132, Session PTue

Modeling and control of a 
magnetorheological fluid knee
Saurabh Bapat, The M. Nguyen, Alan Suarez, California 
State Univ., Fresno (United States)

In a prosthetic leg consisting of a thigh, a knee and a shin, this study 
focuses on the motion of the knee. The knee is designed similar to a 
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magnetorheological fluid (MRF) brake. The brake torque comes from the 
shear stress induced when the MRF is under a magnetic field. Therefore, 
the braking torque generated by the MRF knee is highly dependent on the 
gap size and the applied current. In this novel MRF brake design, the gap 
size varies with the angle of the knee. Ultimately, the research has derived 
the torque as a function of the knee angle and applied current. The torque 
model has been coded in simulation software to yield predicted results. The 
simulation results were compared with the experimental data to improve 
the accuracy of the theoretical model. To this end, a controller was designed 
in both computer model and experimental setup to provide needed torque 
for achieving desired angular position of the knee. A classical controller was 
built and optimized. An adaptive control algorithm was also attempted in 
order to provide faster response of the MRF knee.

9799-133, Session PTue

Multi-scale analysis and optimized design 
of laminated-MRE bearings
Shiwei Chen, Chongqing Univ. of Science and Technology 
(China) and Institute of Advanced Manufacturing 
Technology (China); Ze Zhang, Chongqing Univ. of 
Posts and Telecommunications (China) and Institute 
of Advanced Manufacturing Technology (China); 
Xiaojie Wang, Institute of Advanced Manufacturing 
Technology (China); Rui Li, Chongqing Univ. of Posts and 
Telecommunications (China)

We propose a method to analyze and design a laminated MRE bearing, 
in which the optimal parameters of materials and mechanical structure of 
the MRE bearing are determined. Based on the multi-scale and magneto-
mechanical coupling theories, we establish a comprehensive model for the 
MRE bearing considering the influence of particle volume fraction, particle 
distribution, and thickness of MRE laminated layers on its mechanical 
performance. Within the micro-scale analysis, the representative volume 
unit (RVU) is used to address the effect of particle volume fraction and 
distribution on mechanical and magnetic properties of MRE itself. Within 
the macro- scale analysis, we build both mechanical and magnetic models 
for the laminated MRE bearing. For comparison, a FEM model is also 
built for the laminated MRE bearing to obtain its stiffness changes under 
various input electric currents by incorporating the micro structures of 
MRE as well as the particle properties. Based on the theoretical analysis, a 
laminated MRE bearing with four-layer MRE is designed and fabricated. The 
performance of the MRE bearing has been tested by using MTS test bench. 
The results are compared with that of model analysis. It demonstrates that 
the proposed method can be used in the development of laminated-MRE 
bearings for practical applications. 

9799-134, Session PTue

A novel design of energy harvester 
laminated piezoelectric material to the 
Magneto Rheological Elastomer (MRE) 
cantilever beam
Shilong Sun, Peter W. Tse, City Univ. of Hong Kong (Hong 
Kong, China)

In recent years, energy harvesters have been studied by many researchers 
and are widely used to scavenger the ambient energy to save the economic 
cost in near future. This paper introduced a novel structural energy harvester 
design combined piezoelectric layer with a new smart material, Magneto 
Rheological Elastomer (MRE), based on a cantilever beam. It could be used 
to collect the vibration energy and transfer it to the electrical energy and 
then power on the wireless sensor. As the electricity generated by this 
piezoelectric energy harvester mainly depends on the physical geometry 
of the structure design and the property of the smart material, there is a 

need to optimize the shape and the resonant frequency of the proposed 
configuration. Moreover, due to the changeable of the magnetic field of 
MRE, then the range of the resonant frequency of this piezoelectric energy 
harvester could be adjusted and also be widened. For the numerical studies 
and modeling simulation, MATLAB and COMSOL Multiphysics 5.0 are used 
in this research. The results of this proposed energy harvester have been 
shown a good performance of collecting the ambient vibration energy and 
maximizing its power output

9799-135, Session PTue

Broadband performance of a piezoelectric 
energy harvester based on the internal 
resonance of buckled beam
Liuyang Xiong, Lihua Tang, The Univ. of Auckland (New 
Zealand); Liqun Chen, Hu Ding, Shanghai Univ. (China); 
Brian R. Mace, The Univ. of Auckland (New Zealand)

Nonlinear internal resonance mechanism provides a promising solution to 
broaden the operating bandwidth of vibration energy harvesting (VEH), 
and hence has emerged a prominent research endeavour. In traditional 
linear harvester, once the excitation frequency deviates from the resonance 
frequency, the performance of energy harvester will drop drastically. 
The aim of this research is to combine the nonlinear internal resonance 
of buckled beam structure with piezoceramic and electric circuit by 
electromechanical coupling terms.

A non-uniform buckled beam with initial axial load under transverse base 
excitation is investigated. The deflection introduces geometric nonlinearity 
into the harvester design. Galerkin method is applied to discrete the 
governing electromechanical coupling equations with simply supported 
boundary into ordinary differential equations. Two-to-one internal resonance 
in buckled beam may be activated by varying axial preload and the 
additional mass or magnet is not required, which simplify the structure of 
VEH. For weak nonlinear perturbations, the multiple scales method is used 
to explore the amplitude-frequency response curves and time histories of 
the displacement and the energy output of the buckled beam system under 
primary resonance with internal resonance. Therefore, resonance areas are 
presented, which indicate that the resonance region can be broadened via 
internal resonance. Moreover, validity of the approximate analytical method 
is demonstrated by comparing with the numerical simulation. Furthermore, 
the effects of parameters of systems are discussed. Study on the amplitude-
frequency response provides a basis for structure design and optimization in 
piezoelectric generator.

9799-136, Session PTue

Energy harvesting performance of a 
broadband electromagnetic vibration 
energy harvester for powering industrial 
wireless sensor networks
Long Ren, Renwen Chen, Huakang Xia, Xiaoxiao Zhang, 
Nanjing Univ. of Aeronautics and Astronautics (China)

To supply power to wireless sensor networks, a type of broadband 
electromagnetic vibration energy harvester (VEH) using bistable vibration 
scavenging structure is proposed. It consists of a planar spring, an 
electromagnetic transducer with an annular magnetic circuit, and a coil 
assembly with a ferrite bobbin inside. A nonlinear magnetic force respecting 
to the relative displacement is generated by the ferrite bobbin, and to 
broaden the working frequency bandwidth of the VEH. Moreover, the ferrite 
bobbin increases the magnetic flux linkage gradient of the coil assembly in 
its moving region, and further to improve its output voltage. The dynamic 
behaviors of the VEH are analyzed and predicted by finite element analysis 
and ODE calculation. Validation experiments are carried out and show that 
the VEH can harvest high energy in a relatively wide excitation frequency 
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band. The further test shows that the load power of the VEH with a load 
resistor of 90? can reach 10mW level in a wide frequency bandwidth 
when the acceleration level of the harmonic excitation is 1g. It can ensure 
the intermittent work of many sensors as well as wireless communication 
modules at least.

9799-137, Session PTue

Nondestructive evaluation of pyroshock 
propagation using hydrocodes
Juho Lee, Dae-Hyeon Hwang, KAIST (Korea, Republic 
of); Jae-Kyeong Jang, Chonbuk National Univ. (Korea, 
Republic of); Jung-Ryul Lee, Jae-Hung Han, KAIST (Korea, 
Republic of)

Pyroshock or pyrotechnic shock generated by explosive events of 
pyrotechnic devices can induce fatal failures in electronic payloads. 
Therefore, understanding and estimation of pyroshock propagation through 
complex structures are necessary. However, an experimental approach using 
real pyrotechnic devices is quite burdensome because pyrotechnic devices 
can damage test structures and newly manufactured test structures are 
necessary for each experiment. Besides, pyrotechnic experiments are quite 
expensive, time-consuming, and dangerous. Consequently nondestructive 
evaluation (NDE) of pyroshock propagation without using real pyrotechnic 
devices is necessary. In this study, nondestructive evaluation techniques 
for pyroshock propagation estimation using laser-induced shock and 
hydrocodes are proposed. First, pyroshock propagation is numerically 
analyzed using AUTODYN, a commercial hydrocode. Hydrocodes can 
handle stress wave propagation including elastic, plastic, and shock wave 
in the time domain. Several test structures are modeled and pyroshock 
time history is applied to where the pyroshock propagation originates. As 
an experimental approach regarding laser-induced shock, pyroshock is 
simulated through laser excitation on test structures and low-amplitude 
laser-induced shock propagation is measured using laser Doppler 
vibrometers (LDV). For the pyroshock simulation method, laser-induced 
shock has the advantage of causing no damage to test structures and 
having a wide frequency range. It is necessary to find the appropriate 
experimental conditions (such as laser beam parameters) and gain to 
amplify laser-induced shock by comparing real pyroshock measurements 
and laser-induced shock measurements. Numerical and experimental NDE 
results of pyroshock propagation on test structures are directly compared 
from acceleration time histories and acceleration shock response spectra 
(SRS) results. The proposed numerical and experimental techniques enable 
us to characterize nondestructive pyroshock propagation.

9799-138, Session PTue

Experimental validation of a sub-surface 
model of solar power for distributed 
marine sensor systems
Gregory G. Hahn Jr., Michael W. Shafer, Northern Arizona 
Univ. (United States)

The capabilities of distributed sensor systems such as marine wildlife 
telemetry tags could be significantly enhanced through the integration 
of photovoltaic modules. Photovoltaic cells could be used to supplement 
the primary batteries for wildlife telemetry tags to allow for extended 
tag deployments, wherein larger amounts of data could be collected 
and transmitted in near real time. In this article, we present experimental 
results used to validate and improve key aspects of our original model 
for sub-surface solar power. We discuss the test methods and results, 
comparing analytic predictions to experimental results. In a previous work, 
we introduced a model for sub-surface solar power which used analytical 
models and empirical data to predict the solar irradiance available for 
harvest at any given depth under the ocean’s surface over the course of 
a year. This model presented underwater photovoltaic transduction as a 

viable means of supplementing energy for marine wildlife telemetry tags. 
This additional data provided by improvements in daily energy budgets 
would enhance the temporal and spatial comprehension of the host’s 
activities and/or environments. Photovoltaic transduction is one method 
that has not been widely deployed in the sub-surface marine environments, 
despite widespread use on terrestrial and avian species wildlife tag systems. 
Until now, the use of photovoltaic cells for underwater energy harvesting 
has generally been disregarded as a viable energy source in this arena. 
In addition to marine telemetry systems, photovoltaic energy harvesting 
systems could also serve as a means of energy supply for autonomous 
underwater vehicles (AUVs), as well as submersible buoys for oceanographic 
data collection. 

9799-139, Session PTue

Dynamic terminal sliding mode control of 
a shape memory alloy actuated system
Meeshawn S. Marathe, S. M. Srinivasan, Indian Institute of 
Technology Madras (India)

Shape memory alloys are contributing significantly towards miniaturization 
of automation systems. However, shape memory alloys with their 
inherent hysteretic and nonlinear behaviour constitute a challenge for 
position control applications. Nonlinear control techniques have provided 
better tracking performance to curb this issue. Sliding mode control 
amongst them is a robust technique capable of handling bounded 
uncertainties and introducing desired dynamics into the system. This paper 
presents a dynamic fast terminal sliding mode control law for position 
control applications using shape memory alloy based actuators. The 
phenomenological model developed by Brinson et al. has been used as a 
basis for the SMA actuator model and, a position control system is simulated 
using this model. Initially, a normal sliding mode control law is implemented. 
Next, terminal sliding mode techniques are applied to the system, which 
provide faster convergence of the error. Further, a dynamic sliding mode 
control technique is implemented in conjunction with the terminal sliding 
mode technique which sufficiently reduces the chattering effect. The sliding 
mode control results are then compared with the conventional Proportional 
Integral Derivative (PID) control law. The closed loop simulation results show 
that the proposed terminal sliding mode control law provides improved 
tracking performance of the system.

9799-141, Session PTue

Functionalized hexagonal boron nitride 
nanocoatings for protection of transparent 
plastics
Thu Van Tran, Aybala Usta, Ramazan Asmatulu, Wichita 
State Univ. (United States)

Nanocoating is the result of a coating application of nanomaterials to build 
a consistent network of molecules in a coating or paint to protect surfaces 
of various materials. Boron nitride (BN) is in two dimensional form with 
excellent thermal and chemical stability. Boron nitride nanocoating is also a 
thermally insulating material for heat dissipation. By adding functionalized 
BNs into paints or coatings, they will absorb the harmful UV part of sunlight 
and prevent coating degradation, and the impact of the environmental 
factors on the coatings to enhance longevity and durability. In this study, 
hexagonal BNs (h-BNs) were modified with [3- (2-Aminoethylamino) 
propyl] trimethoxysilane and uniformly added into the polyurethane 
paint with different amounts, such as 0.1wt %, 0.2wt%, 0.4wt%, and 
0.8wt% to increase hardness, and water resistance, and decrease UV 
degradation of transparent plastics. The samples were characterized by 
using Fourier Transform Infrared Spectroscopy (FTIR), UV Vis, Scanning 
Electron Microscope (SEM), water contact angle, and Differential Scanning 
Calorimetry (DSC). Nanocoatings with h-BN showed very good water 
contact angle on the surfaces, and provided very high physical properties 
against the UV degradation.

Conference 9799: Active and Passive  
Smart Structures and Integrated Systems X



  +1 360 676 3290 · help@spie.org 57Return to Contents

9799-35, Session 8A

Passive vibration damping of carbon fiber 
reinforced plastic with PZT particles and 
SMA powder
Jaemin Jung, Woo Il Lee, Dasom Lee, Sungho Park, 
Sungnam Moon, Seoul National Univ. (Korea, Republic of)

Carbon fiber reinforced plastic (CFRP) has been widely used in many 
industrial fields, especially leisure/sports, automobile and aerospace, 
because of their high strength, light weight, and other mechanical 
properties. However, it is not suitable for frequent vibrated structure due 
to low damping capacity. Therefore, some studies have been conducted to 
improve the vibration damping of CFRP. Piezoelectric materials can convert 
strain energy into electrical energy, and carbon fiber is proper resistance. 
And Shape memory alloy (SMA) is known as passive damping material. 
In this study, lead zirconate titanate (PZT) ceramic which is one of typical 
piezoelectric material and NiTi SMA powder are dispersed in CFRP laminate 
in order to improve the vibration damping by converting vibrational energy 
into other energy form. Experiments were performed three cases, PZT 
only, SMA only, and PZT and SMA mixed.The loss factor (tan?) is measured 
in Dynamic mechanical analyzer (DMA) which is used to measure the 
viscoelastic behavior of a material to verify the change in vibration damping. 
The results show that there exists difference on vibration damping ability 
between CFRP with PZT ceramic particles and CFRP with SMA powder.

9799-36, Session 8A

Investigation on low velocity impact 
resistance of SMA composite material
Dianyin Hu, Wenbin Mei, Rongqiao Wang, Ao Jia, Xiaoyong 
Zhang, BeiHang Univ. (China)

A method to improve low velocity impact resistance of aeroengine 
composite casing using shape memory alloy’s properties of shape 
memory(SM) and super-elasticity(SE) is proposed in this study. Firstly, 
a numerical modeling of SMA reinforced composite laminate under low 
velocity impact load with impact velocity 10m/s is established based on its 
constitutive model implemented by the VUMAT subroutine of commercial 
software ABAQUS. Secondly, the responses of SMA composite laminate 
including stress and deflection distributions were achieved through transient 
analysis under low velocity impact load. Numerical results show that both 
peak stress and deflection values of SMA composite laminate are less than 
that without SMA, which proves that embedding SMA into the composite 
structure can effectively improve the low velocity impact performance of 
composite structure. Finally, the influence of SM and SE on low velocity 
impact resistance is quantitatively investigated. The values of peak stress 
and deflection of SMA composite based on SM property decrease by 18.28% 
and 9.43% respectively, compared with those without SMA, instead of 
12.87% and 5.19% based on SE. In conclusion, this proposed model described 
the impact damage of SMA composite structure and turned to be a more 
beneficial method to enhance the impact resistance by utilizing SM effect.

9799-37, Session 8B

Origami structures with self-locking 
properties
Hongbin Fang, Suyi Li, Univ. of Michigan (United States); 
Jian Xu, Tongji Univ. (China); Kon-Well Wang, Univ. of 
Michigan (United States)

Origami has emerged as a potential tool for the design of mechanical 
metamaterials and meta-structures whose properties can be tuned using 
purely geometric criteria. Most recent attention has focused on the well-
known Miura-Ori, a folded tessellation that is flat-foldable for folded sheet 

and stacked structure. This study investigates a unique mechanical property, 
locking, of folded Origami sheets and stacked Origami structures based on 
two kinds of degree-4 vertex: single-collinear (SC) vertex and general flat-
foldable (GFF) vertex. Geometry analyses show that the folded SC sheets 
are not flat-foldable and will lock at a tailorable position. The mechanism of 
such locking is the binding of two facets in a SC unit cell. For the GFF vertex, 
although the folded GFF sheets can return flat, the corresponding stacked 
GFF structures lose the flat-foldability. Geometry analyses reveal that the 
stacked GFF structure will lock at a tailorable position. The mechanism of 
this locking is the binding of facets of the top and bottom sheets. For both 
situations, before locking, the sheet/structure stiffness mainly comes from 
the creases and is relatively low; once locking happens, the stiffness can 
experience a sudden increase, contributed by the deformation of the facets. 
Such locking properties can have promising application in shape morphing, 
and also provide possible ways to develop metamaterials or metastructures 
with multi-stiffness characteristics.

9799-38, Session 8B

Control approach development for 
variable recruitment artificial muscles
Tyler Jenkins, Matthew Bryant, North Carolina State Univ. 
(United States)

This study characterizes hybrid control approaches for the variable 
recruitment of fluidic artificial muscles with double acting (antagonistic) 
actuation. Fluidic artificial muscle actuators have been explored by 
researchers due to their natural compliance, high force-to-weight ratio, and 
low cost of fabrication. Previous studies have attempted to improve system 
efficiency of the actuators through variable recruitment, i.e. using discrete 
changes in the number of active actuators. By continuously controlling 
applied pressure and discretely controlling the number of active actuators, 
operation in the lowest possible recruitment state is ensured and working 
fluid consumption is minimized. Results provide insight into discrete control 
scheme effects on working fluids, fabrication material choices, actuator 
modeling, and controller development decisions. 

The developed control approach is characterized through simulation and 
implemented experimentally. Shown in figure 2, a scaled variable mass 
rotating limb driven by antagonistic pneumatic artificial muscle bundles was 
constructed to validate the hybrid control approaches. The scaled model is 
complete with feedback control logic, pressure sensing, position sensing, 
proportional valves, and a variable payload limb. The payload of the scaled 
model creates a changing external torque with rotation, imitating a potential 
lifting motion application. The simulation results are compared to the 
experimental observations and design tradeoffs are quantified.

9799-39, Session 9A

Toward efficient aeroelastic energy 
harvesting through limit cycle shaping
Benjamin Kirschmeier, Matthew Bryant, North Carolina 
State Univ. (United States)

Increasing demand to harvest energy from renewable resources has caused 
significant research interest in unsteady aero/hydrodynamics. Apart from 
the traditional horizontal axis wind turbines, there has been significant 
growth in bio-inspired oscillating wings for energy harvesting. These 
systems are being built to harvest electricity for wireless devices, as well 
as large scale megawatt power generation. Such systems can be driven 
by aeroelastic flutter phenomena, which beyond a critical wind speed, the 
system will enter into limit-cycle oscillations. When the airfoil enters large 
amplitude, high frequency motion, leading/trailing edge vortices form and 
can make the system approach maximum efficiency. 

The current work attempts to use a reduced order model to predict limit 
cycle behavior for small and large amplitude oscillations of a typical passive 
aeroelastic system. The model uses a novel reduced leading edge suction 
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parameter to predict the onset of leading edge vortex formation. This model 
will be validated by comparing it to small and large amplitude motions. 
Once validated, the model will investigate how structural parameters, such 
as heaving or pitching stiffness, mass ratio, and elastic axis location, can 
be tuned to produce a limit cycle that approaches the optimal kinematic 
motion for energy harvesting derived from previous studies. 

9799-40, Session 9A

Dramatic effect of fluid damping on the 
performance of a nonlinear M-shaped 
broadband energy harvester
David Tan, Christopher Sugino, Stephen M. Leadenham, 
Alper Erturk, Georgia Institute of Technology (United 
States)

Frequency bandwidth enhancement in vibration-based energy harvesting 
by exploiting nonlinear dynamic phenomena has been well studied over the 
past decade. However, nonlinear dynamic phenomena are often sensitive to 
dissipative effects and better pronounced for low damping. This work aims 
to demonstrate the detrimental effect of fluid damping on the bandwidth 
of a flexible nonlinear energy harvester and thereby further enhance the 
performance by minimizing nonlinear damping. The M-shaped piezoelectric 
energy harvester was recently developed and its empirical nonlinear 
electromechanical model was validated experimentally. In the present 
work, a vacuum setup has been introduced to conduct nonlinear base 
excitation experiments at different air pressure levels in an effort to control 
the quadratic (velocity-squared) damping coefficient in the mathematical 
model. It is shown that reduced air pressure substantially enhances the 
frequency bandwidth for primary resonance excitation. The empirical 
electromechanical model is modified to express the fluid damping in terms 
of fluid pressure. Multi-term harmonic balance simulations for different 
fluid pressures are compared with experiments. In view of the promising 
results of in vacuo bandwidth, it is suggested that vacuum packing of this 
type of nonlinear energy harvester can dramatically enhance the frequency 
bandwidth by an unprecedented amount for low vibration intensities.

9799-41, Session 9A

Aeroelastic modelling of a piezo-solar 
tensioned energy harvesting ribbon
Punnag Chatterjee, Matthew Bryant, North Carolina State 
Univ. (United States)

A multifunctional compliant structure is proposed that can harvest electrical 
power from both incident sunlight and ambient mechanical energy including 
wind flow or vibration. The energy harvesting device consists of a slender, 
ribbon-like, flexible thin film solar cell that is laminated with piezoelectric 
patches. The harvester is mounted in longitudinal tension and subjected to a 
transverse wind flow to excite flow-induced aeroelastic vibrations. 

An analytic model of the bending and torsional dynamics of the device is 
developed which will be able to capture the coupled electromechanical 
dynamics of the system. For the structural modelling of the device it is 
intended to employ a Transfer Matrix formulation that accounts for the 
changes in natural frequencies and mode shapes of the system for both 
torsion and heaving degrees of freedom when subjected to different axial 
loads. This article would also discuss about the aerodynamic modeling of 
the piezo - solar ribbon such that the cut-in wind speed and frequency of 
flutter could be obtained by using Theodorson unsteady aerodynamics 
and employing a P-K, frequency matching method for solving the flutter 
determinant. A sample modal convergence plot of the aeroelastic system 
under discussion is presented here in Figure 1 considering just the solar 
ribbon.

9799-42, Session 9A

Controlling limit cycle oscillation 
amplitudes for energy harvesting purposes
Himanshu Shukla, Mayuresh J. Patil, Virginia Polytechnic 
Institute and State Univ. (United States)

The work explores the use of piezoaeroelastic systems for energy 
harvesting purposes. The aeroelastic system considered is an airfoil section 
supported by nonlinear springs with piezoelectric coupling and equipped 
with a trailing edge flap for control purposes. Higher order harmonic 
balance methods are used to obtain estimates of limit cycle oscillation 
commencement velocity and their amplitudes which are validated using 
numerical integration methods. Substituting a nonlinear state feedback 
control law for the flap deflection and applying harmonic balance method 
results in a set of nonlinear equations dependent on control parameters. 
These are differentiated to obtain equations in terms of sensitivities to the 
control parameters. The computed control parameter sensitivities are fed 
to a nonlinear optimization framework using a weighted cost function to 
maximize amplitude and minimize the LCO commencement velocity to 
generate optimal control parameters. Numerical simulations are conducted 
using the generated control parameters verifying enhanced power output 
with the aeroelastic system operating at speeds less than the linear flutter 
speed. 

9799-43, Session 9A

PVDF-based energy harvesters for in-pipe 
applications
Norbert Schwesinger, Sherif Keddis, Technische Univ. 
München (Germany)

In this paper, we present an example of a useful energy harvester 
application. Different sensors can control various properties of fluids moving 
in pipes. An energy source is required to supply the sensors with electrical 
energy. Due to several disadvantages of common energy sources, energy 
harvesters can fortunately take the energy supply. They convert a part of the 
energy of the flowing fluid into electricity. 

In our investigations, we studied the conversion efficiency of piezoelectric 
PVDF (Poly-Venyliden-di-fluoride). The harvesters consists of respectively 
two films of PVDF (d=25µm) and two films of Aluminum (d=6µm) as 
electrodes. All films are stacked alternating on each other and wound to 
a spool. An additional LDPE (Low Density-Poly-Ethylene)-film (d=25µm) 
wraps the spool and prevents in case of liquids an inflow. The overall 
dimensions of the harvesters are as follows:

• No. of windings: 4

• Width: 15mm; Ø: 20mm 

A ring shaped bluff body inside the pipe and arranged upstream the 
harvester induces turbulences in the moving fluid stream and forces the 
spool to oscillate. Experiments were carried out in air and water. Depending 
on the flow velocity and the position of the harvester, the time profile of 
the voltage between both electrode films was recorded. In air, the spool 
oscillates with a remarkable higher frequency as in water. Peak-peak-
Voltage of > 4V have been measured for water and air at flow velocities of 
less than 2m/s and above 7m/s respectively. Also, the optimum distance 
between bluff body and coil differs for water and air. 

9799-44, Session 9B

Vibration suppression in MEMS devices 
using electrostatic forces
Hamed Haddad Khodaparast, Hadi Madinei, Michael 
I. Friswell, Sondipon Adhikari, Swansea Univ. (United 
Kingdom)
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MEMS devices are widely used in various applications such as automotive 
components, mobile phones, gaming devices and toys. They could undergo 
large vibrations which can lead to failure due to resonant excitation or 
fatigue. There are different ways of vibration suppression in these devices. 
Perhaps the easiest way is to re-size the structural elements to increase the 
natural frequency and avoid resonance. However, this is not often possible 
particularly in devices that require low resonant frequency (e.g. [1], [2]). 
There are also several other methods reported in the literature for vibration 
suppression in MEMS devices, namely nonlinear shock stops [3], shape 
memory alloy based micro-damper [4] and damping layers in the joint [5]. 
Much of these studies are very elegant; however, their performance will 
be subject to the initial design of vibration absorber. In this paper a new 
vibration absorber based on using electrostatic device is introduced. Two 
electrodes which are subjected to a same DC voltage are used to control 
the natural frequency of the system. The main motivation is to minimize the 
vibration amplitude of MEMS device by controlling the natural frequency 
of the system. It can be shown that the applied DC voltage and the air gap 
between electrodes are capable of adjusting the resonance frequency of the 
system, to suppress vibration. 

9799-45, Session 9B

Exact H_2 optimal solution to dual-
functional series electromagnetic tuned 
mass dampers
Yilun Liu, Virginia Polytechnic Institute and State Univ. 
(United States); Chi-Chiang Lin, National Chung Hsing 
Univ. (Taiwan); Lei Zuo, Virginia Polytechnic Institute and 
State Univ. (United States)

Among various types of TMDs installed in civil structures, dual-functional 
series electromagnetic TMDs have received much attention due to its 
enhanced effectiveness in mitigating the vibration of the primary structure 
and simultaneous energy harvesting abilities. Based on our investigation 
of dual-functional series electromagnetic TMD systems, an optimal design 
for the vibration mitigation is mainly related to four structural design 
parameters which are the stiffness of the mechanical shock absorber, the 
capacitance, the resistance and the inductance of the electrical resonator. 
However, the design aiming to maximize the harvestable energy is only 
dependent on the resistance of the electrical resonator. In this paper, we 
derived the ready-to-use analytical tuning laws to optimize both vibration 
mitigation and energy harvesting performance using H_2 criteria in dual-
functional electromagnetic tuned mass damper systems, when the primary 
structure is subject to wind loadings or seismic excitations. Later, extensive 
simulation results are presented to show the effectiveness of the dual-
functional series electromagnetic TMDs, regarding both vibration mitigation 
and energy harvesting, in comparison with that of the classic TMDs. Beyond 
simulations, this paper experimentally demonstrated the effectiveness of 
the dual-functional series electromagnetic TMDs for the first time. In our 
experimental setup, we built a scale-down building with the dual-functional 
series electromagnetic TMD system, in which a 3kg primary structure with 
10% mass ratio mechanical shock absorber is used. The experimental results 
shows that the dual-functional series electromagnetic TMD is superior to 
mitigate the vibration of the primary structure and harvest the vibrational 
energy.

9799-46, Session 9B

Tuned liquid column damper 
implementation with real-time hybrid 
simulation
Carlos Riascos, Peter Thomson, Univ. del Valle (Colombia)

Real-time hybrid simulation (RTHS) is a modern cyber-physical technique 
used for the experimental evaluation of complex systems, that treats the 
system components with predictable behavior as a numerical substructure 

and the components that are difficult to model as an experimental 
substructure. Therefore it is an attractive method for evaluation of the 
response of civil structures under earthquake, wind and anthropic loads. In 
this paper, the response of three-story shear frame controlled by a tuned 
liquid column damper (TLCD) and subject to base excitation is considered. 
Both passive and semi-active control strategies were implemented and 
are compared. While the passive TLCD achieved a reduction of 50% in the 
acceleration response of the main structure in comparison with the structure 
without control, the semi-active TLCD achieved a reduction of 70%, and 
was robust to variations in the dynamic properties of the main structure. In 
addition, a RTHS was implemented with the main structure modeled as a 
linear, time-invariant (LTI) system through a state space representation and 
the TLCD, with both control strategies, was evaluated on a shake table that 
reproduced the displacement of the virtual structure. Current assessment 
measures for RTHS were used to quantify the performance with parameters 
such as generalized amplitude, equivalent time delay between the target 
and measured displacement of the shake table, and energy error using 
the measured force, and prove that the RTHS described in this paper is 
an accurate method for the experimental evaluation of structural control 
systems. 

9799-47, Session 9B

Active vibration control of lightweight 
floor systems
Jakob Baader, ETH Zürich (Switzerland)

Long and wide span floors (e.g. storehouses, gymnasiums or office 
buildings) are often prone to structural vibrations. They usually have several 
resonance-frequencies in the band of 1 to 10 Hz, which are easily exited by 
human walking or machines. Passive tuned mass dampers have shown good 
effects for this problem in the past.

Resonance-frequencies of light-weight floors can vary considerably under 
load. Thus the application of passive tuned mass dampers becomes difficult 
as they need to be adjusted precisely to the examined structure. Active 
vibration control devices provide a higher flexibility and are therefore 
advantageous for such an application. 

A LTI simulation-model of a realistic floor structure is established and 
equipped with an active vibration control device based on a conventional 
passive tuned mass damper. Open-loop transfer-function shaping by 
convex optimisation is applied to find controllers which minimize the 
response amplitude and settling time of the closed-loop system for a given 
disturbance. The iterative optimization takes into account several linearized 
constraints. In addition to the stability and robustness criteria, the free 
moving space of the damper mass and the maximum force of the actuator 
are constraint to fit a realistic model.

The results of the closed-loop system will be compared to a standard tuned 
mass damper. 

9799-48, Session 9B

Analytical modeling of a simple passive 
electromagnetic eddy current friction 
damper
Mohsen Amjadian, Anil Kumar Agrawal, The City College 
of New York (United States)

This paper is concerned with analytical modeling of a novel type of passive 
friction damper for an effective seismic hazard mitigation of structural 
systems. This seismic protective device, which is termed as Passive 
Electromagnetic Eddy Current Friction Damper (PEMECFD), utilizes a 
solid-friction mechanism in parallel with an eddy current damping system 
to dissipate a larger amount of seismic input energy. In this passive damper, 
friction force is produced through a magnetic repulsive action between two 
permanent magnetic sources magnetized in the direction normal to the 
friction surface; and the eddy current damping force is generated by the 
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motion of the permanent magnetic sources in the vicinity of a conductor. 
The friction and eddy current damping parts are individually able to 
produce ideal rectangular and elliptical hysteresis loops, respectively, which 
if combined, would be able to accomplish a higher capacity for seismic 
input energy dissipation. This damper is implemented on a two-degree-of-
freedom system to demonstrate its capability in reducing seismic response 
of frame building structures. The numerical results show that the proposed 
damper is more efficient than a Passive Linear Viscous Damper (PLVD) with 
same force capacity, and can be considered as a promising protective device 
for enhancing seismic performance of structures. 

9799-49, Session 10A

Comparison of piezoelectric layered plates 
based on d31 and d33 coupling for micro-
actuators
Cuong H. Nguyen, Buskerud Univ. College (Norway); Ulrik 
Hanke, Vestfold Univ. College (Norway); Einar Halvorsen, 
Buskerud Univ. College (Norway)

Many sensors, generators and actuators in microelectromechanical system 
(MEMS) technology utilize layered plate structures in their design, e.g., 
accelerometers, energy harvesters, micro-pumps, autofocusing lenses. The 
laminated composite-plate devices include layers of materials that provide 
different functions of electrical (conducting or insulating), mechanical 
(elastic) or electromechanical (piezoelectric) nature. The piezoelectric 
layers’ coupling between the mechanical and the electrical domain depends 
on electrode configuration. Typically, two different coupling modes are 
exploited to drive the transducer, the d31 and d33 modes. The question 
is how to determine a suitable design concept for a MEMS actuator that 
operates within the electric breakdown limits of the piezoelectric material.

In this paper, analytical models of partially covered piezoelectric plate 
actuators operated in different modes are developed. The models are 
based on layered plate theory and linear piezoelectricity. Explicit formulas 
have been derived analytically for thin piezoelectric film application and 
the optimal mechanical structure is indicated. A performance comparison 
between the two modes of operation is carried out. Finite element analysis 
validates the analytic models. Finally, the performance of an interdigital 
electrode (IDE) actuator is compared with its counterpart d31 mode 
actuator. The comparison determines the stronger actuator when operation 
is electric field-strength limited.

9799-50, Session 10A

Interaction of multiple actuators for 
synchronized switching damping control
Gabriele Cazzulani, Francesco Braghin, Fabrizio 
Mazzocchi, Politecnico di Milano (Italy)

The semi-active Synchronized Switching Damping (SSD) family is based 
on a nonlinear shunting circuit applied to piezoelectric actuators, where 
the circuit characteristics are switched along the vibration cycles of the 
structure. SSD offers many advantages with respect to other vibration 
suppression techniques using piezoelectric actuators. Indeed, multiple 
modes can be suppressed with a relatively simple system and with very 
low power consumption. This allows the realization of self-powered control 
systems, without the need of wiring and external power supply. Moreover, 
the characteristics of this control strategy make it very robust to the 
variation of the dynamic characteristics of the structure, outperforming the 
classic passive linear shunts.

Different SSD techniques have been developed, varying the circuit 
characteristics and the switching logic. Although this control family has 
been studied for many years, all the works are limited to the single actuator 
case, losing in generality with respect to many practical cases. For this 
reason, the aim of this work is to apply SSD control with multiple actuators 
and to study the interaction of the actuators and their shunting circuits in 
order to optimize the damping performance.

The study will be performed numerically and then an experimental setup 
will be realized to test the proposed solutions.

9799-51, Session 10A

Design and modeling of new suspension 
system using direct drive servo-valve 
system actuated by piezostack actuator
Chulhee Han, Seung-Bok Choi, Inha Univ. (Korea, Republic 
of)

This paper proposes a new type of a direct-drive valve (DDV) suspension 
system for vehicle controlled by the piezostack actuator associated 
with displacement amplifier. In order to achieve this goal, a new type of 
controllable piezostack DDV damper is designed and its performance 
evaluation of damping force is undertaken. Next, a full vehicle suspension 
system consisting of sprung mass, spring, tire and the piezostack DDV 
damper is constructed. After deriving the governing equations of the motion 
for the proposed the piezostack DDV suspension system, the skyhook 
controller is implemented for the realization of the full vehicle. Analytical 
model of the whole suspension system is then derived and performance 
characteristics are analyzed through numerical simulation. Finally, vibration 
control responses of the vehicle suspension system such as vertical 
acceleration are evaluated under both bump and random road conditions.

9799-52, Session 10A

Modeling and stabilization results for 
a current and charge-actuated active 
constrained layer (ACL) beam model with 
electrostatic assumption
Ozkan Ozer, Univ. of Nevada, Reno (United States)

A variational approach is utilized to derive the boundary value problem 
which models a single piezoelectric beam actuated by a current (or charge) 
source at the electrodes. We include the magnetic effects. In addition to 
the Euler-Bernoulli displacement assumptions for the mechanical part, we 
assume that electrical and magnetic vector potential terms are quadratic-
through thickness. Since current or charge controllers at the electrodes 
can control only the stretching equations, we focus our attention to the 
stretching equations for the rest of the paper. We show that the Lagrangian 
of the beam is invariant under gauge mappings. Therefore, a “Coulomb-
type” gauge transformation is used. This gauge decouples the electrical 
potential equation from the equations of the magnetic potential, but the 
coupling between the mechanical variable, and electric and magnetic 
variables are retained. Once the stretching equations are simplified, we use 
a semigroup approach to prove that the Cauchy problem corresponding 
to the current actuation is well-posed. Unlike the voltage or the charge 
actuation, we obtain a bounded control operator in the natural energy 
space. Finally, we prove that current-actuated piezoelectric beams can be 
strongly stabilized by a suitable choice of a state feedback if the material 
parameters satisfy certain conditions.

9799-53, Session 10B

Use of inerter devices for weight reduction 
of tuned mass-dampers for seismic 
protection of multi-story building: the 
Tuned Mass-Damper-Interter (TMDI)
Agathoklis Giaralis, Laurentiu Marian, City Univ. London 
(United Kingdom)

No abstract available
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9799-54, Session 10B

Semi-active friction damper for buildings 
subject to seismic excitation
Juan S. Mantilla López, Peter Thomson, Alexander 
Solarte Benavides, Daniel Gomez Pizano, Univ. del Valle 
(Colombia)

Structural control systems are considered an effective alternative for 
reducing vibrations in civil structures and are classified according to 
their energy supply requirement: passive, semi-active, active and hybrid. 
Commonly used structural control systems in buildings are passive friction 
dampers, which add energy dissipation through damping mechanisms 
induced by sliding friction between their surfaces. Semi-Active Variable 
Friction Dampers (SAVFD) allow the optimum efficiency range of friction 
dampers to be enhanced by controlling the clamping force in real time. 
This paper describes the development and performance evaluation of a 
low-cost SAVFD for the reduction of vibrations of structures subject to 
earthquakes. The SAVFD and a benchmark structural control test structure 
were experimentally characterized and analytical models were developed 
and updated based on the dynamic characterization. Decentralized control 
algorithms were implemented and tested on a shaking table. Relative 
displacements and accelerations of the structure controlled with the SAVFD 
were 80% less than those of the uncontrolled structure.

9799-56, Session 10B

Development of base isolation device 
complied with the ultimate strength design 
code in Japan
Isao Nishimura, Tokyo City Univ. (Japan); Satoshi Suzuki, 
Aichi Institute of Technology (Japan)

The author reports the summary of the project funded by the Ministry 
of Land, Infrastructure, Transport and Tourism (MLIT) under the title 
of “Development of Base Isolation Device complied with the Ultimate 
Strength Design Code.” Based on the series of theoretical and experimental 
investigations that had been conducted by the author’s laboratory team 
for more than a decade, the author’s team proposed the project that was 
adopted for one of those funded research topics by MLIT in the fiscal year 
from 2012 to 2014. There have been accumulated enough data that shows 
good feasibility to realize the highly stable slender rubber bearings to 
comply with the current design code, or equivalently the response spectra 
design method in Japan. 

The highly nonlinear buckling phenomena and the associated stability 
criteria that were discovered by the principal author in 2005 were positively 
utilized for creating a highly stable slender rubber bearing for base isolation 
structures. We certified the remarkable stability that had been expected 
from the nonlinear buckling theory was actually observed in the laboratory 
when conducting experiments using newly developed prototype specimens. 
The uniqueness of the specimens is their configuration and material 
properties. The newly developed devices were composed of relatively stiff 
rubber material that increases the buckling stability and displacement 
capacity as well. In contrast to the conventional devices, the cross sectional 
area of the new one is relatively small and the specimen is relatively tall in 
height. In the past, the slenderness of the specimens discouraged engineers 
and scientists for investigating its performance in a full scale model. In 
fact, this research report is the very first publication that shows the high 
performance of slender rubber bearings that can support a relatively large 
vertical load under a large lateral displacement, which is bigger than the 
diameter of the specimen except small ones. 

The stability requirements for the rubber bearings that were obtained and 
expressed in analytical formula have been verified again in this project by 
carrying out real size specimens whose diameter was 600 mm and height 
was 550 mm. The results in this paper contradict to the common sense, but 
the theoretical prediction by the principal author in 2005 was verified as 
real phenomena. 

As a result of this project, the rubber bearings that would never buckle 
under large displacement have been developed. The ultimate lateral 
displacement is determined by the strength of rubber materials or adhesives 
not by the buckling load. It will be necessary to pay more attention to and 
to place an emphasis on the improvement of those chemical materials and 
manufacturing process than in the past. The performance of the device will 
be improved further more by inventing the high performance adhesives and 
rubber materials. 

9799-57, Session 11A

A dimensionless model of impact 
piezoelectric energy harvesting with 
dissipation
Xinlei Fu, Wei-Hsin Liao, The Chinese Univ. of Hong Kong 
(Hong Kong, China)

Impact piezoelectric energy harvesting could overcome the frequency 
matching problem and achieve broadband performance due to its 
inherent nonlinearity. However, the dissipation mechanism of impact 
piezoelectric energy harvesting has not been investigated so far. There is no 
comprehensive model to be able to analyze the impact piezoelectric energy 
harvesting thoroughly. The aim of this research is to develop a generalized 
model that considers dissipation mechanism of impact piezoelectric energy 
harvesting.

In this paper, the electromechanical model based on extended Hamilton’s 
principle is applied to a piezoelectric beam. The Hertzian contact theory 
and hybrid nonlinear impact dissipation model is introduced to describe the 
dynamics of contact region where mass impacts the piezoelectric beam. We 
then nondimensionalize the developed model and define five dimensionless 
parameters with attributed physical meanings, including parameters of 
impact dissipation, mass matching, structural damping, electromechanical 
coupling, and electrical load dissipation. 

The model is solved numerically for a wide range of parameter values. 
The force-indentation curve shows that higher hybrid nonlinear impact 
dissipation coefficient causes the contact force more nonsymmetrical and 
more energy dissipated. One major finding is that the impact dissipation 
greatly dominates the impact dynamics and thus could be used as a 
key parameter in optimization. These findings provide us with better 
understanding on impact piezoelectric energy harvesting.

9799-58, Session 11A

Dynamics of energy harvesting backpack 
with human being interaction
Yue Yuan, Lei Zuo, Virginia Polytechnic Institute and State 
Univ. (United States)

In last ten years, a lot of researchers have begun to look into obtaining 
electricity from movement between a human and backpack that occurs 
during walking. In this paper, an innovative elastically-suspended 
backpack with mechanical motion rectifier (MMR) based energy harvester 
is developed to generate electricity with high efficiency and reliability. 
Unlike full backpack frame energy harvesters, commonly used by other 
researchers, we developed an energy harvester approximately a third of the 
size, which will remarkably reduce the mass and the size of the harvester. 
It is easy to assemble and modify, and suitable for different types of 
backpacks, even a one-strap backpack. 

A five degree of freedom model is proposed to study this system. The 
purpose of this model is to examine the effect of elastically suspended loads 
on human peak forces and human metabolic cost, and to make the impacts 
of the parameters more clear to be analyzed.

This model shows that the peak forces and human metabolic cost during 
walking are reduced compared to rigid - attached backpack. Moreover, the 
tradeoff relation between harvester power and human energy consumption 
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is formulated based on this model, and the effects of various damping 
coefficients and spring stiffnesses of energy harvester on human energy 
consumption is discussed.

9799-59, Session 11A

Optimization of vibratory energy 
harvesters with stochastic parametric 
uncertainty
Ashkan Haji Hosseinloo, Konstantin Turitsyn, 
Massachusetts Institute of Technology (United States)

Vibration energy harvesting has been shown as a promising power source 
for many small-scale applications mainly because of the considerable 
reduction in the energy consumption of the electronics and scalability 
issues of the conventional batteries. However, energy harvesters may not 
be as robust as the conventional batteries and could drastically deteriorate 
in performance in the presence of uncertainty in their parameters. 
Uncertainty in parameters is almost inevitable with any physical device 
mainly due to manufacturing tolerances, defects, and environmental 
effects such as temperature and humidity. Hence, uncertainty propagation 
analysis and optimization under uncertainty seem indispensable with any 
energy harvester design. The very few studies in the context of energy 
harvesting addressing parametric uncertainties, have focused on the effect 
of uncertainty on the average power (ensemble average over uncertain 
parameters); however, in many applications the minimum (worst-case) 
power statistics is equally or more important than its average and hence 
it is the focus of this study. In this paper we study the effect of parametric 
uncertainty in natural frequency, load resistance, and electromechanical 
coupling coefficient of a linear piezoelectric energy harvester on its worst-
case power for different confidence levels under both harmonic and wide-
band random excitation. Then for a given confidence level, we optimize 
the system parameters under uncertainty to maximize the worst-case 
power of the harvester. Optimization is done over deterministic and mean 
values of random parameters. The results show that there is a significant 
improvement in the worst-case power of thus designed harvester compared 
to that of a deterministically-optimized harvester.

9799-60, Session 11A

A new energy harvester based on a 
piezoelectric beam with exponential 
thickness variation
Sohrab Mirzaabedini, Haifeng Zhang, Univ. of North Texas 
(United States)

Smart materials, especially piezoelectric material have been promising for 
energy harvesting application for many years. The most popular structure 
is a cantilever beam with piezoelectric patches attached on it (bimorph or 
unimorph). However, many engineering structures have irregular shape such 
as a bridge structure with variable cross section which renders the common 
design of piezoelectric energy harvester inapplicable. In this paper, we have 
designed a new piezoelectric energy harvester with exponential thickness 
variation. After carefully determining the new neutral axis, we analyzed the 
production of energy from the flexural vibrations of the beam subject to 
external excitations. Moreover, the dependence of output power density 
versus the geometrical shape of the beam is analyzed and compared with 
an ordinary beam. Furthermore, it is shown that as beam thickness decrease 
exponentially, the power output actually has been improved compared with 
the traditional piezoelectric energy harvester with a constant thickness. In 
the end, our analytical results are compared with simulation of the tapered 
exponential piezoelectric beam by finite element modeling.

9799-61, Session 11A

Predicting long-term energy harvesting 
performance of piezoelectric transducers 
subject to degradation and failure
Adam M. Wickenheiser, Varun G. M. Gandhi, The George 
Washington Univ. (United States)

Energy harvesting has been touted as a means to increase the working 
lifetime of wireless devices beyond the capacity of their on-board batteries. 
Vibration-based energy harvesters convert ambient motion into electricity, 
reducing the frequency of battery replacement for these systems. To be a 
viable complement to batteries, however, energy harvesters must perform 
adequately for long durations. In particular, transducers are subjected to 
large strains in order to harvest greater power, potentially shortening their 
lifetimes. Furthermore, previous piezoelectric material characterization 
studies have shown degradation in electromechanical coupling, capacitance, 
stiffness, and quality factor under long-term cyclical loading. These 
non-ideal factors increase the complexity of designing systems around 
these materials and may result in overestimating their performance. This 
work aims to characterize, at the device level, the performance of energy 
harvesters whose transducers are subject to degradation and failure. Three 
common architectures are considered: 1) linear, resonant devices, 2) multi-
stable structures featuring inter-well jumps, and 3) frequency up-conversion 
techniques that periodically pluck the transducer and excite a free 
response. Through simulation, ideal behavior with fixed material properties 
is compared to more realistic behavior with time-varying, degrading 
properties. The tradeoffs among average power, system lifetime, and total 
energy harvested are discussed. Using logarithmic degradation and power 
fatigue failure laws, the expected performance is estimated in closed-form 
and compared to Monte Carlo simulations. Additionally, the reliability, 
defined as the complement to the probability of sudden failure, is estimated 
using published yield strengths of the materials involved. As a result of 
these studies, guidelines for designing energy harvesting systems to meet 
the lifecycle demands of applications are presented.

9799-62, Session 11A

An efficient low frequency horizontal 
diamagnetic levitation mechanism based 
vibration energy harvester
Sri Vikram Palagummi, Fuh-Gwo Yuan, North Carolina 
State Univ. (United States)

This article identifies and studies the parameters that characterize a 
horizontal diamagnetic levitation (HDL) mechanism for use as a vibration 
energy harvester. The HDL mechanism comprises of three permanent 
magnets and two diamagnetic plates. Two of the magnets, aka lifting 
magnets, are placed co-axially at a distance such that each attracts a 
magnet, aka floating magnet, placed in between them such that their 
attractive force balances its weight. This floating magnet is flanked closely 
by two diamagnetic plates which are introduced to stabilize the levitation 
in the axial direction. The influence of the geometry of the floating magnet, 
the lifting magnet and the diamagnetic plate are parametrically studied 
to quantify their effects on the size of the mechanism, the stability of 
the levitation and the resonant frequency of the floating magnet. For 
vibration energy harvesting using the HDL mechanism, a coil geometry 
and eddy current damping are critically assessed. Based on the analysis, 
an efficient experimental system is setup which demonstrated a softening 
type frequency response with a system average efficiency of 25.8 %, a root 
mean square (RMS) power output of 9.47 µW when excited at an RMS 
acceleration of 0.0546 m/s2 and at frequency of 1.9 Hz.
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9799-63, Session 11A

A multiple degree of freedom modeling 
approach of piezoelectret foam in a 
multilayer stack configuration
Edward C. Tefft IV, Rielly G. Newton, Steven R. Anton, 
Tennessee Technological Univ. (United States)

As electronic devices become both ubiquitous and more energy efficient, 
powering them with energy harvested from, for example, piezoelectric 
materials has become a subject of much interest. The field does indeed 
show promise, as harvesting energy from smart materials has the potential 
to replace batteries completely in some low-power applications. This 
paper presents modeling of piezoelectret foam assembled in a multilayer 
stack configuration, with the required adhesives and conductors, as a 
multiple degree of freedom (MDOF) system. The benefits of using the 
foam over some piezoceramics include its flexibility, its weight, and its 
lead-free composition. This model predicts the mechanical response to a 
low frequency base excitation for any number of layers of piezoelectret 
foam and may help more accurately assess the material’s performance. The 
study builds upon previous work which modeled the piezoelectret stack 
as a single degree of freedom (SDOF) system. The results from this study 
are compared both to experimental data and calculations from previous 
models. A parametric study is also performed on the model to determine 
the optimal configuration of the piezoelectret stack with respect to variation 
in the piezoelectric constants of the foam and the properties of the bonding 
layers.

9799-64, Session 11A

A comparative study on the self-powered 
mechatronic and electronic synchronized 
switch interfaces for piezoelectric energy 
harvesting systems
Haili Liu, ShanghaiTech Univ. (China) and Stony Brook 
Univ. (United States); Cong Ge, Junrui Liang, ShanghaiTech 
Univ. (China); Ya S. Wang, Stony Brook Univ. (United 
States)

By scavenging the vibration energy from our ambience, the piezoelectric 
energy harvesting (PEH) technology provides one of the most promising 
solutions towards the everlasting power supplies for distributed wireless 
sensors. Given the capacitive characteristics of the piezoelectric devices, 
synchronized switch interface circuits, such as the synchronized switch 
harvesting on inductor (SSHI), have been developed towards the harvested 
power enhancement. The self-powered sensing and control issue is essential 
for implementing these circuit innovations in practical applications. This 
paper provides a comparative study on the recently proposed mechatronic 
and the existing electronic self-powered SSHI solutions, with an emphasis 
on their individual advantages and constraints. One of the electronic self-
powered SSHI prototyped circuits is shown in Figure 1(d). It was realized 
with three constitutive building blocks, i.e. peak detector, comparator, 
and electronic switch. The implementation with practical semiconductors 
has introduced some unavoidable energy losses, voltage threshold, and 
switching phase lag to the SSHI, which might counteract its advantage. 
On the other hand, the mechatronic self-powered SSHI design, as shown 
in Figure 1(a)-(c) uses a mechanical single-pole double-throw switch 
to simultaneously perform the sensing and switching functions. It can 
reduce the switching threshold and energy losses. Yet, the mechanical 
design, e.g., distance between the pole and throw will introduce other 
working constraints. In order to provide a selection guide of these self-
powered solutions for practical applications, the superior ranges of these 
two solutions are thoroughly investigated. Experimental results verify the 
theoretical analyses of their performance difference, in terms of harvested 
power under different vibration frequency and strength.

9799-65, Session 11B

Shape control of piezolaminated beams for 
optimal location of piezoelectric actuator 
and sensor
Rajan Wankhade, Government College of Engineering, 
Karad (India); Kamalkishor Bajoria, Indian Institute of 
Technology Bombay (India)

Shape control of smart structures in structural applications gained much 
attraction due to their ability of actuation and sensing. The response of 
structure in bending, vibration and buckling can be controlled by the use 
of this property. In the present work shape control of smart piezolaminated 
beams is presented. For this purpose optimal locations of piezoelectric 
patches are found out and then analysis is performed using finite element 
modeling considering higher order shear deformation theory. It is desirable 
to provide piezoelectric patches on optimal locations of the beam to obtain 
proper response. Electromechanical loading is considered in the finite 
element formulation for the analysis purpose. Results are provided for 
beams with different boundary conditions and loading. 

9799-66, Session 11B

Comparison of passive inductor designs 
for piezoelectric shunt damping
Boris Lossouarn, Olivier Thierry, Mathieu Aucejo, Jean-
François Deü, Conservatoire National des Arts et Métiers 
(France)

Considering piezoelectric damping, a resonant shunt can lead to a 
significant vibration reduction when tuned to the mechanical mode to 
control. However, limits appear when looking at practical applications in 
a low frequency range: the required inductance is often too high to be 
implemented with standard passive components. Moreover, even if the 
inductance is eventually available, the internal resistance of the component 
generally exceeds the value which is required for a shunt optimization. 
This explains why most of the experimental validations involving resonant 
shunts are performed with synthetic inductors. The use of those active 
circuits pushes back the limits of physical inductors but it questions the 
implementation of a purely passive resonant shunt damping. 

Suitable inductors are yet available for such applications requiring high 
inductance and low resistance values. Indeed, the permeance of a magnetic 
circuit can be significantly increased by the use of closed cores made 
of high permeability materials. Three designs are then described and 
compared: an inductor from standard series and two handmade inductors 
involving a ferrite core and a nanocrystalline toroid. The components are 
successively integrated into a piezoelectric shunt dedicated to the control 
of a cantilever beam. Depending on the frequency of the target mechanical 
mode, the benefits and the limits of the different inductors are observed. It 
is shown that custom designs can definitely extend to lower frequency the 
application of the passive resonant shunt strategy.

9799-67, Session 11B

The effect of delayed feedback control 
on amplitude and vobration suppression 
bandwidth of saturation control
Yanying Zhao, Jia Yin, Nanchang Hangkong Univ. (China)

In the present paper, the delayed feedback control is applied to suppress 
the amplitude of a steel beam. The approximate analytical solutions are 
obtained when the primary external resonance and 1:2 internal resonance 
occur simultaneously. The effects of amplitude of excitation, damping 
coefficients, nonlinear feedback coefficients and detuning parameter 
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of internal resonance on saturation control are investigated. The results 
show that the frequency bandwidth of saturation control can be widened 
by increasing the amplitude of external excitation. The amplitude of the 
controller can be suppressed by increasing the gain of nonlinear control 
signal when the system is in the saturation control state. As the gain of 
nonlinear feedback control increases, the amplitude of the beam decreases 
and the frequency bandwidth of saturation control increases. The amplitude 
of controller can be suppressed by increasing the damping coefficient of 
beam when the system is in the saturation control state. The amplitude 
of the beam can be suppressed and the frequency bandwidth can be 
widened by decreasing the damping coefficient of the controller. As the 
detuning parameter of internal resonance varies, the frequency bandwidth 
of saturation control drifts. The amplitude of the beam of saturation control 
is much larger than its amplitude of non-saturation control. The delayed 
feedback control can be employed to suppress the amplitude of the beam 
when it is in the saturation control state. The results show that there is a 
tunable range of delay could be used to suppress the amplitude of the beam 
for a fixed value of the gain. The amplitude of the beam can be suppressed 
to a minimum value when the gain and the delay of the delayed feedback 
control are chosen appropriate values. 

9799-68, Session 11B

Design of a stand-alone active damper for 
distributed control of vibration
Simone Cinquemani, Gabriele Cazzulani, Andrea Costa, 
Ferruccio Resta, Politecnico di Milano (Italy)

The aim of active vibration control is to enhance the performance of a 
system (eg. comfort, fatigue life, etc.) by limiting vibrations. One of the most 
effective technique to reach this goal is to increase the equivalent damping 
of the system and then the dissipation of the kinetic energy (the so called 
skyhook damping technique).

Application of active vibration control often require a complex setup. When 
large structures are considered, it is often necessary to have a high number 
of sensors and actuators, suitably cabled, in addition to all the devices 
necessary to condition and amplify the signals of measurement and control 
and to execute in real time the control algorithms synthesized. This work 
arises from the need to simplify this situation, developing a stand-alone 
device that is able of carrying out operations of vibration control in an 
autonomous way, thus containing in itself an actuator, the sensors needed 
to evaluate the vibratory state of the structure, and a micro-controller 
embedding different control algorithm. 

The design of the smart damper covers many aspects and requires a strong 
integration of different disciplines. A prototype has been realized and tested 
on a vibrating structure. The experimental results show good performance in 
suppress vibration.

9799-69, Session 11B

Optimal layout of piezo patches and 
control circuit parameters for vibration 
damping of a bounded beam using 
switching control
Francesco Braghin, Gabriele Cazzulani, Politecnico di 
Milano (Italy)

Self-powered switching control has been proved to be very effective for 
vibration damping in case you are not able to power up a fully active system 
and/or you have stringent requirements from an added weight point of view. 
However, the capability of harvesting the required energy for switching as 
well as the authority of the piezo actuator are greatly influenced by the 
actual position of the patches along the beam as well as by the effectiveness 
of the boundary conditions. In fact, the support of the beam may itself be 
deformable, thus greatly influencing the optimal position of the patches. 

In the present paper, a general methodology for positioning and sizing of 
the piezo patches in presence of uncertain boundary conditions is presented 
with the aim of optimizing the overall damping performances. It should be 
noted that this uncertainty also influences the switching circuit parameters. 
An adaptivity criterion is therefore proposed also for the circuit parameters.

9799-70, Session 11B

Incorporating a disturbance observer with 
direct velocity feedback for control of 
human-induced vibrations
Donald S. Nyawako, Univ. of Exeter (United Kingdom); Paul 
Reynolds, Univ. of Exeter (United Kingdom) and Full Scale 
Dynamics Ltd. (United Kingdom); Emma J. Hudson, Univ. 
of Exeter (United Kingdom)

Feedback control strategies are commonly used for disturbance rejection of 
human-induced vibrations in civil engineering structures as human walking 
forces cannot easily be measured. In relation to human-induced vibration 
studies, most past researches have focused on floors and footbridges and 
the widely used linear controller implemented in several trials has been the 
direct velocity feedback (DVF) scheme. With appropriate compensation to 
enhance its robustness, it has been effective at damping out the problematic 
modes of vibration of the structures in which the active vibration control 
systems have been implemented and thereby enhancing their vibration 
serviceability performance. 

The work presented here introduces a disturbance observer that is used 
with an outer-loop DVF controller. It demonstrates the potential of further 
enhancing the vibration mitigation performance offered by an independent 
DVF feedback controller whilst offering desirable stability margins. The 
controlled responses from analytical studies of a synthesized walking 
excitation input on a laboratory structure model demonstrate that inclusion 
of the disturbance observer with an outer loop DVF has potential to improve 
on the vibration mitigation performance by about 5-10%.

9799-71, Session 11B

State switching in regions of high modal 
density
Garrett K. Lopp, Jeffrey L. Kauffman, Univ. of Central 
Florida (United States)

Performance of piezoelectric-based, semi-active vibration reduction 
approaches has been studied extensively in the past decade. Originally 
analyzed with single degree of freedom systems, these approaches 
have been extended to multi-mode vibration reduction. However, the 
accompanying analysis typically assumes well-separated modes, which is 
often not the case for plate structures. Because the semi-active approaches 
induce a shift in the structural resonance frequency (at least temporarily), 
targeting a specific mode for vibration reduction can actually lead to 
additional vibration in an adjacent mode. This paper presents an analysis 
using a simplified model of a two degree of freedom mass-spring-damper 
system with lightly-coupled masses to achieve two closely-spaced modes. 
This investigation is especially applicable to the resonance frequency 
detuning approach previously proposed to reduce vibrations caused by 
transient excitation in turbomachinery blades where regions of high modal 
density exist. More generally, this paper addresses these effects of stiffness 
state switches in frequency ranges with high modal density.
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9799-72, Session 11B

Control of vibration in smart structures 
via consensus modified positive position 
feedback technique
S. Nima Mahmoodi, Ehsan Omidi, The Univ. of Alabama 
(United States)

In this paper, the new vibration control methodology of Consensus Modified 
Positive Position Feedback (CMPPF) is proposed. The CMPPF is based on 
decentralized control design, where each collocated actuation/sensing patch 
of the smart structure is enhanced by a modified form of positive position 
feedback compensator. These agents collaborate with one another in a 
pre-defined network, and a consensus control law is defined to remove the 
disagreement between the agents. Multi-agent system model is described 
first, and then an optimal observer is designed to provide the required 
estimation of structure’s state variables. The controller model is developed 
next, stability of the closed-loop system is investigated, and the optimality 
conditions of the system are derived. Although the designed vibration 
controller can be implemented for suppression task in different distributed 
parameter systems, a flexible clamped-clamped beam is used here for 
equation derivation and numerical performance verification. Collocated 
actuator/sensor patches are attached along the surface of the structure, 
and each of them is connected to a control unit. Control units consist of a 
second-order compensator paralleled with a first-order lossy integrator. 
The first-order compensator increases the closed-loop system damping, 
and reduces the negative effects of vibration suppression using positive 
feedback method. In cases that multi-mode vibration control is required, 
parallel sets of these compensators are implemented. Consensus control 
technique has many advantages in comparison with the centralized control 
method. One of the most important advantages of this control method is 
increased robustness to failure in some of the control system elements, as 
the consensus controller compensates for the loss using the communication 
between the control agents. Additionally, the first order compensator that 
is used in the CMPPF makes the controller suitable for vibration control 
against non-resonant excitation, in a wider frequency bandwidth.

9799-73, Session 12A

Power harvesting from vertically aligned 
PZT nanowire arrays
Mohammad H. Malakooti, Univ. of Michigan (United 
States); Zhi Zhou, Univ. of Florida (United States); Henry A. 
Sodano, Univ. of Michigan (United States)

In this paper, a nanostructured piezoelectric beam is fabricated using 
vertically aligned lead zirconate titanate (PZT) nanowire arrays and its 
capability of continuous power generation is exhibited through direct 
vibration tests. The lead zirconate titanate nanowires are directly grown on 
a PZT thin film coated titanium foil using a hydrothermal reaction. The PZT 
thin film serves as a nucleation site while the titanium foil is used as the 
bottom electrode. Electromechanical frequency response function (FRF) 
analysis is performed to evaluate the power harvesting efficiency of the 
fabricated device. To investigate the role of nanowires, a beam composed of 
PZT thick film is fabricated as reference. The device consist of PZT nanowire 
arrays exhibits enhanced piezoelectric energy harvesting capability 
compared to a device composed of only PZT thick film. The feasibility 
of the continuous power generation using the nanostructured beam is 
demonstrated through measuring output voltage from PZT nanowires when 
beam is subjected to a sinusoidal base excitation. In addition, the AC power 
from harmonic motion of the device is determined by impedance matching 
at the first natural frequency of the fabricated device. The results suggest 
the application of synthesized piezoelectric nanowire arrays for power 
generation at nanoscale.

9799-74, Session 12A

Light-guiding dynamic 3D self-organized 
liquid crystal nanostructures
Quan Li, Liquid Crystal Institute (United States)

Liquid crystals (LCs) represent a fascinating state of matter which combines 
order and mobility on a molecular and supermolecular level. The unique 
combination of order and mobility results in that LC is typically “soft” and 
responds easily to external stimuli. The responsive nature and diversity of 
LCs provide tremendous opportunities as well as challenges for insights 
in fundamental science, and open the door to various applications. 
Conventional nematic LCs have become the quintessential materials of 
LC displays. With the LC displays ubiquitous in our daily life and annual 
more than $100 billion market, the research and development of LCs are 
moving rapidly beyond display applications and evolving into entirely new 
and fascinating scientific frontiers. In my talk, I will focus on our recent 
research progress on light-guiding dynamic 3D self-organized liquid crystal 
nanostructures.

9799-75, Session 12B

Analysis and testing of an integrated 
semi-active seat suspension for both 
longitudinal and vertical vibration control
Xian-Xu Bai, Peng Jiang, Hui Pan, Li-Jun Qian, Hefei Univ. 
of Technology (China)

In this paper, an integrated semi-active seat suspension for both longitudinal 
and vertical vibration control is designed, manufactured and tested. The 
seat suspension consists of a switching mechanism transforming both 
longitudinal and vertical motions into a rotary motion and a real-time 
controllable-damping system-a rotary magnetorheological (MR) damper 
working in pure shear mode and its corresponding control system. The seat 
suspension employs two parallelogram frames of the switching mechanism 
as a motion guide which keeps the seat moving longitudinally and vertically. 
At the same time, both the longitudinal and vertical vibrations of the seat 
are transformed into a rotary motion by the switching mechanism. The 
rotary motion is thence transmitted to the transmission shaft of the MR 
damper after a degree amplifier realized by a gear mechanism. For the 
principle validation and analyzation, the mathematical model of the seat 
suspension featuring the MR damper is developed and a corresponding 
virtual prototype model is also constructed by the software package 
Adams/View. The prototype of the seat suspension is tested on our 
established experimental test rig. 

9799-76, Session 12B

The impact of boundary conditions and 
fluid velocity on damping for a fluid 
conveying pipe in a viscous fluid
Eric J. Kjolsing, Michael D. Todd, Univ. of California, San 
Diego (United States)

The hydrocarbon industry has expressed interest in developing vibration 
based energy harvesting systems that can be deployed downhole. The 
energy output of such harvesters is highly dependent on the level of 
damping in the supporting structure which, in this case, would drive the 
systems vibrational input. To better understand the nature of this driving 
force, an investigation was undertaken to identify how changing system 
boundary conditions effect damping in a fluid conveying pipe confined by a 
viscous fluid (i.e. a producing hydrocarbon well).

A hydrodynamic forcing term was included in an analytical model based on 
Euler-Bernoulli beam theory. The natural frequencies of the system were 
solved in the frequency domain and the system damping then calculated. 
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The key variables investigated included the rotational boundary springs, the 
velocity of the conveyed fluid, and the viscosity of the annulus fluid.

The results indicate that the rate at which damping changes is dependent 
on all three variables investigated. An example is provided to illustrate how 
error in any of the three variables of interest might impact the systems 
damping ratio. A number of two and three dimensional plots are provided to 
illustrate the complex relationship between the three variables of interest.

9799-77, Session 13A

Figure of merit comparison of PP-based 
electret and PVDF-based piezoelectric 
polymer energy harvesters
Miroslav Mrlik, Tomas Bata Univ. of Zlin (Czech Republic); 
Stephen M. Leadenham, Georgia Institute of Technology 
(United States); Mariam AlMaadeed, Qatar Univ. (Qatar); 
Alper Erturk, Georgia Institute of Technology (United 
States)

Vibration-based energy harvesting using piezoelectric materials has been 
heavily researched over the past decade. Piezoelectric ceramics, e.g. PZT-5A 
and PZT-5H (PZT: lead zirconate titanate), constitute the most commonly 
used electromechanical interface in vibration energy harvesters. There are 
applications in which piezoelectric ceramics cannot be used due to their 
low allowable curvature and brittle nature. Polymer PVDF (polyvinylidene 
fluoride) is the most commonly used non-ceramic soft piezoelectric energy 
harvester material that offers compliance and flexibility at the cost of 
reduced electromechanical coupling. Another type of polymer that has 
received less attention is PP (polypropylene) for electret-based energy 
harvesting using the effective thickness mode (33-mode). Following 
extensive material testing and material characterization for PVDF and PP 
samples, this work presents figure of merit comparison of PP versus PVDF 
for off-resonant energy harvesting in thickness mode operation. Focusing 
on the typical ambient frequency range of less than 100 Hz, thickness 
mode energy harvesting experiments are conducted. A lumped-parameter 
electromechanical model is also developed and experimentally validated. 
It is shown that the figure of merit in off-resonant thickness-mode energy 
harvesting using PVDF-based piezoelectric and PP-based electret energy 
harvesting is effective charge constant squared divided by the permittivity. 
Effective 33-mode charge constants of piezoelectric PVDF and electret 
PP are 19 pC/N and 77 pC/N, respectively, while their permittivities are 110 
pF/m and 10 pF/m. Therefore, this work reveals that the figure of merit in 
PP-based off-resonant thickness mode energy harvesting is two orders of 
magnitude larger than that of PVDF.

9799-78, Session 13A

Electromagnetic energy harvesting from 
nonlinear oscillator of two degree-of-
freedom pendulum
Hongyan Wang, Qiqihar Univ. (China); Jiong Tang, Univ. of 
Connecticut (United States)

This paper presents a type of vibration energy harvester composed 
of an elastic main structure with a two-degree-of-freedom (2-DOF) 
electromagnetic pendulum oscillator. In this study, the elastic main structure 
is considered as a 1-DOF spring-mass-damper system connected to the 
base. The electromagnetic pendulum oscillator is attached to the lumped 
mass of the main structure. It contains a cylinder winded with coil and hosts 
a magnetic mass with spring moving along the axial direction to convert 
base acceleration into power. The proposed vibration energy harvester with 
2-DOF nonlinear electromagnetic pendulum oscillator is expected to achieve 
high voltage outputs at multiple resonant peaks than a common linear 
electromagnetic harvester , owing to its nonlinear dynamic features with 
1:1:2 internal resonances. Theoretical analysis is carried out to demonstrate 
the effect of nonlinear dynamics on the electrical outputs.

9799-79, Session 13A

Pyroelectric energy harvesting with a high 
curie temperature material LiNbO3
Hasanul Karim, MD Rashedul Hasan Sarker, Shaimum 
Shahriar, Mohammad Arif I. Shuvo, Diego I. Delfin, Deidra 
Hodges, Norman Love, Yirong Lin, The Univ. of Texas at El 
Paso (United States)

Energy harvesting has significant potential application in powering up next 
generation sensor and energy storage devices. To date, the most widely 
investigated material for piezoelectric and pyroelectric energy harvesting 
is PZT (Lead Zirconium Titanate). However, Lead has been identified as to 
have detrimental effect to the environment. Hence, alternative materials 
are required to be investigated for this purpose. In this paper, a lead 
free material Lithium Niobate (LNB) is reported as a potential material 
for pyroelectric energy harvesting. Although, it has lower pyroelectric 
properties than PZT, it has better properties than other lead free alternatives 
of PZT such as PVDF and ZnO. In addition, LNB has a high curie point of 
1415K, which makes it suitable for high temperature environment where PZT 
would not be suitable because of its low curie temperature. SEM and XRD 
has been used to characterize the material and a supercapacitor is charged 
using the current generated from LiNbO3 in a alternating heating and 
cooling environment to demonstrate the energy harvesting capability of this 
material.

9799-80, Session 13A

Vibration energy harvesting with 
polyphase AC transducers
James McCullagh, Jeffrey T. Scruggs, Takehiko Asai, Univ. 
of Michigan (United States)

No Abstract Available

9799-81, Session 13B

Variable buoyancy system for unmanned 
multi-domain vehicles
Marc MacLeod, Matthew Bryant, North Carolina State Univ. 
(United States)

This paper will present the system design and dynamic model of an active 
variable buoyancy system (VBS) actuator with applications to unmanned 
multi-domain vehicles. A VBS is responsible for regulating vehicle depth and 
orientation while operating underwater. Multi-domain vehicles have unique 
concept of operations involving air, water, and/or land operations, therefore 
requiring nontraditional VBS designs. Several VBS designs exist in the 
literature, but none of them are concerned with key multi-domain vehicle 
objectives of minimizing VBS weight and volume, loitering the vehicle 
motionless, and enabling extreme pitch angles. 

The presented design consists of a hydraulic pump, a valve network, and 
a gas-filled elastic bladder housed within a rigid ballast tank.Ambient 
surrounding water is the system working fluid and the elastic bladder 
serves to separate the gas – water interface, eliminating the risk of the 
gas escaping regardless of the vehicle’s orientation. The design reflects 
multi-domain vehicle design objectives of high endurance, high stealth, 
and indefinite loitering capabilities. A nonlinear analytical model of the 
VBS will be presented and used to examine the parameter design space 
and the effects on water flow rate, actuation force, and energy efficiency. 
This analysis will also show that the VBS has the benefit of using a smaller, 
denser energy storage device than a comparable buoyancy system that uses 
consumable compressed air. Furthermore, the actuator’s water pump can 
also be readily used to power other fluidic actuators on the vehicle. A proof-
of-concept demonstration vehicle will also be presented, which has shown 
successful depth and pitch regulation.
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9799-82, Session 13B

High-fidelity simulation and reduced-
order modelling of integrally-actuated 
membrane wings with feedback control
Stefano Buoso, Rafael Palacios, Imperial College London 
(United Kingdom)

This work is a numerical investigation on the performance of integrally 
actuated two-dimensional membrane wings made with dielectric 
elastomers. A high-fidelity model based on the direct numerical integration 
of the unsteady Navier-Stokes equations is coupled with a geometrically 
non-linear structural model. The rate-dependent constitutive law for the 
DE is based on a non-linear formulation which has been validated against 
experimental data. Numerical simulations of the dynamics of the actuated 
membrane, in good agreement with experimental observations, show 
that integral actuation offers enough authority in the control of the wing 
aerodynamic performance. Dielectric elastomers can then be used as 
embedded actuators, coupling the advantages of passive membranes with a 
simple and lightweight control mechanism. 

A simple feedback controller, designed using a reduced order model 
of the system based on the Proper Orthogonal Decomposition, is then 
implemented in the high-fidelity model and used for the rejection of flow 
disturbances. The low order description of the actuated system has shown 
a good agreement with the full model, and can be used for a preliminary 
design of control scheme of the wing. Results show that the wing 
aerodynamic performance is noticeably enhanced through the actuation as 
the disturbances on the lift in case of gusts can be reduced up to 60%. 

9799-83, Session 13B

Lessons learned from wind tunnel testing 
of a droop-nose morphing wingtip
Srinivas Vasista, Johannes Riemenschneider, Bram van 
de Kamp, Hans Peter Monner, Deutsches Zentrum für 
Luft- und Raumfahrt e.V. (Germany); Ronald C. M. Cheung, 
Christopher Wales, Jonathan E. Cooper, Univ. of Bristol 
(United Kingdom)

Morphing structures have the potential to save fuel and reduce harmful 
emissions in aircraft applications and a highly integrated design is required 
for its success. A droop-nose morphing wingtip of a regional jetliner 
featuring a flexible composite skin and internal smart superelastic compliant 
mechanisms was successfully designed, manufactured and wind tunnel 
tested as part of the EU project NOVEMOR. It was anticipated that the 
drooping device (target deflection 2°) could save fuel by reducing drag and 
improving aeroelastic characteristics of the aircraft. The design followed 
a multidisciplinary sequential chain which sought to integrate the various 
components such as the skin, substructure and actuators. The structural 
design was largely achieved through optimization software tools, including a 
tool to optimize the layup and stringer positioning of the fiberglass skin and 
a topology optimization tool for the design of compliant mechanisms.

Wind tunnel testing was performed to evaluate the morphing structure’s 
ability to hold shape under loads and to assess the design chain under 
which it was produced. Strains and pressures were measured from which 
the assessments would be inferred. The results show that the structure 
is capable of handling the aerodynamic loads though they also show 
that there is a high imbalance of stiffness between the skin and inboard 
compliant mechanism.

By undertaking this work, many insights into the design chain were 
identified, including the need for greater integration of the components 
and other optimization problem formulations with input/stored energy as 
a possible objective function. Nonetheless, the developments in complex 
three-dimensional skin lay-up design and manufacture and the identification 
of superelastic materials as highly suitable materials in morphing design 
are beneficial outcomes which when used in conjunction with the enhanced 

design chain and optimization problems may lead to more capable 
morphing structures.

9799-84, Session 13B

Variable stiffness sandwich panels using 
electrostatic interlocking core
Callum J. C. Heath, Ian P. Bond, Kevin D. Potter, Univ. of 
Bristol (United Kingdom)

Electrostatic adhesive technology has the potential to add significant 
value added functionality to Fibre Reinforced Polymer (FRP) structures. 
Electrostatic adhesion technology uses high voltage (~2 kVDC) electrodes 
to provide a strong reversible holding force. Thoughtful integration of these 
electrodes within a host structure could allow for close control of the load 
path through the structure. Such control could easily allow for rapid changes 
in structural topology, and thus the flexural stiffness of a beam structure, 
and more complex configurations could allow for greater variation in the 
mechanical behaviour of the structure. The core material of FRP sandwich 
structures provides significant potential for more intricate integration of 
electrostatic adhesive devices. The level of electrostatic holding force 
across the electrode interface is key to the achievable level of stiffness 
modulation. The use of interlocking core structures allows for a significant 
increase in electrode contact area for a given core geometry, thus a greater 
electrostatic holding force. Interlocking core geometries based on cosine 
waves can be Computer Numerical Control (CNC) machined from Rohacell 
IGF-110 foam core, onto which thin film electrodes can be attached. Through 
the enhanced stiffness modulation capability, this novel core manipulation 
concept opens up new potential applications of this technology for 
structural performance enhancement. 

9799-85, Session 14A

Piezoelectric energy harvesting of SMA-
epoxy composites
Qingqing Lu, Jian Sun, Liwu Liu, Yanju Liu, Jinsong Leng, 
Harbin Institute of Technology (China)

Piezoelectric energy harvesting technologies provide effective measures 
for the energy supply of wireless sensor network. A traditional piezoelectric 
vibration energy harvester sustains the limit of narrow working bandwidth, 
and if the excitation frequency of energy harvesters deviated from the 
resonance frequency, the effectiveness of energy harvesters will decrease 
sharply. In this paper, shape memory alloy (SMA) reinforced epoxy 
composites was designed as the cantilever beam of energy harvester. The 
effect of varying stiffness of SMA wires was used to adjust the resonance 
frequency of the energy harvesting system. A mechanical model based on 
Euler-Bernouli Beam Theory and stiffness of fiber-reinforced composites 
was established in this study. The stiffness behavior of SMA-epoxy under 
different temperatures was discussed through simulation and experimental 
test. Through the thermal-vibration experiments, the energy harvesting 
behavior was analyzed and the frequency response was also discussed.

9799-86, Session 14A

Nonlinear dynamics of magnetically 
coupled beams for multi-modal vibration 
energy harvesting
Issam Abed, FEMTO-ST (France) and Univ. Tunis El Manar 
(Tunisia); Najib Kacem, Noureddine Bouhaddi, FEMTO-ST 
(France); Mohamed Lamjed Bouazizi, Preparatory Institute 
for Engineering Nabeul (Tunisia) and Prince Sattam Bin 
Abdulaziz Univ. (Saudi Arabia)
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We investigate the nonlinear dynamics of magnetically coupled beams 
for multi-modal vibration energy harvesting. A multiphysics model for the 
proposed device is developed taking into account geometric and magnetic 
nonlinearities. The coupled nonlinear equations of motion are solved using 
the Galerkin discretization coupled with the harmonic balance method 
and the asymptotic numerical method. Several numerical simulations have 
been performed showing that the expected performances of the proposed 
vibration energy harvester are significantly promising with up to 130% 
in term of bandwidth and up to 60 ?Wcm-3g-3 in term of normalized 
harvested power.

9799-87, Session 14A

Nonlinear modeling of MEMS piezoelectric 
energy harvesters
Yi-Chung Shu, T. W. Huang, Y. C. Wang, Sun Chiu Lin, Wen-
Jong Wu, National Taiwan Univ. (Taiwan)

This talk presents the modeling of nonlinear response of MEMS piezoelectric 
energy harvesters with comparison to experiment. The micro-transducer 
is a composite cantilever beam with the PZT thick film deposited on the 
stainless-steel substrate. As the attached proof mass is sufficiently large 
for lowering the resonance of the micro-transducer, large deformation of 
cantilever beam under high levels of excitation is inevitable. Hence, the 
model is developed based on the Euler-Bernoulli beam theory considering 
geometric nonlinearity, and the reduced formulation is derived based on 
the Hamiltonian variational principle with Rayleigh-Ritz approximation. The 
harmonic balance method is used to determine the nonlinear frequency 
response under various magnitudes of excitation and electric loads. This 
approach is validated numerically by transforming the nonlinear differential 
equations to the equivalent system-level circuits (including integrators 
and gain stages). The hardening type of nonlinearity is predicted and 
qualitatively agrees with experiment. On the other hand, the softening 
frequency response is also observed in other samples with different 
substrate materials and sizes. Such disagreement is currently under 
investigation. 

9799-88, Session 14A

Improved nonlinear energy harvester with 
optimized magnetic force
Wei Deng, Ya S. Wang, Stony Brook Univ. (United States)

Vibrational energy is one of the most common ambient energy source 
that could be harvested to power remote microsystems and one proposed 
vibration-to-electricity conversion method is piezoelectricity [1], which has 
been widely studied, both theoretically and experimentally [2-4]. Since the 
energy spectra of the available vibration are commonly spread in a wide 
frequency range, the performance of linear energy harvester is limited by 
its narrowband response. One popular way to ad-dress this is introducing a 
nonlinear magnetic force to the piezoelectric beam. Two typically designs 
have been reported so far: 1) the nonlinear energy harvester has non-ferroic 
beam with tip magnets and external magnets [5, 6]; 2) the nonlinear 
energy harvester has ferroic beam with external magnets [7]. However, 
the main drawback of those two designs is that they are unable to give an 
arbitrary magnetic force–deflection curve for output optimization study. 
Though, a cubic term is usually added to account for the nonlinearity of 
magnetic force, it is not necessary the optimal magnetic force. Our previous 
experimental results show that the amplitude of the magnetic force and 
force-deflection curve are essential to the nonlinear energy harvester. We 
proposed a nonlinear energy harvester with two different external magnets 
arrays, shown Fig.1. The experimental results at different distance between 
tip magnets and external magnets are presented in Fig.2 and 3. Significant 
difference can be seen and therefore it is of great importance to find 
optimal magnetic force for the nonlinear energy harvester.

In this paper, we report a novel nonlinear energy harvester that has a 
piezoelectric beam subject to magnetic force between tip magnet and 

external ferroic plate. The shape curve of the ferroic plate is designed 
to optimize the magnetic force in order to make the proposed nonlinear 
energy harvester have large well distance but small well depth, which offers 
a high energy orbit and thus large-amplitude motion. 

9799-89, Session 14A

Exploiting material softening in hard PZTs 
for resonant bandwidth enhancement
Stephen M. Leadenham, Adriane Moura, Alper Erturk, 
Georgia Institute of Technology (United States)

Intentionally designed nonlinearities have been employed by several 
research groups to enhance the frequency bandwidth of vibration energy 
harvesters. Typically the backbone curve of nonlinear resonance that 
is associated with increased excitation intensity enables the desired 
bandwidth amplification. Another type of nonlinear resonance behavior 
emerges from the piezoelectric constitutive behavior for high excitation 
levels and is manifested in the form of softening stiffness. Nonlinear material 
softening and dissipative effects of soft piezoelectric cantilevers, such as 
PZT-5A and PZT-5H, come into picture with increased excitation amplitude. 
However, as a result of low mechanical quality factor in soft PZTs, it is not 
possible to exploit the material softening for bandwidth enhancement. On 
the other hand, hard PZTs, such as PZT-4 and PZT-8 have high mechanical 
quality factors. Therefore internal material softening in these piezoelectric 
materials offers the possibility of bandwidth enhancement without 
introducing any external nonlinear effects. This paper explores the potential 
for wideband energy harvesting using hard PZTs by directly exploiting their 
material softening. Resistor sweep experiments are conducted for a range 
of excitation levels up to the structural failure of a PZT-8 bimorph to identify 
the maximum bandwidth enhancement. A nonlinear non-conservative 
electromechanical model is also developed and experimentally validated

9799-90, Session 14B

Robustness of a multimodal piezoelectric 
damping involving the electrical analogue 
of a plate
Boris Lossouarn, Conservatoire National des Arts et 
Métiers (France); Kenneth A. Cunefare, Georgia Institute 
of Technology (United States); Mathieu Aucejo, Jean-
François Deü, Conservatoire National des Arts et Métiers 
(France)

The multimodal damping of a mechanical structure can be implemented 
by a coupling to a secondary structure exhibiting similar modal properties. 
A tuned mass damping effect is then observed of several modes 
simultaneously, which can allow vibration reduction over a wide frequency 
range. When considering piezoelectric coupling, the secondary structure is 
actually an electrical network. This network needs to reproduce the modes 
of the mechanical structure, both in the spatial and the frequency domains. 
A suitable periodic topology for such a network is obtained by a finite 
difference formulation of the mechanical equation, followed by a direct 
electromechanical analogy. This procedure is here applied to the Kirchoff-
Love theory in order to find the electrical analogue of a plate. It then 
becomes possible to consider the multimodal damping of a clamped plate 
through an array of interconnected piezoelectric patches.

The passive electrical network is implemented with inductors, transformers 
and the inherent capacitance of the piezoelectric patches. The electrical 
resonances can be simultaneously tuned to several mechanical modes, 
which exhibits a significant multimodal damping. The robustness of the 
strategy is evaluated by looking at the effect of detuning some electrical 
components, and the influence of imperfect mechanical boundary condition. 
At the end, the use of an analogous network appears as an efficient and 
robust solution for the multimodal control of a plate.
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9799-91, Session 14B

Input space-dependent controller for 
multi-hazard mitigation
Liang Cao, Simon Laflamme, Iowa State Univ. of Science 
and Technology (United States)

High-performance control systems (HPCS) are advanced mechanical devices 
and systems capable of high damping performance, ideal for mitigation of 
multi-hazards. The implementation of HPCS within structural systems is still 
in its infancy, because of the complexity in designing a robust closed-loop 
control system that can ensure reliable and high mitigation performance. 
Particular challenges in designing a controller for multi-hazard mitigation 
include: 1) very large uncertainties on dynamic parameters and unknown 
excitations; 2) limited measurements with probabilities of sensor failure; 3) 
immediate performance requirements; and 4) unavailable sets of input-
output during design. To facilitate the implementation of HPCS, we propose 
a new type of controllers with high adaptive capabilities, based on real-time 
identification of an embedding that represents the essential dynamics found 
in the input space, or in the sensors’ measurements. This type of controller is 
termed input-space dependent controllers (ISDC). In this paper, the principle 
of ISDC is presented, their stability and performance derived analytically 
for the case of harmonic inputs, and their performance demonstrated in 
the case of different types of hazards. Results show the promise of this 
new type of controller at mitigating multi-hazards by 1) relying on local and 
limited sensors only; 2) not requiring prior evaluation or training; and 3) 
adapting to systems nonstationarities.

9799-92, Session 14B

Tunable acoustic metamaterial with 
piezoelectric back plate by utilizing 
negative capacitance circuit
Jiawen Xu, Univ. of Connecticut (United States); Guoliang 
Huang, Univ. of Missouri School of Medicine (United 
States); Jiong Tang, Univ. of Connecticut (United States)

Acoustic metamaterials have the potential to be used in various 
applications including noise reduction. A typical Helmholtz resonator based 
metamaterials has band width limitation. In this research we investigate 
a tunable Helmholtz resonator based metamaterial. The unit cell of the 
metamaterial consists of a Helmholtz resonator with the standard rigid back 
plate replaced by a flexible piezoelectric plate. The acoustic impedance 
of the unit cell is adjustable through the electro-mechanical coupling of 
the piezoelectric transducer by utilizing the negative capacitance circuit. 
The electro-mechanical tuning mechanism is examined theoretically and 
experimentally. 

9799-93, Session 14B

Model identification of galfenol 
magnetostrictive actuators for precise 
positioning control
Ashraf Saleem, Mojtaba Ghodsi, Abdullah Ozer, Mostefa 
Mesbah, Sultan Qaboos Univ. (Oman)

Magnetostrictive and galfenol materials are used in manufacturing high 
efficiency miniature actuators. Precise positioning control for such actuators 
can be achieved by simply controlling the input current. However, modeling 
of such actuators is tedious and complicated because of their inherent 
nonlinear behavior[1]. Therefore, there is a need to employ an appropriate 
identification algorithm in order to create a reliable model that can be used 
for positioning control. In this paper, an actuator package that consists of 
galfenol as active element and a magnification mechanism combined with 
a Peltier element or thermoelectric cooler (TEC) is used as a case study. 

Input/output data set from the real system is created using Hardware-
in-the-Loop (HIL) technique. The data is then used to develop linear and 
nonlinear models of dynamic behavior of the actuator. ARMAX and NARX 
identification algorithms are used to estimate the parameters of these 
models. The optimal model, in terms of accuracy and complexity, is then 
selected for experimental validation. Initial simulation and experimental 
results show that linear models can be good candidates for to be used as a 
basis for position control system design. 

[1] Mojtaba Ghodsi, M. Modabberifar, and T. Ueno, Quality factor, static 
and dynamic responses of miniature galfenol actuator at wide range of 
temperature, International Journal of the Physical Science Vol. 6(36), pp 
8150-8150, 2011. 

9799-95, Session 15A

Gauging the feasibility of a downhole 
energy harvesting system through a proof-
of-concept study
Eric J. Kjolsing, Michael D. Todd, Univ. of California, San 
Diego (United States)

Hydrocarbon well operators deploy downhole reservoir monitoring 
equipment in order to optimize hydrocarbon extraction. Alternative 
power sources are sought that could be deployed in these high pressure/
temperature environments and replace or supplement standard power 
sources currently in use. To this end a three phase proof-of-concept study 
was performed to gauge the feasibility of such a device.

Since energy harvesters are highly sensitive to system frequencies, a 
parametric study was performed in the first phase to better understand 
how high uncertainty variables affect the natural frequency of the system. A 
preliminary structural housing design was investigated in the second phase 
to gauge the pressure differential that could be supported given constraints 
imposed by the well geometry. In the last phase a numerical model was 
developed to estimate harvestable energy based on user input forcing 
functions; the model was validated through laboratory experimentation.

The results of the study indicate that a downhole energy harvesting tool 
is feasible under reasonable well operating pressures and depths; the 
numerical model agreed well with experimental results. Future work 
includes (1) obtaining actual downhole vibration data to more accurately 
predict the harvestable energy available and (2) developing a prototype for 
field deployment.

9799-96, Session 15A

Hybrid piezo-pyroelectric effects in 
energy harvesting from pavements with 
ferroelectric materials
Junliang Tao, Jie Hu, The Univ. of Akron (United States); 
Guangxi Wu, Case Western Reserve Univ. (United States)

In the U.S., there are over 4 million miles (6 million km) of roadways and 
more than 250 million registered vehicles. The energy lost in the pavement 
system due to traffic-induced vibration and deformation is enormous. If 
effectively harvested, such energy can serve as an alternative sustainable 
energy source that can be easily integrated to the transportation system. To 
harness the mechanical energy from a pavement, the common approach is 
to utilize a piezoelectric module, which generates electricity when strained. 
The mostly commonly used piezoelectric material is ceramic PZT, which is 
fragile and is not resistant to damage from vehicles and adverse weather. In 
this paper, the potential of PVDF, which is a piezoelectric polymer material, 
is investigated as a potential energy harvester integrated in pavement 
systems. The uniqueness of this study lies in that the electrical response 
of PVDF under coupled mechanical and thermal stimulations are studied. 
It is well known that most piezoelectric materials are also pyroelectric 
materials, which convert temperature change into electricity. However, the 
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potential of PVDF as a hybrid piezo-pyroelectric energy harvester has been 
seldom studied. Through series of well controlled experiments, it is found 
that there exists interesting coupling phenomenon between piezoelectric 
and pyroelectric effects of PVDF: the voltage generated by simultaneous 
mechanical and thermal stimulations is the sum of voltages generated 
by separate stimulations. In addition, an estimation of power generation 
through piezoelectric and pyroelectric effect is conducted. Finally, the 
overall effects of temperature on hybrid piezo-pyroelectric energy 
harvesting are discussed.

9799-97, Session 15A

A review of piezoelectric-based electrical 
energy harvesting methods and devices 
for munitions
Jahangir Rastegar, Dake Feng, Omnitek Partners, LLC 
(United States); Carlos M. Pereira, U.S. Army Armament 
Research, Development and Engineering Ctr. (United 
States)

This article provides a review of the state of the art in piezoelectric-
based electrical energy harvesting methods and devices and their charge 
collection electronics for use in munitions. The review will concentrate 
on devices to harvest energy from the launch and flight environments of 
gun-fired munitions. In particular, this study reviews the various methods 
of utilizing such energy harvesting devices to address power and energy 
requirements of munitions using a systems approach to the management of 
power and energy. 

The Armament Research and Development Center (ARDEC) and their small 
business collaborator (Omnitek Partners, LLC) have been developing energy 
systems that can serve as alternatives to current reserve batteries in certain 
applications in gun-fired munitions. Harvested energy from the launch and 
the flight of gun–launched munitions is used to charge a storage device 
such as a capacitor or an ultra-capacitor. The present work reviews the 
energy harvesting methods and devices developed as part of these as well 
as other research and development efforts. A system approach is presented 
for addressing the problem of powering munitions by coupling of the 
energy harvester output and other sources of electrical energy to achieve 
optimal munitions powering systems. 

The performance of current munitions and the development of future 
munitions are limited by the size and energy constraints of existing power 
sources. The methods of extracting energy from the launch and flight 
environments can be applied to almost all munitions, missiles and rocket 
systems and can strengthen the industrial base for tactical military power 
sources.

9799-98, Session 15A

Opportunities for energy harvesting in 
automobile factories
Elijah I. Adegoke, Robert M. Edwards, Will G. Whittow, 
Loughborough Univ. (United Kingdom); Axel Bindel, 
High Speed Sustainable Manufacturing Institute (United 
Kingdom)

In this paper, the opportunities of energy harvesting at a large scale 
automobile plant for the purpose of powering wireless sensors was 
evaluated. While wireless sensors are used for equipment health monitoring 
as well as asset tracking in the plant, the drawback currently experienced by 
facility and plant managers is the associated cost in replacing the batteries. 
In order to alleviate this financial burden, energy harvesting techniques can 
be used to replace or support battery power and thus create an autonomous 
robust system. Amongst the diverse use cases for energy harvesting 
techniques, this paper focused on characterizing how much power is 
available within the environment of a car factory. In determining the energy 

harvesting system to adopt, it is essential that the environment where the 
device would be placed is evaluated. The outcome of the measurement 
campaign showed that indoor lighting was the dominant source of ambient 
energy at the engine plant. In order to ascertain this result, a demo based 
on the Texas Instruments MSP430 Solar Energy Harvesting Development 
Tool will be used to run the on-board sensors using available indoor light. 
While the measured power density for radio frequency signals was low, it 
was discovered that at some locations within the plant, the mobile station 
transmit had higher peak powers than the base-station transmit. This 
contrasts to results presented in the literature. The machines characterized 
also showed wide frequency spectrum contents with low vibration levels. 

9799-99, Session 15A

Smart nanogrid system for disaster 
mitigation employing deployable 
renewable energy harvesting
Mehrdad N. Ghasemi-Nejhad, Brenden Minei, Reza 
Ghorbani, Univ. of Hawai’i (United States)

This paper explains the development of smart nanogrid system for 
dister mitigation employing deployable renewable energy harvesting, or 
Deployable Disaster Devices (D3), where wind turbines and solar panels are 
developed in modular forms and that can be tied together depending on 
the power needs. The D3 packages/units can be used: (1) as a standalone 
unit in case of a disaster where no source of power is available, (2) for a 
remote location such as a farm, camp site, or desert (3) for a community 
that converts energy usage from fossil fuels to Renewable Energy (RE) 
sources, or (4) in a community system as a source of renewable energy 
for grid-tie operation. In fact the D3 system creates a nano-grid system 
where the users are a family or small community. In addition, depending 
on the need of the community, it can also function as the smart nano-grid 
system. In D3 system, the power is generated through power generation 
devices (such as sized photovoltaic panels and wind turbines) that are 
used: (1) for consumer energy needs, (2) charge storage devices (such as 
batteries, capacitors, etc.), (3) to deliver power to the network when the 
smart D3 nano-grid is tied to the network and when the power generation 
is larger than consumption & storage recharge needs, or (4) to draw power 
from the network when the smart D3 nano-grid is tied to the network and 
when the power generation is less than consumption & storage recharge 
needs. The power generated by the D3 system will be routed through high 
efficiency inverters for proper DC to DC or DC to AC for final use or grid-tie 
operations. The power delivery from the D3 is 220v AC, 110v AC and 12v 
DC, which will provide the proper power for most electrical and electronic 
devices worldwide. The power supply is scalable, using a modular system 
that connects multiple units together. This will be facilitated through devices 
such as external Input-Output or I/O ports. The size of the system can 
be scaled depending on how many accessory units are connected to the 
I/O ports on the primary unit. The primary unit is the brain of the system 
allowing for smart switching and load balancing of power input and smart 
regulation of power output. The D3 system is protected by a ruggedized 
weather proof casing allowing for operation in a variety of extreme 
environments. The D3 will be extremely versatile in power management 
with the smart switching control in the primary unit allowing any generic 
power to be either an input or output of the system. The switchable 
function of the D3 allows for operation in remote areas where off-grid 
power production and management is the only option, or in disaster relief 
applications where there is no operating infrastructure, and power is needed 
to support critical operations. The Smart Nanogrid System will have sensors 
that will sense the environmental conditions for the wind turbines and solar 
panels. These signals will be sent to a control system to send signal to the 
energy harvester actuators to either send the power to the appliances and 
consumer devices or send the power to the batteries and capacitors for 
energy storage if the power is being generated but there are no consumer 
appliances being used, making it a “smart nanogrid renewable energy 
harvesting system.”
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9799-100, Session 15A

The effects of dimensional parameters on 
fatigue life, sensing, and energy harvesting 
of an embedded PZT in a total knee 
replacement
Mohsen Safaei, Steven R. Anton, Tennessee Technological 
Univ. (United States)

Total Knee Replacement (TKR), one of the most common surgeries in the 
United States, is performed when the patient is experiencing significant 
amounts of pain or when knee functionality has become substantially 
degraded. Despite impressive recent developments, only 20% of patients 
are satisfied with the pain reduction after one year. Therefore, structural 
health and performance monitoring would be integral for intraoperative and 
postoperative feedback. In extension of the author’s previous work, a new 
configuration for implementation of piezoelectric transducers in total knee 
replacement bearings is proposed and investigated to attain appropriate 
sensing ability, energy harvesting ability, and fatigue life. Dimensional 
parameters of the PZT material and the polyethylene bearing as well as 
the placement geometry of the PZT transducer within the bearing are 
considered as the most effective parameters on the performance of the 
designed system. The placement geometry of the embedded piezoelectric 
is studied to reach optimized output power and sensing ability. In order to 
develop a self-powered sensor, the amount of energy harvested from tibial 
forces for the mentioned geometry is investigated. Additionally, the effect of 
the embedded transducer on long life durability of the polyethylene bearing 
is studied. In conclusion, the developed model with specific configuration 
is introduced as a basic optimized design for implementation of a PZT 
transducer in total knee arthroplasty to be used as a self-powered sensor to 
provide continuous data on the function of the replaced components.

9799-101, Session 15A

Energy harvesting in pavement from 
passing vehicles with piezoelectric 
composite plate for ice melting
Farjana Faisal, Nan Wu, Univ. of Manitoba (Canada); Kartik 
Kapoor, Pandit Deendayal Petroleum Univ. (India)

An energy harvester in the road pavement made from a piezoelectric 
composite plate is designed and studied to collect energy from the passing 
vehicles for the ice melting aim. Piezoelectric material has the ability 
to produce electric charge on its surface under strain due to external 
loading. Based on this property, a rectangular composite plate harvester is 
developed consisting of piezoelectric material as the coating layer and A514 
steel as the substrate layer to realize the energy harvesting process from 
the variable pressure generated in the road pavement by passing vehicles. 
Based on Westergaards stress model, a numerical model is developed 
to calculate the three dimensional stress distribution in the pavement. 
Numerical simulations are conducted to study the optimization of various 
parameters like depth, thickness of piezoelectric layer, thickness of substrate 
layer, length and width of the plate. By taking in to consideration of the 
maximum stress that can be sustained by both the piezoelectric material 
and also the substrate material, an optimum design of the piezoelectric 
coupled composite plate energy harvester is suggested. It is seen that 
the maximum output power, which can be generated by a single patch of 
0.2m*0.2m *0.0026m dimension with a mid-size vehicle passing at 22.2 
m/s, can reach up to 23.36 W. With the well-designed pavement energy 
harvesters, it is feasible to collect enough energy to rise the temperature of 
the ice with the thickness of 1cm covering a 5m width road by 20 degree 
Celsius within 2.5 hours. This technique provides a convenient solution for 
ice melting on the roads and bridges especially in cold countries. 

9799-102, Session 15B

Investigation on the effect of MR 
elastomer based adaptive tuned vibration 
absorbers on noise transmission through 
circular elastic plates
Masoud Hemmatian, Ramin Sedaghati, Concordia Univ. 
(Canada)

Magnetorheological elastomers (MRE) have been effectively used in 
adaptive tuned vibration absorbers (ATVA). While ATVAs have been widely 
studied for vibration control applications, limited studies have been done 
to explore their potential for noise control applications. This study aims 
to increase the sound transmission loss (STL) of a clamped elastic circular 
thin plate using MRE based-ATVA. The shear mode based MRE ATVA 
is considered in order to reduce the transmitted acoustic energy of the 
host structure in wide frequency range by changing the stiffness of the 
absorber. The double pole model is used to predict the shear modulus of 
the MRE based on the applied magnetic field and physical and fabrication 
characteristics of the elastomer. The displacement modal amplitude of the 
plate in presence of MRE based ATVA are calculated using eigenfunction 
expansion theorem and then used to evaluate transmitted sound pressure 
using Rayleigh integral, respectively. The optimal control theory is used to 
calculate the applied magnetic field required to minimize the cost function 
which is proportional to the transmitted sound power. It is shown that the 
sound transmission loss through thin plate can be significantly increased 
using attached MRE base- ATVA. 

9799-103, Session 15B

Design of Magneto-rheological mount for 
cabin of heavy equipment vehicles
Soon-Yong Yang, Seung-Bok Choi, Inha Univ. (Korea, 
Republic of)

In this paper, magneto-rheological (MR) mount for the cabin of heavy 
equipment vehicles is designed for improving vibration isolation in both low 
and high frequency domains. The proposed mount consists of two principal 
parts of mount, rubber and MR fluid path. The rubber part of existed 
mount is replaced by other part to change the stiffness and frequency 
characteristics for low vibration. The proposed MR mount is a valve type 
structure using flow mode. In order to control the external magnetic field, a 
solenoid coil is placed in MR mount. Quarter cabin model is established to 
analyze mount model with target damping ratio. Magnetic intensity analysis 
is then conducted to optimize dimensions using a mathematical model. 
Simulation results show that magnetic field can reduce low frequency 
vibration. The results presented in this work indicate that proper application 
of MR fluid and rubber characteristic to devise MR mount can lead to 
the improvement of vibration control performance in both low and high 
frequency ranges.

9799-104, Session 15B

A fail-safe liquid spring controllable 
magnetohrelogical damper for three-
dimensional earthquake isolation system
Sevki Cesmeci, Faramarz Gordaninejad, Univ. of Nevada, 
Reno (United States)

In the present study, a compressible magnetohrelogical damper is designed 
for a three-dimensional isolation system for buildings under seismic 
hazard. The device combines the liquid spring force with controllable 
magnetohrelogical fluid damping force and the passive viscous damping 
force into a single compact unit. The geometrical design of the device is 
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determined based on analytical computations while the structural and 
electromagnetic analyses are done using finite element simulations for given 
design parameters. In a three-dimensional earthquake isolation system, 
the device is subjected to both large vertical and horizontal loads, which 
might cause possible damages to the seals of the device. To overcome this 
challenge, structural optimization is carried out to reduce the stresses on the 
seals. Also, high-performance seals are designed that can withstand very 
high pressure differences as well as the uneven stresses. 

9799-105, Session 15B

Development and experimentation of a 
prosthetic knee with magnetorheological 
fluid
Alan Suarez, The M. Nguyen, Saurabh Bapat, California 
State Univ., Fresno (United States)

Many prosthetic legs rely on technology and electric motors that are 
inefficient and require high amounts of power to operate. Prostheses 
utilizing smart materials, including Magnetorheological (MR) fluid, require 
less power to operate effectively. During the current state of research, 
the first version of a MR fluid knee was designed for above the knee 
amputees. The design was modeled after a drum brake and features a 
novel non-circular rotor. Three fourths of the rotor has the same radius 
and the remaining quarter has a varying radius to provide a variable gap 
size between the rotor and stator. This feature results in a variable braking 
torque. During this stage of research, the first working prototype of the 
proposed MR fluid knee was built and tested to determine the braking 
torque profile. In order to determine the braking profile, a simple test 
setup was manufactured. Using a lever arm attached to the MR fluid knee 
and a load cell, the torque was determined and compared to theoretical 
models. Data was gathered through data acquisition software and device. 
The experiments conducted showed the MR fluid knee performed as 
expected. Both theoretical and experimental results exhibited a significant 
improvement over conventional MR fluid knees. However, the first design 
proved to be too bulky and not suitable for commercialization. The second 
iteration of the MR fluid knee must reduce the weight from 7 pounds to that 
of average human knee weight. The current design also proved unsuccessful 
in eliminating all magnetic flux leakage. Optimized weight reduction and 
sealing will increase efficiency and commercialization. 

9799-106, Session 15B

A new resonance based method for the 
measurement of magnetic field intensity
Suresh Kaluvan, Seung-Bok Choi, Inha Univ. (Korea, 
Republic of)

A new ultra-low magnetic field intensity measurement method using 
resonance principle is proposed in this paper. The proposed magnetic field 
sensor consists of magneto rheological (MR) fluid placed between two 
collocated, piezo-bounded, metallic, circular diaphragm mounted face to 
face in the z-axis. The outer faces of the piezoelectric patches are surface 
mounted to the base and the diaphragms are free to move at the center in 
z- axis. The piezo on the upper diaphragm acts as an actuator and one on 
the lower surface acts as a sensor. Simple closed loop resonator electronics 
is designed between the actuator and sensor piezoelectric patches in 
order to maintain the diaphragm at resonance and dynamically squeezes 
the MR fluid. The measurement system is made to oscillate at its resonant 
frequency. Whenever the viscosity of the MR fluid is changed by the external 
unknown magnetic field, an additional stiffness is added by the squeeze 
force generated between the two diaphragms and changes the initial 
oscillating resonant frequency. The closed loop resonant circuit tracks the 
change in resonance frequency and vibrates the diaphragm with the new 
resonance frequency depends on the external magnetic field strength. The 
shift in resonant frequency is related to the magnetic field intensity existing 

near the sensor. The proposed concept is experimentally verified and it is 
found that it has high sensitivity and linearity.

9799-107, Session 15B

Investigation of energy-efficient MRF-
based clutches for hybrid powertrains
Christian Hegger, Jürgen Maas, Ostwestfalen-Lippe Univ. 
of Applied Sciences (Germany)

The requirements for transmission and coupling elements in hybrid 
powertrains are rising continuously. On this occasion a novel clutch-
design is investigated and validated in this contribution. The transmission 
of power is based on magnetorheological fluids (MRF) including a fluid 
control for enabling a drag torque-free operation for an increased energy 
efficient operation. Drag losses in powertrains are a serious deficiency for 
an energy-efficient application. MRF’s are highly qualified for the utilization 
in powertrains considering their particular characteristics of changing their 
apparent viscosity significantly under influence of a magnetic field by fast 
switching times and a smooth torque control. The proposed MRF-clutch 
with three different variations of the fluid control is designed based on 
a numerical model and validated by experimental measurements with a 
realized prototype.

The main aspects during the investigation are focused on the coupling 
functions under the influence of high rotational speeds up to 6000 min-1 
and also the safety behavior of the different variations by the fluid control 
in case of a system failure. The theoretical and experimental investigation 
demonstrates the suitability for an integration of clutches based on MRF in 
electrical or hybrid powertrains as an alternative to conventional separation 
elements.

9799-108, Session 15B

Methods for real-time compensation of 
hysteresis in MR actuators caused by the 
magnetically fluid control
Jürgen Maas, Christian Hegger, Felix Willich, Ostwestfalen-
Lippe Univ. of Applied Sciences (Germany)

Magnetorheological fluids (MRF) are suspensions of fine, magnetically 
polarizable particles (often carbonyl iron powder) in a non-magnetic 
carrier fluid. Under the influence of a magnetic field the particles form 
chains in the direction of the field lines, whereby the resulting shear stress 
can be changed high dynamical, largely linear with a good reproducibility. 
In addition the shear stress can be change reversible by several orders 
of magnitude. The specific advantages of the MRF technology have 
motivated a variety of research and development projects that include fully 
controllable torque coupling devices such as brakes and clutches. These 
advantages are a highly switching behavior, long lifetime as well as a good 
and flexible integration capability. Furthermore, the MRF technology provide 
a drag torque-free operation by a magnetically induced MR-fluid control, 
resulting in new perspectives regarding the increase of energy-efficiency 
with improved switching dynamics and comfort for applications e.g. in the 
powertrain of vehicles.

The movement of MRF can be controlled by force effects due to a controlled 
leading of magnetic fields. For providing the required magnetic fields, the 
design of the MR-fluid control is based on a combination of permanent 
magnets and an electromagnet. By the use of permanent magnets, e.g. 
an engaged mode can be realized without the supply of electrical control 
power for a failsafe torque transmission that also increases the efficiency 
of the clutch in normal operation. A certain drawback of the MR-fluid 
control is a hysteresis behavior of the torque generation with respect to the 
controlling current caused by the partially filled shear gaps as shown in [1]. 
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To obtain a linearized force characteristic of the actuator, feed forward 
methods for the compensation of the hysteresis based on a Preisach and a 
modified Prandtl-Ishlinskii approach are designed which will be presented in 
the final paper. In addition, the hysteresis behavior of such MR actuators as 
well as its real-time compensation will be investigated by measurements on 
a test bench shown in [1].

[1] Erbis, V.; Hegger, C.; Güth, D.; Maas, J.: Design of energy-efficient MRF-
based clutches with defined fail-safe behavior for integration in hybrid 
powertrains. SPIE Smart Structures/NDE, 2015.
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9800-1, Session 1

A quantum informed homogenized energy 
model for ferroelectric materials
Lider Leon, Jiabin Yu, Ralph C. Smith, North Carolina State 
Univ. (United States); William S. Oates, Justin Collins, 
Florida State Univ. (United States)

In this presentation, we will discuss the development and implementation 
of a multiscale model to quantify rate-dependent hysteresis in ferroelectric 
materials. In the first step of the development, we will employ density 
function theory (DFT) to map out an energy surface for the polarization 
and strains for a single domain structure. We will subsequently employ 
this energy to construct a macroscopic homogenized energy model (HEM) 
that quantifies the hysteresis and constitutive nonlinearities inherent to 
ferroelectric compounds. To incorporate the effects of multiple domains and 
grains in polycrystalline compounds, we treat the coercive and interaction 
fields as distributed with probability density functions that we construct 
using macroscopic data. Attributes of the model will be illustrated with 
experimental data.

9800-2, Session 1

Characterizing new compositions of [001]
C relaxor ferroelectric single crystals using 
a work-energy model
John A. Gallagher, Merrimack College (United States)

The desired operating range of ferroelectric materials with compositions 
near the morphotropic phase boundary is limited by field induced phase 
transformations. In [001]C cut and poled relaxor ferroelectric single 
crystals the mechanically driven ferroelectric rhombohedral to ferroelectric 
orthorhombic phase transformation is hindered by antagonistic electrical 
loading. Instability around the phase transformation makes the current 
experimental technique for characterization of the large field behavior 
very time consuming. Characterization requires specialized equipment 
and involves an extensive set of measurements under combined electrical, 
mechanical, and thermal loads. In this work a mechanism-based model 
is combined with a more limited set of experiments to obtain the same 
results. The model utilizes a work-energy criterion that calculates the 
mechanical work required to induce the transformation and the required 
electrical work that is removed to reverse the transformation. This is 
done by defining energy barriers to the transformation. The results of the 
combined experiment and modeling approach are compared to the fully 
experimental approach and error is discussed. The model shows excellent 
predictive capability and is used to substantially reduce the total number 
of experiments required for characterization. This decreases the time and 
resources required for characterization of new compositions.

9800-3, Session 1

Uncertainty analysis of continuum scale 
ferroelectric energy landscapes using 
density functional theory
Justin Collins, Florida State Univ. (United States); Ralph C. 
Smith, North Carolina State Univ. (United States); William 
S. Oates, Florida State Univ. (United States)

Density functional theory (DFT) provides exceptional predictions of material 
properties of ideal crystal structures such as elastic modulus and dielectric 
constants. This includes ferroelectric crystals where excellent predictions 
of spontaneous polarization, lattice strain, and elastic moduli have been 
predicted using DFT. Less analysis has focused on quantifying uncertainty 
of the energy landscape over a broad range of polarization states in 
ferroelectric materials. This is non-trivial because the degrees of freedom 
contained within a unit cell are reduced to a single order parameter which is 
normally polarization. For example, lead titanate contains five atoms and 15 
degrees of freedom of atomic nuclei motion which contribute to the overall 
unit cell polarization. Bayesian statistics is used to identify the uncertainty 
and propagation of error of a continuum scale, Landau energy function 
for lead titanate and lead zirconate. Uncertainty in different parameters is 
quantified and this uncertainty is propagated through the model to illustrate 
error propagation over the energy surface. Such results are shown to have 
an impact in integration of quantum simulations within a ferroelectric 
continuum modeling framework. 

9800-4, Session 1

Development of ionic gels using thiol-
based monomers in ionic liquid
Kumkum Ahmed, Yamagata Univ. (Japan); Naofumi Naga, 
Shibaura Institute of Technology (Japan); Hidemitsu 
Furukawa, Yamagata Univ. (Japan)

Ionic gel using ionic liquids (ILs) can propose diverse applications in the 
field of optics, sensors and separation as they have opened wide prospects 
in material and polymer science. . ILs are salt having melting point less that 
100 oC which have attracted remarkable interest for gel polymer electrolytes 
and batteries based on their useful physico-chemical properties such as 
non-volatility, non-flammability, wide electrochemical window, high thermal 
stability and a high ionic conductivity. Thus, there is currently a marked 
interest in using ILs in electrochemical devices, such as actuators, lithium 
batteries, electric double-layer capacitors, dye-sensitized solar cells and 
fuel cellsThe formation of gel in IL media makes it possible to immobilize 
ILs within organic or inorganic matrices and to take advantage of their 
unique properties in the solid state, thus eliminating some shortcomings 
related to shaping and risk of leakage. Again to increase the mechanical 
strength of these gels, multifunctional monomers can play an important 
role. In this work for the first time we used multifunctional thiol monomers 
having uniform structure and good compatibility with the IL of our interest. 
Therefore we focused on developing thiol monomer-based ionic gels using 
multifunctional thiol monomers and acrylate crosslinkers utilizing thiol-ene 
reaction between monomer and crosslinking molecules in an IL medium 
and characterize their physico-chemical properties like thermal, conductive, 
mechanical properties etc..We found an unique way of developing ionic gels 
which shows variable strength based on the functionalities of monomers 
which can be a new approach of increasing mechanical strength of ionic 
gels.

9800-5, Session 2

Creep behavior of magnetorheological 
elastomers under combined magnetic and 
mechanical loads
Nima Ghafoorianfar, Univ. of Wisconsin-Platteville (United 
States)
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In this work, creep behavior of magnetorheological elastomers is 
investigated under combined magnetic and mechanical loading conditions. 
Magnetorheological elastomer samples with various iron particles volume 
fractions were used in this study. The experiments study was accomplished 
using a shear rheometer with parallel plate geometry on disk shaped MRE 
samples. A theoretical model is proposed that predicts the creep behavior 
under both magnetic and mechanical loading conditions. Mechanical strain 
is studied under constant combined mechanical and magnetic loadings. 
The results show that the creep intensity is highly dependent on the 
carbonyl iron particle volume percentage of MRE samples, as well as the 
applied magnetic field. All experimental tests were done three times using 
cyclic loadings. The results of subsequent cycles show a decrease in creep 
intensity comparing to initial loadings.

In addition to strain, electrical resistivity was measured during the 
experiments. This additional measurement shows the creep effect on 
sensing capabilities of magentorheological materials. The theoretical model 
for creep behavior shows good agreement with the experimental results. 

9800-6, Session 2

Magnetostrictive composites for wireless 
stress sensing applications
Alexander Yoffe, Technion-Israel Institute of Technology 
(Israel)

Magnetostrictive composites are of great interest for real-time remote stress 
sensing and structural health monitoring. We research a new approach 
for modeling the magnetic field induced by an external load applied on 
an epoxy based composite material filled with Ter-fenol-D particles. The 
model is based on an assumed sequence of physical processes, which takes 
place at the microscopic scale, and includes both domain switching and 
magnetization rotation. The work is a combination of theoretical modeling 
of the physics of soft ferromag-netic materials and particulate composites 
and experimental study of mechanical, magnetic and magneto-mechanical 
states of the magnetostrictive composite. Comparison of calculated and 
measured results strengthens the validity of the assumed sequence of 
physical processes and provides valuable insights important for application 
development. 

9800-7, Session 2

Elimination of thermal instability in precise 
positioning of Galfenol actuators
Mojtaba Ghodsi, Ashraf Saleem, Khurshid Alam, Abdullah 
Ozer, Amur Al-Yahmadi, Sultan Qaboos Univ. (Oman); 
Mohammad Hadi Ghodsi, Yazd Univ. (Iran, Islamic 
Republic of); Hamidreza Hoshyarmanesh, Isfahan Univ. of 
Technology (Iran, Islamic Republic of); Mohammad Reza 
Sheykholeslami, Arak Univ. (Iran, Islamic Republic of)

This paper presents a novel method to eliminate deviation in positioning 
caused by coil’s heat generation in magnetostrictive actuators. The 
advantages of the proposed system are compactness, high controllability 
and low cost. The actuator package consists of Galfenol as active element 
and a magnification mechanism combined with a Peltier element or 
thermoelectric cooler (TEC). Electromagnetic, harmonic and thermal 
analyses are accomplished to investigate the influence of significant 
parameters of the cooling system. Experimental results obtained from 
fabricated actuator show good agreements with the numerical results 
provided by 3D finite element analysis (ANSYS). Furthermore, the position 
of the actuator’s tip is controlled by fuzzy and PID controllers. It was shown 
that fuzzy controller provide faster response with less accuracy compared to 
the PID controller. Therefore, there is a trade-off between fast response and 
steady state error for positioning purpose.

9800-8, Session 2

Implementation of a magnetostrictive 
actuator for active vibration control
Abdullah Ozer, Mojtaba Ghodsi, Ashraf Saleem, Sultan 
Qaboos Univ. (Oman); Akio Sekiguchi, Kisarazu National 
College of Technology (Japan)

One of the potential application areas of magnetostrictive actuators appears 
to be active vibration control of flexible structures. In a flexible system, 
especially if the frequency of excitation force coincides with one of the 
natural vibration frequencies, a condition known as resonance occurs, and 
the system undergoes dangerously large oscillations. In this study, we have 
designed and developed a giant magnetostrictive material based actuator 
model, and tested to actively control the vibrations of a flexible structure. 
Preliminary investigations have been performed for resonance cancellation 
of a flexible cantilevered beam carrying an unbalanced rotor through 
which continues harmonic force excitation is generated as the source of 
disturbance at the tip. In addition, comparison studies have been realized 
between active and passive vibration control techniques. Preliminary results 
show that significant advantages are possible with the proposed giant 
magnetostrictive actuator model.

Keywords: Magnetostrictive actuator, active vibration control, rotating 
machinery, unbalanced rotor, forced vibrations.

9800-9, Session 2

Anisotropic thermal property of 
magnetically oriented graphene-polymer 
composites
Xiaojie Wang, Bin Li, Caiping Wang, Shuai Dong, Institute 
of Advanced Manufacturing Technology (China)

The polymer materials are widely used in electronic devices, however, most 
of them are thermal insulation that cause heating issues for the electronic 
system. The graphene has high coefficient of thermal conductivity and 
large specific surface area, which is capable of improving the thermal and 
mechanical properties of composites when incorporated into the polymer 
matrix. 

This paper proposes a method for preparing graphene-polymer composites 
with enhanced thermal properties by using a high magnetic field (up to 
10T). The graphene are oriented magnetically inside a silicone by in-situ 
method. The anisotropic structure would be expected to produce directional 
thermal conductivity. This study will provide a new approach to the 
development of high thermal-conductive polymer composites.

Systematic studies with the preparation of silicone/graphene composites 
corresponding to their thermal and mechanical properties are carried out 
under various conditions: intensity of magnetic field, time, temperature, 
fillings. The effect of graphene content and preparation procedures on 
thermal conductivity of composites are investigated. The flash diffusivity 
measurement is used to evaluate the thermal conductivity along the 
orientation direction of the graphene composites. Dynamic mechanical 
analysis (DMA) is used to reveal the mechanical moduli of the composites 
in terms of the filling contents and magnetic field strength. The scanning 
electron microscopes (SEM) is used to observe the micro-structure of the 
graphene composites. X-ray diffraction and electron microscopy are used to 
characterize the dispersion of graphene. 

.
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9800-10, Session 3

Analysis of shape memory alloy sensory 
particles for damage detection via 
substructure and continuum damage 
modeling
Brent R. Bielefeldt, Amine Benzerga, Darren J. Hartl, Texas 
A&M Univ. (United States)

The ability to monitor and predict the structural health of an aircraft is 
of growing importance to the aerospace industry. Currently, structural 
inspections and maintenance are based upon experiences with similar 
aircraft operating in similar conditions. While effective, these methods are 
time-intensive and unnecessary if the aircraft is not in danger of structural 
failure. Future aircraft will utilize non-destructive evaluation methods, 
allowing for the near real-time monitoring of structural health. A particularly 
interesting method involves utilizing the unique transformation response of 
shape memory alloys (SMA) particles embedded in an aircraft structure. By 
detecting changes in the mechanical and/or electromagnetic responses of 
embedded particles, operators could detect the formation or propagation 
of fatigue cracks in the vicinity of these particles. This work focuses on a 
finite element model of SMA particles embedded in an aircraft wing. In 
particular, this model utilizes substructure modeling, which retains degrees 
of freedom only at specified points key to scale transitions or the application 
of boundary conditions, greatly reducing computational cost. Previous work 
evaluated a single particle’s response to a static crack to demonstrate the 
key concept of this method. This paper presents the implementation of a 
damage model to account for crack propagation, as well as examining the 
effect of particle configuration and/or relative placement with respect to 
preexisting damage.

9800-11, Session 3

Fracture toughness of shape memory alloy 
actuators: effect of thermomechanical 
coupling and transformation-induced 
plasticity
Sameer Jape, Theocharis Baxevanis, Dimitris C. Lagoudas, 
Texas A&M Univ. (United States)

The increasing popularity of shape memory alloys (SMAs) as solid-state 
actuators in the aerospace, automotive, and energy industries is based 
on their ability to undergo large, reversible deformations resulting from 
a diffusionless solid-to-solid transformation between their austenite and 
martensite crystalline phases, when subjected to thermomechanical 
inputs. Since SMA actuators are subjected to hundreds of thousands of 
thermomechanical cycles throughout their life-cycle, accurate prediction of 
fatigue crack-growth and ultimate failure in SMAs becomes crucial for their 
design. To this end, the prototype problem of an infinite center-cracked 
polycrystalline shape memory alloy subjected to thermal variations under 
mode-I constant tensile load and/or displacement at the boundary is solved 
using finite element analysis. The driving force for crack growth is identified 
as the crack-tip energy release rate and is calculated using the virtual crack 
closure technique in Abaqus, under plane strain and plane stress conditions. 
Stress redistribution at the crack-tip induced by global phase transformation 
due to temperature change causes an increase in the energy release rate 
during cooling and crack growth is assumed to occur when the crack-tip 
energy release rate reaches a material specific critical value. SMAs are 
known to exhibit strong thermomechanical coupling via the absorption 
and release of latent heat during forward/reverse phase transformation, 
and the effect of this coupling on fracture toughness during crack growth 
in SMAs is analyzed here. In the center-cracked SMA specimen, boundary 
conditions are modified to simulate convective cooling and a user-material 
subroutine with full thermomechanical coupling in the SMA constitutive 
model is utilized. Cyclic thermomechanical loading in SMAs also leads to 
transformation induced plasticity (TRIP), which is the accumulation of 

irreversible plastic strains in the region of phase transformation and plays 
an important in the life cycle of the SMA actuator. In this study, the effect of 
accumulated TRIP on the material’s ability to withstand crack growth and 
ultimate failure is studied for the prototype center-cracked specimen using a 
user material subroutine with the capability to model TRIP. 

9800-12, Session 3

Experimental characterization of SMA 
actuator cables
Daniel B. Biggs, John A. Shaw, Univ. of Michigan (United 
States)

Shape memory alloy (SMA) cables are relatively new structural elements 
that inherit the benefits of conventional stranded wire (increased failure 
tolerance and bending flexibility) and the adaptive properties of SMAs 
(superelasticity and shape memory effect). SMA wires generally have 
superior properties to their larger counterparts (SMA bars) due to materials 
processing limitations, which has been a longstanding barrier to scaling 
up SMA structural elements. SMA cables overcomes these difficulties by 
leveraging the optimized properties of SMA wire in a compact packing form 
to generate large tensile forces at lower cost for equivalent size SMA bars. 
While superelastic SMA cables have been recently characterized, the goal 
of this work is to explore the behavior of SMA cables with higher transition 
temperatures (above room temperature) such that they can be used in a 
shape memory mode as thermo-responsive, high force actuator elements.

This project presents experiments that compare different SMA cable 
constructions, along with monofilament wire of the same material, through 
different modes of loading and actuation (stress-temperature) paths. The 
selected cable constructions are a standard 7x7 multistrand and a less 
conventional 1x27 multilayer. The 7x7 shows a similar switch-like response 
to that of monofilament wire, whereas the 1x27 cable has a more smooth, 
distributed response due to the increased bending and twisting experienced 
by the material when the cable is pulled in uniaxial tension. Depending 
on the desired application, either a smooth response for increased 
controllability, or a switch-like response for responsive stroke actuation 
could be utilized.

9800-13, Session 3

Actuation fatigue modeling and lifetime 
predictions of nickel-titanium based shape 
memory alloy actuators
Rob W. Wheeler III, Dimitris C. Lagoudas, Texas A&M Univ. 
(United States)

The aerospace, automotive, and energy industries have seen the potential 
benefits of using shape memory alloys (SMAs) as solid state actuators. 
Thus far, however, these actuators are generally limited to non-critical 
components or over-designed due to a lack of understanding regarding how 
SMAs undergo thermomechanical or actuation fatigue and the inability to 
accurately predict failure in an actuator during use. Many of the modeling 
approaches which have been formulated over the previous decades analyze 
various characteristics of the actuation fatigue response, such as maximum 
stress, accumulated plastic strain, or actuation work. While each of the 
proposed models successfully captures the actuation cycles to failure for 
a specific set of loading paths, their predictive capabilities for loading 
paths similar to those experienced by actuator applications have not been 
studied. Many actuator applications experience constant mechanical loading 
(isobaric), loading linearly dependent on the actuator displacement, or 
step-wise loading, where the actuator is either under a constant or zero 
load. The ability of these models to capture the fatigue response and 
actuator lifetimes for three types of loading paths and two material systems 
is analyzed herein. The material systems selected for this study, equiatomic 
NiTi and precipitated NiTiHf, have distinctly different actuation fatigue 
responses, and thus help illustrate the differences in capabilities of each 
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model. The experimental portion of this study was carried out utilizing 
dogbone samples which were mechanically loaded and, in turn, resistively 
heated and convectively cooled to induce stress-assisted transformation and 
actuation fatigue. 

9800-14, Session 3

Structure, energy, and tensile strength 
of symmetric and asymmetric tilt grain 
boundaries in nickel-titanium shape 
memory alloys
Fatemeh Yazdandoost, Reza Mirzaeifar, Virginia 
Polytechnic Institute and State Univ. (United States)

The microstructural properties of grain boundaries (GBs) have a 
significant influence on many physical and mechanical properties of bulk 
polycrystalline materials, including the strength, ductility, fracture toughness 
and corrosion resistance. The influence of grain boundaries on all of these 
properties is largely defined by the excess free energy per unit area that 
exists in the system due to the presence of the grain boundaries. Although 
both the energy and structure of grain boundaries in various metals have 
been the subject of extensive theoretical, computational and experimental 
studies, there have been very few studies on the grain boundaries in 
polycrystalline shape memory materials. In this work, we perform molecular 
dynamic simulations to investigate the structure and energy of both 
symmetric and asymmetric tilt grain boundaries in Nickel-Titanium (NiTi) 
shape memory alloys (SMAs). Available experimental results from electron 
backscattered diffraction (EBSD) studies are used to identify the distribution 
of misorientation angles and also the distribution of coincidence site lattice 
(CSL) boundaries in polycrystalline hot rolled NiTi samples. Three CSL and 
symmetric boundaries with the highest distributions are selected. The 
energy of each grain boundary is computed using a conjugate gradient 
algorithm in the atomistic model with a many-body interatomic potential 
for NiTi binary alloy. The energies of symmetric and asymmetric grain 
boundaries are reported as a function of the misorientation and inclination 
angle, respectively. Molecular dynamics simulations at room temperature are 
used to investigate the effect of misorientation and inclination angles on the 
tensile strength of various studied symmetric and asymmetric GBs. 

9800-15, Session 3

Investigation on the effect of bi-axial bias 
magnetic field on the voltage output of a 
MSMA based power harvester
Roger Guiel, Constantin Ciocanel, Heidi P. Feigenbaum, 
Northern Arizona Univ. (United States)

Magnetic shape memory alloys have been evaluated for power harvesting 
applications by several research groups, most considering the loading case 
in which the mechanical stress and the bias magnetic field were applied 
perpendicular to each other, with the bias magnetic field oriented normal 
to the long side of the prismatic MSMA element. Our group expanded these 
evaluation studies by performing a limited number of power harvesting 
experiments in which the bias field was applied at an angle varying between 
0 and 12 degrees (in increments of 2 degrees) with respect to the long 
side of the MSMA element. These experiments suggested that an optimal 
tilt angle may exist for the magnetic field vector in order to maximize the 
voltage/power output of a MSMA based power harvester. 

This paper presents a comprehensive investigation of the effect of the angle 
of the magnetic field relative to the MSMA sample, varied between 0 and 
90 degrees, on the voltage/power output of a MSMA power harvester. To 
achieve desired values of the angle of tilt, magnetic field components are 
applied bi-axially (along and perpendicular to the prismatic element) with 
pre-selected strengths, so that the resultant field either has a set magnitude 
and acts at various angles, or has variable magnitude acting at the same 

angle. These tests will allow the evaluation of the effect of both magnitude 
and orientation of the magnetic field on the voltage/power output. In 
addition, the generated experimental results will be compared with voltage 
model predictions. The models deployed for predictions differ in the 
assumptions made relative to magnetic domain structure and evolution 
with the applied field. Differences between experimental data and models 
predictions are discussed, and causes for weak models’ performance are 
proposed. 

9800-16, Session 4

Design and development of origami 
structure for impact properties
Mohamed Ali E. Kshad, Hani E. Naguib, Univ. of Toronto 
(Canada)

Using Origami folded cores in sandwich structures for light weight 
applications has attracted attention in different engineering applications, 
especially in the applications where the stiffness to weight ratio is a critical 
design parameter. Conventional sandwich core structures with a honey-
comb, foam, ribbed stiffened cores have been used for such applications 
for many years. In the recent years, conventional cores has been replaced 
with origami core sandwich panels due to its high stiffness to weight ratio 
and its bending and twisting resistance. In this paper we present the results 
of experimental investigations of the effect of base material properties 
on the mechanical properties and the impact resistance of Miura-Origami 
sandwich cores. The materials used in the study for the origami cores are 
polymers blends composed of polylactic acid (PLA) and thermoplastic 
polyurethane (TPU), and composites of Carbon Nano-fibers (CNF); the 
PLA/TPU blend compositions are (100/0, 80/20, 65/35, 50/50, 20/80, 
and 0/100) as a weight percentage, and the CNF added to the blends are 
1, 3, and 5 weight percentage. The origami pattern is periodic in the plane 
directions and the unit cell geometry characterized by four identical faces 
and the folding angle; the mechanical properties of the origami cores 
are often characterized in a partly folded state. The study considered the 
geometric parameters of the unit cell, the base material thickness, and the 
panel thickness to be constants. The study shows the compression and the 
quasi-static testing results, and the energy absorbed by folded cores in the 
impact test, and lastly it compares the results with similar structures having 
the same density and overall thickness.

9800-17, Session 4

Durability of carbon fiber reinforced shape 
memory polymer composites in space
Joon Hyeok Jang, Seok Bin Hong, Yong San Ahn, Seoul 
National Univ. (Korea, Republic of); Nam Seo Goo, Konkuk 
Univ. (Korea, Republic of); Jin-Gyun Kim, Yong-Youn Nam, 
Korea Institute of Machinery & Materials (Korea, Republic 
of); Woong-Ryeol Yu, Seoul National Univ. (Korea, 
Republic of)

Shape memory polymer (SMP) is one of smart polymers which exhibit 
shape memory effect upon external stimuli. Recently, shape memory 
polymer composites (SMPCs) have been considered for space structure 
instead of shape memory alloys due to their deformability, lightweight 
and large recovery ratio, requiring characterization of their mechanical 
properties against harsh space environment and further prediction of 
the durability of SMPCs in space. As such, the durability of carbon fiber 
reinforced shape memory polymer composites (CF-SMPCs) was investigated 
using accelerated testing method based on short-term testing of CF-SMPCs 
in harsh condition.

CF-SMPCs were prepared using woven carbon fabrics and a thermoset 
SMP via vacuum assisted resin transfer molding process. Bending tests with 
constant strain rate and tensile tests of CF-SMPCs were conducted using 
universal tensile machine (UTM). Using the results, a master curve based on 
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time-temperature superposition principle was then constructed, through 
which the mechanical properties of CF-SMPCs at harsh temperature were 
predicted. CF-SMPCs were exposed to simulated space environments under 
ultra-violet radiations at various temperatures. The mechanical properties 
including flexural and tensile strength and shape memory properties of 
SMPCs were measured using UTM before and after such exposures for 
comparison. Finally, the durability of SMPCs in space was assessed by 
developing a degradation model of SMPC. 

9800-18, Session 5

Multifunctional lightweight composite with 
updated morphology for increased power 
storage capacity
Andrew Liebig, Constantin Ciocanel, Cindy Browder, 
William Andrews, Northern Arizona Univ. (United States)

Development of multifunctional composites with power storage capability 
poses significant challenges as the mechanical properties are very difficult 
to maintain at levels comparable with regular composite materials, while 
attempting to achieve useful power storage levels. Traditional layout 
approaches proved to hamper these materials’ development. This paper 
presents a novel approach for laying out the material, which combined with 
an updated electrolyte formulation, pushes material properties closer to 
levels deemed to qualify the material as truly multifunctional. 

9800-19, Session 5

Fabrication and characterization of layered 
conductive polymer on nylon membrane 
templates for high performance, thin-film 
supercapacitor electrodes
HaoTian Harvey Shi, Hani E. Naguib, Univ. of Toronto 
(Canada)

Flexible Thin-film Electrochemical Capacitors (EC) are emerging technology 
that plays an important role as energy supply for various electronics system 
for both present era and the future. Intrinsically conductive polymers 
(ICPs) are promising pseudocapacitive materials as they feature both good 
electrical conductivity and high specific capacitance. This study focuses 
on the construction and characterization of ultra high surface area porous 
electrodes based on coating of nano-sized conductive polymer materials 
on Nylon membrane templates. Herein, a novel nano-engineered electrode 
material based on Nylon membranes was presented, which allows the 
creation of supercapacitor devices that is capable of delivering competitive 
performance, while maintaining desirable mechanical characteristics. With 
the formation of a highly conductive network with the polyaniline nano-
layer, the electrical conductivity was also increased dramatically to facilitate 
the charge transfer process. Cyclic voltammetry and specific capacitance 
results showed promising application of this type of composite materials for 
future smart textile applications. 

9800-20, Session 5

Development of multifunctional fiber 
reinforced polymer composites through 
ZnO nanowire arrays
Mohammad H. Malakooti, Univ. of Michigan (United 
States); Brendan A. Patterson, Hyun-Sik Hwang, Univ. of 
Florida (United States); Henry A. Sodano, Univ. of Michigan 
(United States)

Piezoelectric nanowires, in particular zinc oxide (ZnO) nanowires, have 
been vastly used in the fabrication of electromechanical devices that 
convert wasted mechanical energy into useful electrical energy. Over 
recent years, the simple growth of ZnO nanowires on various fibers has 
led to the development of fiber-based nanostructured energy harvesting 
devices. However, the development of more realistic energy harvesters 
that are capable of continuous power generation requires a sufficient 
mechanical strength to withstand the structural loading conditions. Yet, a 
durable multifunctional material system has not been thoroughly developed 
enough to generate electrical power without deteriorating the mechanical 
performance. Here, a hybrid composite energy harvester is fabricated in 
a hierarchical design that provides efficient power generating capabilities 
while enhancing the structural properties of the fiber reinforced polymer 
composite. Through a simple and low-cost process, a modified aramid 
fabric with vertically aligned ZnO nanowires grown on the fiber surface 
is embedded between woven carbon fabrics, which serve as structural 
reinforcement as well as the top and the bottom electrodes of the nanowire 
arrays. The performance of the developed multifunctional composite is 
characterized through direct vibration excitation and tensile strength 
examination.

9800-21, Session 5

Localized thermal and electrical 
conductivity imaging of multiphase 
thermoelectriccomposites
Ehsan Nasr Esfahani, Jiangyu Li, Univ. of Washington 
(United States)

Thermoelectric (TE) materials are promising candidates for converting 
waste heat directly into electricity. The main drawback of TE materials is 
low conversion efficiency and can be possibly solved through developing 
Multiphase TE nanocomposites. Nanostructured TE thin-films offer higher 
conversion efficiency by increasing Seebeck coefficient and also reducing 
thermal conductivity, apparently due to low dimensionality. Therefore, 
characterizing phonon and electron transport at nanoscale is critical for 
understanding the effects of microstructure on the overall TE properties.

Our research is toward developing experimental and numerical tools capable 
of measuring the electron and phonon transport phenomena in TE materials 
based on an atomic force microscope (AFM) technique. The characterization 
of electrical conductivity variations is imaged using a current sensing AFM 
technique. The thermal conductivity is characterized using a contact mode 
AFM equipped with an alternative joule-heated AFM cantilever through 
using scanning thermal microscopy (SThM) and -method. The combination 
of the -method and SThM offers a mean of simultaneous and quantitative 
thermal conductivity and Seebeck measurment. The spatial resolution of 
SThM is limited by the characteristic length associated with the heat transfer 
from the heated cantilever tip to the TE sample. By performing numerical 
simulations and comparing the results with experiments, the temporal and 
spatial resolution of measurements can be enhanced. 

Our approach will provide thorough understanding of interfacial and 
functional gradient electron and phonon scattering mechanisms at sub-30 
nm spatial resolution. Moreover, it will allow for higher efficiency TE material 
advances by connecting inhomogeneous distribution of local properties 
with structural heterogeneity.

9800-22, Session 6

Experimental characterization of PZT 
fibers using IDE electrodes
Hassene Ben Atitallah, Zoubeida Ounaies, The 
Pennsylvania State Univ. (United States)

Lead zirconate titanate (PZT) fibers are mainly used in active fiber 
composites (AFC) where they are embedded in a polymer matrix. 
Interdigitated electrodes (IDE) along the direction of the fibers are used to 
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achieve planar actuation, hereby exploiting the d33 coefficient of PZT. When 
embedded in the AFC, the PZT fibers are subjected to mechanical loading 
as well as non-uniform electric field as a result of the IDEs. Therefore, it is 
important to characterize the electrical and electromechanical behavior of 
these fibers ex-situ using the IDE electrodes to assess the impact of non-
uniform electric field on the properties of the fibers.

In this work, the impact of IDE electrodes on the electrical and 
electromechanical behavior of PZT fibers is examined. Characterization of 
fibers was conducted previously using parallel electrodes, however the IDE 
electrodes will produce a non-uniform electric field that results in different 
properties. The behavior of fibers under IDE electrode as we propose here is 
necessary for their successful implementation in devices like AFC. 

The tested fibers were supplied by Advanced Cerametrics, and the 
electrodes were screen printed on acrylic substrate. The PZT fibers were 
subjected to high electric field and polarization, and force generated were 
recorded. A Sawyer circuit was implemented and a Dynamic Mechanical 
Analyzer (DMA) set-up was used for force measurements. Both AC and 
DC electric fields were applied to the fibers. Under IDE electrodes, the 
electromechanical response was lower compared to parallel electrodes. In 
addition, the fibers had lower polarization and higher coercive field, which 
makes their poling more challenging. 

Quantifying the PZT fibers properties with IDE electrodes is important in 
terms of designing novel flexible active composites with superior long term 
performance and enhanced coupled response, which will enable future 
smart systems to be more controllable and reliable than presently possible.

9800-23, Session 6

Fabrication and characterization of 
?-poly(vinylidene fluoride)/silane-
treated titanium dioxide dielectric nano-
composites
Yu-Chen Sun, HaoTian Harvey Shi, Hani E. Naguib, Univ. of 
Toronto (Canada)

Dielectric materials are commonly known as electrical insulators that can 
be polarized under strong electrical field. Currently, emerging dielectric 
research interests are focusing on nanoparticles mixed polymer based 
composites, since such materials demonstrated an astonishing increase 
in dielectric performance when compared to neat polymer matrix, due to 
the exponential increase in the interfacial area between the nanoparticles 
and polymer. Such findings infer that particle dispersion plays a critical 
role for the overall dielectric performance. In this study, we present a 
continuous manufacturing process consists of extrusion and stretching for 
Poly(vinylidene fluoride)/silane-treated titanium dioxide (PVDF/silane-
treated TiO2) flexible organic/inorganic polymer nanocomposites and the 
experimental result. Our results show that melt blending process is able to 
break down both silane treated and untreated micro-size TiO2 agglomerates 
with extremely well dispersion in PVDF matrix. Follow-up studies and 
characterizations indicated that the material performances such as dielectric 
constant and dielectric loss are either similar or surpass the sample 
prepared via solvent casting and the effects of silane treatment are also 
discussed. A number of methods was used to characterize the composites, 
including SEM/AFM for dispersion verification, FTIR for phase indication, 
TGA for thermal behavior/degradation analysis, and lastly dielectric 
spectroscopy for dielectric analysis.

9800-24, Session 6

Piezoelectric and dielectric properties of 
nanoporous polyvinylidence (PVDF) films
Ping Zhao, Shifa Wang, Alec Kadlec, Univ. of Minnesota, 
Duluth (United States)

A nanoporous polyvinylidende (PVDF) thin film was developed for 

applications in energy harvest in self-powered small electronic devices. 
The sponge-like nanoporous PVDF structure dramatically enhanced the 
piezoelectric effect because it yielded considerably large deformation under 
a small force, and thus produced much higher voltage output. However, to 
date, such films have not yet had their piezoelectric and dielectric properties 
fully characterized. In this study, the fabrication and characterization were 
conducted and discussed. A casting-etching method was adopted to make 
films. A mixture of PVDF solution and Zinc Oxide (ZnO) nanoparticles 
was casted, and then an acid solution was used to etch ZnO away. By 
introducing ZnO nanoparticles into PVDF, the film became more flexible 
due to the creation of porosity, and the piezoelectric ? phase was induced. 
This approach is an effective method of controlling the porosity, flexibility, 
and thickness of the PVDF film. The films with various ZnO mass fractions 
ranging from 10% to 70% were fabricated to investigate the porosity effect. 
Electric poling was performed by applying an electric field of 60 MV/m 
across the thickness of the films for 2 hours. The piezoelectric coefficient 
d33 as well as dielectric constant and loss of the films were characterized. 
Scanning Electron Micrograph (SEM) was used to analyze the nanostructure 
of films. The characterization results were analyzed and the optimal design 
of the film with the right amount of ZnO nanoparticles was determined. 
In addition to be used as nanogenerators to harvest energy, this film can 
potentially serve as a sensor in medical surgical applications. 

9800-25, Session 6

Realization of face-shear piezoelectric 
coefficient d36 in PZT ceramics via 
ferroelastic domain engineering
Hongchen Miao, Peking Univ. (China)

The piezoelectric face-shear (d36) mode may be the most useful shear 
mode in piezoelectrics, while currently this mode can only exist in single 
crystals of specific point groups and cut directions. Theoretically the d36 
coefficient vanishes in piezoelectric ceramics because of its transversally 
isotropic symmetry. In this work, we modified the symmetry of poled PZT 
ceramics from transversally isotropic to orthogonal through ferroelastic 
domain switching by applying a high lateral stress along the “2” direction 
and holding the stress for several hours. After removing the compression, 
the piezoelectric coefficient d31 is found much larger than d32. Then by 
cutting the compressed sample along the Zxt±45°direction, we realized 
d36 coefficients up to 255pC/N which is measured by using a modified 
d33 meter. Then the face shear piezoelectric properties of PZT ceramics 
were investigated using the impedance method and the pure d36 mode 
can be obtained near the resonance frequency. It was found that the soft 
PZT ceramics (PZT-5H and PZT-51) exhibited better face shear piezoelectric 
properties than the hard PZT ceramics (PZT-4). The obtained mechanical 
quality factor Q36, ~65, and the electromechanical coupling factor k36,~0.23 
in PZT-5H ceramics are comparable with properties of d31 mode in PZT 
ceramics. The obtained face-shear PZT ceramics are promising candidates 
for face-shear mode resonators and shear horizontal (SH) wave generation 
in nondestructive testing. 

9800-50, Session 6

Development, fabrication, and 
multiobjective optimization of highly 
sensitive conjugated polymer based 
piezoresistive sensors in electronic skin 
applications
Nazanin Khalili, Hani E. Naguib, Roy H. Kwon, Univ. of 
Toronto (Canada)

Human intervention can be replaced through development of tools resulted 
from utilizing sensing devices possessing a wide range of applications 
including humanoid robots or remote and minimally invasive surgeries. 
Similar to the five human senses, sensors interface with their surroundings 
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to stimulate a suitable response or action. The sense of touch which arises 
in human skin is among the most challenging senses to emulate due to 
its ultra high sensitivity. This has brought forth novel challenging issues to 
consider in the field of biomimetic robotics. In this work, using a multiphase 
reaction, a polypyrrole (PPy) based hydrogel is developed as a resistive type 
pressure sensor with an intrinsically elastic microstructure stemming from 
three dimensional hollow spheres. It is shown that the electrical conductivity 
of the fabricated PPy based piezoresistive sensors is enhanced as a result 
of adding conductive fillers and therefore, endowing the sensors with a 
higher sensitivity. Furthermore, a multiobjective optimization problem 
based on an analytical model accounting for the real contact area between 
the PPy hydrogel sensors and the electrode along with the dependency 
of the contact resistance change on the applied load is developed. The 
model is then solved using a Monte Carlo technique and set as the objective 
functions for the optimization problem with proper constraints imposed 
to gain a feasible range for each of the designated decision variables. 
The obtained experimental results showed a good tracking ability of the 
proposed model. 

9800-26, Session 7

Mechanical analysis of carbon fiber 
reinforced shape memory polymer 
composite for self-deployable structure in 
space environment
Seok Bin Hong, Yong San Ahn, Joon Hyeok Jang, Seoul 
National Univ. (Korea, Republic of); Nam Seo Goo, Konkuk 
Univ. (Korea, Republic of); Jin-Gyun Kim, Korea Institute of 
Machinery & Materials (Korea, Republic of); Woong-Ryeol 
Yu, Seoul National Univ. (Korea, Republic of)

Shape memory polymer (SMP) is one of smart polymers which exhibit shape 
memory effect upon external stimuli. SMP has deformability and recovery 
ratio larger than those of shape memory alloys, however, its mechanical 
properties are not sufficient for aerospace structures such as plane wings 
and self-deployable space structures. As such, carbon fiber reinforced 
shape memory polymer composites (CF-SMPCs) have been researched. 
This study was aimed to design self-deployable structures in harsh space 
condition using CF-SMPCs and to analyze their shape memory behaviors 
with constitutive equation.

CF-SMPCs were prepared using woven carbon fabrics and a thermoset 
SMP (Epoxy based SMP) and their basic mechanical properties and 
actuation behavior in harsh environment were characterized. Four-layered 
composites were manufactured using four woven carbon fabric layers via 
vacuum assisted resin transfer molding process. The mechanical properties 
and shape memory behavior of SMP and CF-SMPCs were characterized 
using dynamic mechanical analysis and universal tensile machine with 
an environmental chamber. The mechanical properties including flexural 
strength and tensile strength of SMP and CF-SMPC were measured using 
simple tensile/bending test and time dependent shape memory behavior 
was also characterized with a newly designed bending test.

For mechanical analysis of CF-SMPCs, a 3D constitutive equation of SMP, 
which had been developed using multiplicative decomposition of the 
deformation gradient and shape memory strains, was used with material 
parameters determined from CF-SMPCs. Carbon fibers acted as strong 
elastic springs, increasing the tensile and flexural strength of SMP. The 
actuation behavior of SMP matrix and CF-SMPCs was then simulated. 
Based on the mechanical analysis, self-deploying behavior of longerons or 
reflectors will be simulated to predict their shape memory behavior in space 
and further to design their optimized structures.

9800-27, Session 7

New sensing method of interfacial 
evaluation of carbon fiber/epoxy 
composites using electrical resistance 
measurement and wetting tests
Joung-Man Park, Gyeongsang National Univ. (Korea, 
Republic of) and The Univ. of Utah (United States); Dong-
Jun Kwon, Pyeong-Su Shin, Jin-Yeong Choi, Gyeongsang 
National Univ. (Korea, Republic of); Lawrence K. DeVries, 
The Univ. of Utah (United States)

Carbon fibers are used as sensing elements in CFRP due to their electrical 
conductivity. In some more advanced studies, in CRFP, the carbon fibers 
were used for both strain sensing and damage sensing. The basic theory, 
in such studies, was that the movement of carbon fiber could be detected 
by ER (ER) measurement. During loading, the extent of contact between 
carbon fibers in a CF tow is altered, and the ER changes from its initial value. 
In this work, interfacial properties of carbon fiber/polymer composites were 
evaluated by such ER measurements. During the wetting process of CF tows 
by the polymer resins, the change in ER was recorded and analyzed. The 
test results for different carbon fibers and polymer resins exhibited different 
trends. The ER change was associated with the different wetting conditions, 
and the interfacial properties were predicted by these ER measurements. 
CF tow/epoxy exhibited the poorest carbon tow wettability, the smallest 
change in resistance and the poorest IFSS and ILSS. For the four systems 
studied, the relative change in each of these quantities for the materials 
of a given composite was roughly proportional to the other measured 
quantities. This may have some very significant practical importance. It may 
point the way to use quick easy tests to screen and predict other behaviors 
for composites of different materials and/or processes. Perhaps a simple 
resistance change test might be used to predict and select good candidate 
materials, surface processing techniques for high strength composite 
applications. The proportional relationship between interfacial adhesion 
and ER change was obtained by trend fitting line analyses. Mechanical 
properties related to interfacial properties might potentially be predicted by 
ER measurement and studies of wetting behavior, using empirical formulas 
and correlations. 

9800-28, Session 7

Improvement of fatigue life and prevention 
of internal crack initiation of chopped 
carbon fiber reinforced plastics modified 
with micro glass fibers
Ryohei Fujitani, Kazuya Okubo, Toru Fujii, Doshisha Univ. 
(Japan)

The purpose of this study is to investigate the influence of addition of micro 
glass fibers on the fatigue life and prevention of internal crack initiation 
and propagation around carbon fiber tip in matrix of chopped carbon 
fiber reinforced plastics fabricated by SMC (Sheet Molding Compound) 
method. In this study, chopped carbon fibers of 25mm in length were used 
as reinforcement. To enhance the matrix, glass micro fibers with 500 nm 
in diameter were mixed directly into the epoxy resin with 0.5wt% contents 
and the being mixed by commercial process homogenizer. The chopped 
carbon fiber reinforced plastics were fabricated and cured at 80 degree-C 
for 1 hour and then at 150 degree-C for 3 hours under 5MPa?After curing, 
the chopped carbon fiber reinforced plastics were cut into the dimension 
of specimen. Tensile and bending strength, absorbed impact energy and 
fatigue life of chopped carbon fiber reinforced plastics were investigated 
by tensile and three point bending test, Izod impact strength test and cyclic 
tension-tension test, respectively. In addition, the behavior of crack initiation 
and propagation between carbon fiber tip and matrix were discussed 
with model specimen fabricated with chopped single carbon fiber bundle 
embedded into the matrix. 
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In conclusion, the crack initiation and propagation around carbon fiber 
tip in matrix were prevented due to the addition of glass micro fibers into 
matrix, so that the static strength and the fatigue life of chopped carbon 
fiber reinforced plastics were improved compared with those of unmodified 
specimens.

9800-29, Session 7

Self-repair of cracks in brittle material 
systems
Carolyn Dry, Natural Process Design, Inc. (United States)

One of the most effective uses for self repair is in material systems that 
crack because the cracks can allow the repair chemical to flow into the 
crack damage sites in all three dimensions. In order for the repair chemical 
to stay in the damage site and flow along to all the crack and repair there 
must be enough chemical to fill the entire crack. The repair chemical must 
be designed appropriately for the particular crack size and total volume 
of cracks. In each of the three examples of self repair in crackable brittle 
systems, the viscosity and chemical makeup and volume of the repair 
chemicals used is different for each system. Further the chemical delivery 
system has to be designed for each application also. Test results from self 
repair of three brittle systems are discussed System

In “Self Repair of Concrete Bridges and Infrastructure” two chemicals 
were used due to different placements in bridges to repair different types 
of cracks- surface shrinkage and shear cracks, In “Airplane Wings and 
Fuselage, in Graphite” the composite has very different properties that 
the concrete bridges. In graphite the chemical also had to survive the high 
processing temperatures. In this composite the cracks were so definite 
and deep that the repair chemical could flow and repair in all layers of the 
composite. In “Ceramic Demonstrating Self Repair” the self repair system 
repaired the broken ceramic. 

9800-30, Session 7

A thermally tunable phononic crystal
Alireza Bayat, Faramarz Gordaninejad, Univ. of Nevada, 
Reno (United States)

A thermally tunable phononic crystal is designed and analyzed through 
analytical and FEM simulations. Bimaterial ligaments composed of two strips 
with contrast in their thermal expansion coefficient and stiffness properties 
are employed to design local resonators inside a periodic structure. The 
thermally induced large deformations are utilized to exploit pattern change 
in the structure to control elastic wave propagation. Once the temperature 
difference is removed the structure tends to return to the initial state 
providing opportunities to be used as thermally tunable acoustic switches 
and filters. The results show that complete band-gaps are shifted by the 
applied temperature difference. Moreover, psudo-gaps are transformed 
in specific directions of symmetry of the unit cell. Band diagram results 
demonstrate the ability of the thermally tunable periodic structure to be 
used in the control of elastic wave propagation. 

9800-31, Session 7

Real time in-situ sensing of damage 
evolution in nanocomposite bonded 
surrogate energetic materials
Engin Sengezer, Gary D. Seidel, Virginia Polytechnic 
Institute and State Univ. (United States)

The current work aims to explore the potential for in-situ structural health 
monitoring (SHM) in polymer

bonded energetic materials through the introduction of carbon nanotubes 

(CNTs) into the binder phase as a means to establish a significant 
piezoresistive response through the resulting nanocomposite binder. 
The experimental effort herein is focused towards electro-mechanical 
characterization of surrogate materials in place of actual energetic 
(explosive) materials in order to provide proof of concept for the strain and 
damage sensing.

The LEO (Zeiss) 1550 Schottky Field-emission SEM is used in order to assess 
the microstructure of a fracture surface and key morphological features 
of the as-produced hybrid nanocomposites such as CNT and surrogate 
crystal distribution. The electrical conductivity and the piezoresistive 
behavior of samples containing randomly oriented, well dispersed MWCNTs 
introduced into the the hydroxyl-terminated polybutadiene (HTPB) binder 
of 70 wt% granulated sugar-HTPB hybrid composites are quantitatively 
and qualitatively evaluated. Given the emphasis on SHM applications which 
correlate changes in electrical resistivity to deformation and damage, a 
range of MWCNT concentrations are considered starting below and just 
above the nanocomposite electrical percolation concentration (where 
peizoresistive sensitivities are typically maximized), which is obtained 
using an Agilent Technologies E4980A Precision LCR meter. The real time 
in-situ electrical resistance measurements of sugar-HTPB hybrid composites 
under quasi-static tensile loading are obtained with two terminal method in 
conjunction with digital image correlation (DIC) system to detect strain and 
damage initiation and its propagation to demonstrate real-time structural 
health monitoring and self-diagnostic functionalities in hybrid composites.

9800-32, Session 7

Self-repair technology in various 
pressurized composite systems
Carolyn Dry, Natural Process Design, Inc. (United States)

One of the most effective uses for self repair is in pressurized systems 
because the pressure helps to push the repair chemical into the damage 
site. In order for the repair chemical to stay in the damage site and repair 
rather than be pushed out by the pressure, the repair chemical must be 
designed appropriately for the particular pressure and volume of air of the 
system. In each of the five examples of self repair in pressurized systems 
discussed in this paper, the viscosity, chemical makeup and volume of the 
repair chemicals used is different for each system. 

In “Bicycle Tire Punctured Demonstrated Repair” the pressure was about 
60 psi and so the chemical used was a fast reactor and thin. In “Automotive 
Tires Subject to Impacts” the pressure was about 35 psi so the reaction rate 
of the chemical was slower than bike tires and chemical was more viscous. 
In “Air Beams Survive Impacts” the pressure was 60 psi with more air than 
bike tires so that called for a different chemical. Other examples are “NASA 
Composite Habitat Demonstrating Repaired Impacts Under Vacuum” and 
“High Pressure Pipe Measured for Hoop Strength Post Impact”.

9800-45, Session PTue

Experimental investigation on dependency 
of Terfenol-D transducers performance on 
working conditions
Mohammad Reza Sheykholeslami, Yousef Hojjat, Tarbiat 
Modares Univ. (Iran, Islamic Republic of); Simone 
Cinquemani, Marco Tarabini, Politecnico di Milano (Italy); 
Mojtaba Ghodsi, Sultan Qaboos Univ. (Oman)

Performance and efficiency of magnetostrictive transducer are highly 
dependent on working conditions. Magnetic bias field and pre-stress of the 
magnetostrictive rod are two of the main factors affecting the transducer 
behavior. Unexpected changes may cause unpredictable behavior of the 
transducer and a dramatic loss of performances. This paper experimentally 
investigates the effect of different working conditions on quality factor, 
force factor, bandwidth, resonance frequency and efficiency of a Terfenol-D 
resonance transducer that works in its first mode of vibration. For this 
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purpose, an experimental setup consisting of laser Doppler, power amplifier 
and current transducer has been used. A Terfenol-D resonance transducer 
that is capable of changing magnetic bias field and mechanical pre-stress 
has been designed and fabricated. Working frequency of the transducer 
is between 5000 Hz to 7000 Hz. Output parameters of the transducer 
are experimentally calculated using an equivalent electrical circuit model. 
Results of the study improves the knowledge in the field and gives 
suggestions to the design of resonance transducers.

9800-47, Session PTue

A physics model of the multi-degree 
freedom ionic polymer-metal composite 
cylinder actuator
Qi Shen, Univ. of Nevada, Las Vegas (United States); Viljar 
Palmre, The Univ. of Texas Health Science Ctr. at Houston 
(United States); Jameson Y. Lee, Kwang Jin Kim, Univ. of 
Nevada, Las Vegas (United States)

In current paper, a multi-degree freedom IPMC cylinder actuator 
was developed. The IPMC actuator was theoretically modeled and 
experimentally investigated. The surface electrode of the IPMC actuator was 
mechanically processed. By selectively activating specific regions of the 
IPMC actuator, multi-degree freedom locomotive behaviors can be achieved. 
A physical-based model of the IPMC actuator was developed based on the 
Poisson-Nernst-Planck system of equations. Experiments were conducted 
to verify the model. A good agreement between the theoretical results 
and experimental results is achieved. Current study may be useful on the 
fabricating, modeling and controlling of multi-degree freedom IPMC cylinder 
actuators.

9800-48, Session PTue

Creation of smart composites using an 
embroidery machine
Nobuhiro Torii, Kosuke Oka, Tadashige Ikeda, Nagoya Univ. 
(Japan)

Fiber orientation affects mechanical properties of composite laminates 
significantly. Accordingly, if the fibers can be placed along a desired 
path, the composite laminate plate can be designed more lightly and 
more optimally for some purposes. To this end tailored fiber placement 
methods using an embroidery machine have been studied [Nishida et al., 
Proc. ICCM19, (2013), pp. 3865-3872]. In this study, to add functions to 
the composite plate, shape memory alloy (SMA) wires are placed. First, 
thin tubes are placed on fabrics by using an embroidery machine and this 
fabric is impregnated with resin by using the vacuum assisted resin transfer 
molding method. Then pre-strained SMA wires are inserted into the tubes. 
This smart composite plate is activated by applying voltage to the SMA 
wires. Fundamental properties of the smart composite are examined and the 
feasibility of the proposed creation method is shown.

9800-49, Session PTue

Finite element analysis of the dynamic 
behavior of radially polarized Functionally 
Graded Piezoelectric (FGP) structures
Ramkumar Kandasamy, Fangsen Cui, A*STAR Institute of 
High Performance Computing (Singapore)

In the traditional layered piezoelectric structures, high stress concentrations 
could cause the structural failure in interlayer surfaces due to repeated strain 
reversals. To overcome the performance limitations of these structures, the 

concept of Functionally Graded Materials (FGMs) has been introduced to 
improve the lifetime, integrity, and reliability of these structures. 

Here we study the free and forced vibration of radially polarized 
Functionally Graded Piezoelectric (FGP) cylinders under different sets of 
loading. Material properties such as piezoelectric, elastic and permittivity 
are assumed to change along its thickness, based on a specific gradation 
function. Four-parameter power law distribution is used to grade the volume 
fraction of the constituents comprised of PZT-5A and PZT-5H. The effects 
of material composition, loading and boundary conditions on the dynamic 
behavior of FGP cylinder can be investigated using finite element method 
(FEM).

We have validated our modeling with those reported in the literature. 
Furthermore, we have conducted detailed analysis on the dynamic behavior 
of a radially polarized FGP cylinder. Since the modeling of functionally 
graded piezoelectric systems is very complicated, the present study can 
help in the design and analysis of FGP cylinders.

9800-34, Session 8

Self-sensing and thermal-energy 
experimental characterization of 
multifunctional cement-matrix composites 
with carbon nanoinclusions
Antonella D’Alessandro, Anna Laura Pisello, Sara Sambuco, 
Filippo Ubertini, Univ. degli Studi di Perugia (Italy); 
Francesco Asdrubali, Univ. degli Studi di Roma Tre (Italy); 
Annibale Luigi Materazzi, Franco Cotana, Univ. degli Studi 
di Perugia (Italy)

The recent progress of Nanotechnology allowed the development of new 
smart materials in several fields of engineering. In particular, innovative 
construction materials with multifunctional enhanced properties can be 
produced. The paper presents a multiphysical experimental characterization 
of cement-matrix pastes doped with Carbon Nanotubes (CNTs), Carbon 
Nanofibers (CNFs), Carbon Black (CB) and Graphene Nanoplatelets 
(GNPs). Both electro-mechanical and thermo-physical investigations 
are carried out. The conductive nanoinclusions provide the cementitious 
matrix a piezoresistive strain-sensing behaviour allowing the detection 
of external strain, stress changes and cracks. Thereby, traditional building 
materials, such as concrete and cementitious materials, would be capable 
of self-monitoring the state of deformation they are subject to, giving rise 
to spatially distributed sensing systems of structural integrity. Besides 
supplying self-sensing abilities, carbon nanofillers also change mechanical, 
physical and thermal properties of cementitious composites. The present 
study addresses thermal conductivity and optical properties of the different 
nanomodified materials, in order to investigate possible improvements in 
such properties leading to applications for enhancing energy efficiency of 
buildings. The final aim of the work is the characterization of an innovative 
multifunctional composite capable of combining self-monitoring properties 
with enhanced mechanical and thermal-energy efficiency characteristics. 
The potential applications of these nanomodified materials cover a wide 
range of possibilities, such as smart structures, sensing and anti-static 
pavements, electromagnetic shielding, geothermal piles, radiant systems 
and more.

9800-51, Session 8

Effects of silanized graphene nanoflakes 
on mechanical properties of carbon fiber 
reinforced laminate composites
Rifath Mahmud Rony Shagor, Ramazan Asmatulu, Wichita 
State Univ. (United States)

Graphene has many superior mechanical, electrical and thermal properties 

Conference 9800: Behavior and Mechanics  
of Multifunctional Materials and Composites X



  +1 360 676 3290 · help@spie.org 83Return to Contents

to make it obvious alternatives for numerous industrial applications. 
However, because of the enormous specific surface area and energy, these 
nanomaterials are naturally agglomerated in the matrix systems, reducing 
many physical properties of the composite systems. In order to solve the 
graphene dispersion and stability problem in the polymeric composites, 
this study proposed an established functionalization technique whereby 
silane molecules were applied on the pristine graphene surface for a better 
interaction between resin and nanoscale inclusions. Afterward, pristine and 
functionalized graphene were separately incorporated with the carbon-
fiber-reinforced-polymer (CFRP) composites through the wet layup process 
at weight percentages of 0.25 wt%, 0.5 wt% and 1 wt%. The test studies 
showed that the mechanical properties of the CFRP were increased up to 
50% in the presence of 0.5wt% functionalized graphene in the resin. This 
study may be useful for the strength improvements of composite materials 
used in aircraft, wind turbine and many other industrial applications.

9800-35, Session 9

Evaluation of progressive damage of 
nano-modified composite laminates under 
repeated Impacts
Ermias G. Koricho, Oleksii Y. Karpenko, Anton Khomenko, 
Mahmoodul Haq, Gary L. Cloud, Lalita Udpa, Michigan 
State Univ. (United States)

Tailoring the impact response of composites using nano-reinforcement 
has been studied considerably. However, studies on the effect of nano-
reinforcements in repeated impact scenarios are relatively limited. In this 
work, the effect of layered nanoclay concentration on impact resistance of 
glass-fiber reinforced composites (GFRP) subjected to repeated impacts 
was studied. Four impact energy levels with a minimum of four specimens 
per case were experimentally tested. Each sample was subjected to 40 
repeated impacts or up to perforation. The impact response was evaluated 
in terms of evolution of the peak force, bending stiffness, visual damage 
evolution observations and optical transmission imaging at critical stages 
as a function of number of impacts. Also, Damage Index (DI) was calculated 
to monitor the damage evolution process in the laminates. As expected, 
impact response of GFRP composites varied based on the concentration 
of nanoclay and the applied impact energy. The presence of nanoclay 
introduces novel phenomena that change the damage progression under 
repetitive impacts and was verified by our visual and optical penetration 
images. A better understanding of these phenomena (crack-bridging, 
tortuosity) and their contribution to both enhancements in impact behavior 
and type of damage propagation can lead to better design of novel 
structural composites.

9800-36, Session 9

Strain analysis of nanowire interfaces in 
multiscale composites
Mohammad H. Malakooti, Univ. of Michigan (United 
States); Zhi Zhou, Univ. of Florida (United States); John H. 
Spears, Univ. of Central Florida (United States); Timothy 
J. Shankwitz, Univ. of Florida (United States); Henry A. 
Sodano, Univ. of Michigan (United States)

Recently, the reinforcement-matrix interface of fiber reinforced polymers 
has been modified through grafting nanostructures – particularly carbon 
nanotubes and ZnO nanowires – on to the fiber surface. This type of 
interface engineering has made a great impact on the development 
of multiscale composites that have high stiffness, interfacial strength, 
toughness, and vibrational damping – qualities that are mutually 
exclusive to a degree in most raw materials. Although the efficacy of 
such nanostructured interfaces has been established, the reinforcement 
mechanisms of these multiscale composites have not been explored. Here, 
strain transfer across a nanowire interphase is studied in order to gain a 

heightened understanding of the working principles of physical interface 
modification and the formation of a functional gradient. This problem is 
studied using a functionally graded piezoelectric interface composed of 
vertically aligned lead zirconate titanate nanowires, as their piezoelectric 
properties can be utilized to precisely control the strain on one side of 
the interface. The displacement and strain across the nanowire interface 
is captured using digital image correlation. It is demonstrated that the 
material gradient created through nanowires cause a smooth strain transfer 
from reinforcement phase into matrix phase that eliminates the stress 
concentration between these phases, which have highly mismatched 
elasticity.

9800-37, Session 9

On the continuum mechanics approach 
for the analysis of single walled carbon 
nanotubes
Muhammad Salman Chaudhry, Aleksander Czekanski, York 
Univ. (Canada)

Today carbon nanotubes have found various applications in structural, 
thermal and almost every field of engineering. Carbon nanotubes provide 
great strength, stiffness resilience properties. Evaluating the structural 
behavior of nano-scale materials is an important task. In order to understand 
the materialistic behavior of nano-tubes, atomistic models provide a basis 
for continuum mechanics modelling. Although the properties of bulk 
materials are consistent with the size and depends mainly on the material 
but the properties when we are in Nano-range, continuously change with 
the size. Such models start from the modelling of inter-atomic interaction. 
Modelling and simulation has advantage of cost saving when compared with 
the experiments. So in this project our aim is to use a continuum mechanics 
model of carbon nano-tubes from atomistic perspective and analyse some 
structural behavior of nanotubes. It is generally recognized that mechanical 
properties of nano-tubes are dependent upon their structural details. 
The properties of nanotubes vary with the varying with the inter-atomic 
distance, angular orientation, radius of the tube and many such parameters. 
Based on such models one can analyse the variation of young’s modulus, 
strength, deformation behavior, vibration behavior and thermal behavior. In 
this study some of the structural behavior of the nano-tubes are analysed 
with the help of continuum mechanics models. Using the properties derived 
from the molecular mechanics model a Finite Element Analysis of carbon 
nano-tubes is performed and results are verified. This study provides the 
insight on continuum mechanics modelling of nano-tubes and hence the 
scope to study the effect of various parameters on some structural behavior 
of nano-tubes.

9800-38, Session 9

Aramid nanofibers as carbon fiber’s 
surface modifiers for improving interfacial 
adhesion
Jea Uk Lee, Korea Institute of Materials Science (Korea, 
Republic of) and Korea Research Institute of Chemical 
Technology (Korea, Republic of); Wonoh Lee, Korea 
Institute of Materials Science (Korea, Republic of)

Aramid fibers (also known as Kevlar®) have great and outstanding 
mechanical properties such as low density, high modulus, and high tenacity, 
which have been regarded as an ideal reinforcing materials in advanced 
composites. Recently, the nano-sized form of aramid fibers (ANFs) has 
been developed with maintaining great mechanical properties similar with 
their original macro-fibers. In this work, a simple anodic electrophoretic 
deposition (EPD) was used to produce ANF-coated carbon fibers with 
great interfacial properties, because EPD is a simple, versatile and low cost 
process with having great ability to coat on any electrically conducting 
substrates. In dimethyl sulfoxide (DMSO) solution, ANFs are well-dispersed 
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and have negative charges. Therefore, by applying an electric field between 
electrodes, the negatively charged ANFs in a DMSO suspension move 
toward an anode and then can be readily deposited on carbon fibers 
without any chemical treatment. By varying initial concentration of ANF 
suspensions under a certain EPD condition (voltage and time), the coating 
morphology and amount of ANFs can be further controlled to obtain the 
best performance of carbon fiber-reinforced composites.

9800-39, Session 9

Preparation, characterization, and 
properties of carbon nanotube/polyurea 
nanocomposites
Jing Qiao, Longtao Jiang, Gaohui Wu, Harbin Institute of 
Technology (China)

The carbon nanotube/polyurea composites was synthesized. The 
microstructure of the composites was examined by the Scanning Electron 
Microscopy (SEM). Physical and mechanical properties of the composites 
were characterized by fourier transform infrared spectroscopy (FTIR), 
differential scanning calorimetry (DSC) and dynamic mechanical analyzer 
(DMA). Effect of carbon nanotube weight fraction on the properties of the 
composites was evaluated.

9800-41, Session 10

Simulation of controllable permeation in 
PNIPAAm coated membranes
Adrian Ehrenhofer, Thomas Wallmersperger, Andreas 
Richter, TU Dresden (Germany)

Membranes separate fluid compartments and can comprise transport 
structures for selective permeation. In biology, channel proteins are 
specialized in their atomic structure to allow transport of specific 
compounds (selectivity). Conformational changes in protein structure allow 
the control of the permeation abilities by outer stimuli (gating). In polymeric 
membranes, the selectivity is due to electrostatic or size-exclusion. It 
can thus be controlled by size variation or electric charges. Controllable 
permeation can be useful to determine particle-size distributions in 
continuous flow, e.g. in microfluidics and biomedicine to gain cell diameter 
profiles in blood.

The present approach uses patterned polyethylene terephthalate (PET) 
membranes with hydrogel surface coating for permeation control by 
size-exclusion. The thermosensitive hydrogel poly(N-isopropylacrylamide) 
(PNIPAAm) is structured with a cross-shaped pore geometry. A change 
in the temperature of the water flow through the membrane leads to a 
pore shape variation. The temperature dependent behavior of PNIPAAm 
can be numerically modeled with a temperature expansion analogy, 
where the swelling and deswelling is depicted by temperature dependent 
expansion coefficients. In the present study, the free swelling behavior was 
implemented to the Finite Element tool ABAQUS for the complex composite 
structure of the permeation control membrane. Experimental values of the 
geometry characteristics were derived from microscopy images with the 
tool ImageJ and compared to simulation results. Excellent agreement was 
found. With this study, we show that the temperature expansion analogy 
with values from the free swelling behavior can be used to adequately 
predict the deformation behavior of the complex membrane system.

9800-42, Session 10

A continuum damage mechanics based 
approach with atomistic contribution 
for damage modelling of CNT infused 
nanopolymers
Ashwin Rai, Nithya Subramanian, Bonsung Koo, Siddhant 
Datta, Aditi Chattopadhyay, Arizona State Univ. (United 
States)

CNT based nano-polymers have attracted considerable interest as the 
matrix constituent in fiber reinforced composite materials due to it’s ability 
for imparting excellent structural properties along with multifunctional 
abilities to the bulk structure. However modelling strategies for these novel 
materials have consisted mainly of homogenized phenomenological models. 
With the advent of multiscale modeling, it is imperative to understand the 
constituent materials more completely so that length scale and interaction 
effects can be modeled accurately. In this paper, a constitutive model with 
damage parameters derived from a continuum damage mechanics approach 
combined with atomistic information from Molecular Dynamics simulations 
will be explored for the CNT based nanopolymer where-in fundamental 
covalent bond information of the polymer molecules will be used to quantify 
bulk material damage. 

9800-43, Session 10

Probing ionic transport using 
electrochemical strain microscopy: 
modeling and experiment
Ahmadreza Eshghinejad, Jiangyu Li, Univ. of Washington 
(United States)

Recently, researchers at Oakridge National Laboratory have developed 
a new scanning probe microscopy (SPM) –based technique to probe the 
ionic transport in the energy storage materials in nanometer scale. In this 
technique, called electrochemical strain microscopy (ESM), the coupling 
between ion concentration and lattice strain (Vegard strain) is exploited to 
probe the ionic transport. A periodic bias is applied to the scanning probe 
to locally induce redistribution of ions concentration resulting in periodic 
deformation of the electrode surface beneath the tip. This deformation is 
measured by the same tip over the scanning area and is then mapped as the 
ionic transport activity with nanometer resolution providing detailed insight 
to the electrode material operation.

In this study, a mathematical model of the coupled physics involved in 
the formation of the ESM signal is developed. The model couples the 
governing ionic diffusion to the mechanical deformation induced by the ion 
concentration variation. The mathematical model is then implemented into 
the Comsol finite element platform. The SPM tip and the semi-infinite space 
beneath the tip impose the boundary conditions of ion concentration and 
mechanical conditions. Because of the frequency dependent nature of the 
ESM technique, the governing equations are solved in the frequency domain. 
The results of the modeling are verified against an analytical solution for a 
simple case. Furthermore, the finite element model is exploited to study the 
ESM probing technique in more realistic and detailed conditions and the 
results are compared to the experimental results. 
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9800-44, Session 10

Improvement in properties of composite 
materials by embedding superelastic 
shape memory alloy wires
Luv Verma, Srinivasan M. Sivakumar, S. Vedantam, Indian 
Institute of Technology Madras (India)

Due to their high strength/weight & stiffness/weight ratio, there is a 
huge shift towards composite materials from the conventional metals, 
but composites have poor damage resistance in the transverse direction. 
Undergoing impact loads, they can fail in wide variety of modes which 
severely reduces the structural integrity of the component. In order to 
improve the impact resistance and damping capabilities, reinforcing fibers 
that have a high ductility to absorb the impact and dissipate energy with 
self-centering capability to revert to original shape after removal of loads 
could offer a good solution. The aim of the work is to embed superelastic 
shape memory alloy (SMA) wires into the composite materials to improve 
the impact resistance properties, thus reducing the amount of damage 
happening due to transverse loads acting on composites. To measure the 
improvement in the impact resistance, the amount of energy dissipation 
happening into SMA composite is needed. The behavior of SMA composite 
is non-linear because of phase transformations in SMA and thus 3-D 
behavior of superelastic SMA is modeled using convex cutting algorithm and 
then homogenization method given by Mori-Tanaka have been employed to 
calculate the stress-strain behavior of the 2-phase SMA/epoxy composite 
for the Representative volume element(RVE). The upper-bound on the 
same have been calculated using Voigt method and it has been shown that 
how energy dissipation evolves as we vary the properties of the composite 
including volume fraction of SMA and its modulus. The improvements are 
shown over composites with and without conventional metal inclusions.
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9801-1, Session 1

Enhanced fuel efficient on tractor-trailers 
using synthetic jets-based active flow 
control (Invited Paper)
Michael Amitay, Rensselaer Polytechnic Institute 
(United States) and Actasys, Inc. (United States); David 
Menicovich, Daniele Gallardo, Actasys, Inc. (United States)

The application of synthetic jets-based active flow control to reduce drag 
on tractor-trailers was explored experimentally in wind tunnel testing as 
well as road tests. Aerodynamic drag accounts for more than 50% of the 
usable energy at highway speeds, a problem that applies primarily to trailer 
trucks. Therefore, a reduction in aerodynamic drag results in large saving 
of fuel and reduction in CO2 emissions. The active flow control technique 
that has been used relies on a modular system comprised of small, highly 
efficient actuators. These actuators, called synthetic jets, are jets that are 
synthesized at the edge of an orifice by a periodic motion of a piezoelectric 
diaphragm(s) mounted on one (or more) walls of a sealed cavity. The 
synthetic jet is zero net mass flux (ZNMF), but it allows momentum transfer 
to flow. It is typically driven near diaphragm and/or cavity resonance, and 
therefore, small electric input [O(10W)] is required. Another advantage of 
this actuator is that no plumbing is required. The system doesn’t require 
changes to the body of the truck, can be easily reconfigured to various 
types of vehicles and consumes small amounts of electrical power from 
the existing electrical system of the truck. Preliminary wind tunnel results 
showed up to 18% reduction in fuel consumption, whereas road tests also 
showed very promising results.

9801-2, Session 1

Fluidic actuators for active flow control on 
airframe
Martin Schueller, Perez Weigel, Mathias Lipowski, 
Fraunhofer-Institut für Elektronische Nanosysteme 
(Germany); Michael Meyer, Airbus Group Innovations 
(Germany); Matthias Bauer, Technische Univ. Berlin 
(Germany); Jean-Pierre Rosenblum, Dassault Aviation 
(France); Eric Coustols, ONERA (France)

One objective of the European Projects AFLoNext and Clean Sky 2 is to 
apply Active Flow Control (AFC) on the airframe in critical aerodynamic 
areas such as the engine/wing junction or the outer wing region for being 
able to locally improve the aerodynamics for certain flight conditions. At 
the engine/wing junction AFC is applied to alleviate or even eliminate flow 
separation at low speeds and high angle of attacks likely to be associated 
with the integration of under-wing-mounted Ultra High Bypass Ratio 
(UHBR) engines and the necessary slat-cut-outs. At the outer wing region 
AFC is applied to allow more aggressive future wing designs with improved 
performance. A relevant part of the work on AFC concepts for airframe 
application is the development of suitable actuators. Fluidic Actuated Flow 
Control (FAFC) has been introduced as a Flow Control Technology that 
influences the boundary layer by actively blowing air through slots or holes 
out of the aircraft skin. FAFC actuators can be classified by their Net-Mass 
Flux and accordingly divided into ZNMF (Zero-Net Mass Flux) and NZNMF 
(Non-Zero Net-Mass-Flux) actuators. In the frame of both projects, both 
types of the FAFC actuator concepts are addressed. In this paper, the 
objectives of AFC on the airframe is presented and the actuators that are 
used within the project are discussed.

9801-3, Session 1

The development and application of 
piezoelectric bending beam actuators
Wilfred K. Chan, Rensselaer Polytechnic Institute (United 
States); Dan J. Clingman, The Boeing Co. (United States); 
Michael Amitay, Rensselaer Polytechnic Institute (United 
States)

Piezoelectric materials have long been used for active flow control purposes 
in aerospace applications. These technologies can be used to enhance 
performance in different applications by increasing the effectiveness of 
aerodynamic surfaces on aircraft, wind turbines and more. Piezoelectric 
actuators, which have the ability to deform by contraction or expansion 
when a voltage is applied, are an appropriate choice due to their low 
mass, small dimensions, simplistic design, and frequency response. This 
investigation involves research into the development of small-scale 
piezoceramic-based actuators with two bimorphs placed in series. With 
these mechanisms, the main desired characteristic is the achievable 
displacement amplitude at certain input voltages and frequencies. On top 
of the actuators, active flow control devices, such as a dynamic vortex 
generator, can be placed. A parametric study was performed, in which 
different actuators with varying dimensions such as piezoelectric thickness 
and beam length were fabricated and tested. These devices were actuated 
with a periodic function, resulting in an oscillating platform on which to 
mount different flow control devices. The main quantification method 
consisted of driving these devices through voltage and frequency sweeps 
to obtain their frequency response. Other quantification methods included 
measuring the actuator’s blocked force and static displacement under a 
fixed voltage. Measurements were taken using a laser displacement sensor 
and low capacity load cell. In addition to physical testing of these devices, 
an analytical model using an energy-based approach and the Euler-Bernoulli 
beam theory was developed, and was compared with experimental data.

9801-4, Session 1

Development of piezo-based membranes 
for synthetic jet actuators: experiments 
and modeling
Kevin Housley, Rensselaer Polytechnic Institute (United 
States); Aaron M. Sassoon, Dan J. Clingman, The 
Boeing Co. (United States); Michael Amitay, Rensselaer 
Polytechnic Institute (United States)

A mathematical model was developed to represent the behavior of circular 
piezoelectric bimorphs in a synthetic jet actuator. Synthetic jet actuators 
are a popular active flow control device whose application is being widely 
explored in aerodynamics. The material properties were matched to those 
of PZT-5A mounted on a substrate. The actuator’s geometry consisted of a 
cylindrical cavity of low length to diameter aspect ratio. Bimorphs formed 
either one or both of the cylinder’s bases. The ingestion/expulsion orifice 
for the synthetic jet actuator was placed in the wall of the cavity so as to 
allow for either single or dual disk configurations. Simply supported and 
rigidly supported boundary conditions were individually assessed around 
the circumference of each bimorph. The potential of alternate mode 
shapes occurring in the bimorphs during operation of the synthetic jet 
was evaluated. A parametric study was conducted varying the thickness 
of the piezoelectric wafers used in the bimorphs and the geometry of 
the cavity and orifice. Results were obtained for the displacement of the 
bimorph’s surface, the pressure inside the actuator cavity, and the velocity 
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of the air being ingested and expulsed through the orifice. These results 
were compared to values obtained through finite element methods using 
commercial software. Experimental data present in literature was also 
compared. The mathematical model was seen to have considerable potential 
for predicting the performance of synthetic jet actuators. Of special interest 
was the calculated strain present in the piezoelectric material as this defines 
the operational limit before failure of the actuator.

9801-5, Session 2

Toward the bi-modal camber morphing of 
large aircraft wing flaps: the CleanSky GRA 
experience
Rosario Pecora, Francesco Amoroso, Marco Magnifico, 
Leonardo Lecce, Univ. degli Studi di Napoli Federico II 
(Italy)

The Green Regional Aircraft (GRA), one of the six CleanSky platforms, 
represents the largest European effort toward the greening of next 
generation air transportation through the implementation of advanced 
aircraft technologies. In this framework researches were carried out to 
develop an innovative wing flap enabling airfoil morphing according to two 
different modes depending on aircraft flight condition and flap setting:

- Camber morphing mode. Morphing of the flap camber to enhance high-lift 
performances during take-off and landing (flap deployed);

- Tab-like morphing mode. Upwards and downwards deflection of the 
flap tip during cruise (flap stowed) for load control at high speed and 
consequent optimization of aerodynamic efficiency.

A true-scale flap segment of a reference aircraft (EASA CS25 category) 
was selected as investigation domain for the new architecture in order to 
duly face the challenges posed by real wing installation issues especially 
with reference to the tapered geometrical layout and 3D aerodynamic loads 
distributions. The investigation domain covered the flap region spanning 3.6 
m from the wing kink and resulted characterized by a taper ratio equal to 
0.75 with a root chord of 1.2 m.

High TRL solutions for the adaptive structure, actuation and control system 
were duly analysed and integrated while assuring overall device compliance 
with industrial standards and applicable airworthiness requirements. A 
technological demonstrator was finally manufactured and ground tested in 
order to prove system functionality as well as to validate adopted structural 
arrangements. 

9801-6, Session 2

KRISTINA: Kinematic RIb based STructural 
system for INnovative Adaptive trailing 
edge
Rosario Pecora, Francesco Amoroso, Marco Magnifico, 
Univ. degli Studi di Napoli Federico II (Italy); Ignazio 
Dimino, Antonio Concilio, Ctr. Italiano Ricerche 
Aerospaziali (Italy)

Nature teaches that the flight of the birds succeeds perfectly since they are 
able to change the shape of their wings in a continuous manner. The careful 
observation of this phenomenon has re-introduced in the recent research 
topics the study of “metamorphic” wing structures; these innovative 
architectures allow for the controlled wing shape adaptation to different 
flight conditions with the ultimate goal of getting desirable improvements 
such as the increase of aerodynamic efficiency or load control effectiveness. 

In this framework, the European research project SARISTU aimed at 
combining morphing and smart ideas to the leading edge, the trailing edge 
and the winglet of a large commercial aeroplane (EASA CS25 category) 
while assessing integrated technologies validation through high-speed wind 
tunnel test on a true scale outer wing segment. The design process of the 

adaptive trailing edge (ATED) addressed by SARISTU is here outlined, from 
the conceptual definition of the camber-morphing architecture up to the 
assessment of the device executive layout. Rational design criteria were 
implemented in order to preliminarily define ATED structural layout and the 
general configuration of the embedded mechanisms enabling morphing 
under the action of aerodynamic loads. Advanced FE analyses were then 
carried out and the robustness of adopted structural arrangements was 
proven in compliance with applicable airworthiness requirements. 

9801-7, Session 2

Distributed electromechanical actuation 
system design for a morphing trailing edge 
wing
Ignazio Dimino, Gianluca Diodati, Ctr. Italiano Ricerche 
Aerospaziali (Italy); Avner Volovick, Lior Zivan, Israel 
Aerospace Industries Ltd. (Israel); Antonio Concilio, Ctr. 
Italiano Ricerche Aerospaziali (Italy)

Next-generation flight control actuation technology will be based on “more 
electric” concepts, promising benefits in terms of efficiency, weight and 
maintenance. This paper is concerned with the design of an un-shafted 
distributed servo-electromechanical actuation system, suited for a morphing 
trailing edge wing of large commercial aircraft. It aims at producing small 
wing camber variation in the range between -5° and +5° during aircraft 
cruise, in order to enable aerodynamic efficiency improvements. The 
deployment kinematics is based on multiple “direct-drive” actuation, each 
made of light-weight compact lever mechanism, rigidly connected to 
compliant ribs mechanically sustained by the actuator distribution. Navier-
Stokes computations are performed to estimate the pressure distribution 
over the interested wing region and the resulting hinge moments that 
transfer to the primary structure via the driving mechanism architecture. 
An electro-mechanical Matlab/Simulink model of the distributed actuation 
complex is developed as a design tool, to preliminary evaluate the complete 
system performance. Implementing a multi-shaft strategy, each actuator is 
sized for the torque acting on the respective adaptive rib as a consequence 
of the effect of both the aerodynamic pressure and the morphing skin 
stiffness. Elastic trailing edge rotations and power needs are evaluated 
in operative conditions. Focus is finally given to the key challenges of 
the proposed concept: targeting quantifiable improvements while being 
compliant to the demanding requirements in terms of reliability and safety.

9801-8, Session 2

Design of superelastic friction ringspring 
with enhanced dissipative properties
Andrea Spaggiari, Univ. degli Studi di Modena e Reggio 
Emilia (Italy)

The present work analyzes the behavior of the ring springs rings made 
of superelastic materials, such as Nickel-Titanium alloys. Ring springs are 
mechanical elements used in industrial applications and in transport for 
energy dissipation. They are constituted by a stack of rings (internal and 
external), with tapered surfaces in contact one each other. Under the action 
of an axial load these surfaces slide, the rings are deformed circumferentially 
and energy is dissipated due to friction. The main advantages of these 
springs are the high specific energy stored and the large damping capacity. 
Furthermore, the stiffness and damping are independent on the strain rate 
and the temperature, which limits or avoids any resonance problems. The 
superelastic materials, characterized by a stress plateau almost constant and 
large reversible deformations can be used to replace traditional materials 
in ring springs giving a significant performance increase. Compared to 
the traditional version where energy is adsorbed only due to friction, in 
superelastic ring springs there is an increase of the dissipated energy thanks 
to the internal hysteresis of the material. The paper studies analytically, 
through simplified models, the ring springs in traditional material and in 
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superelastic material, providing equations to dimension these mechanical 
elements, which helps the industrial designer. The paper reports also 
a comparison between the traditional ring spring and a superelastic 
ring spring on a specific case study, giving a quantitative insight on the 
effectiveness of the proposed solution.

9801-9, Session 2

Modeling of electric resistance of 
shape memory alloys: self-sensing for 
temperature and actuation control of 
active hybrid composites
Sebastian Nissle, Moritz Hübler, Martin Gurka, Institut fuer 
Verbundwerkstoff (Germany)

For actuation purposes active hybrid structures made of fiber reinforced 
polymers (FRP) and shape memory alloys (SMA) enable substantial savings 
concerning weight, space and cost. Such structures allow realizing new 
functions which are more or less impossible with currently used systems 
consisting of the structure and the actuator as separated elements, such 
as morphing winglets. But there are also some challenges that still need 
to be addressed. For the application of SMA-FRP-composites an exact 
temperature management is essential to reach the required deformation 
of the structure without overheating of the active material. But a direct 
measurement of the temperature is difficult because of the complexity of 
hybrid structures. Also the deformation of the structure which depends on 
the temperature, the stiffness of the hybrid structure and external loads is 
not possible to determine offhand. An opportunity for a condition control is 
provided by the special behavior of the electrical resistance of SMA. During 
the phase transformation of the SMA - this is essential for the actuation of 
the structure - the resistance drops with rising temperature in the material. 
This behavior can be used for the condition control, especially because 
the electrical resistance can be easy measured during the activation as 
this is done in most cases by Joule heating. As shown in this contribution, 
theoretical modelling and experimental tests provide a load-independent 
self-sensing based control-concept of SMA-FRP-hybrid-structures.

9801-10, Session 3

Digital valve for high pressure high flow 
applications
Mircea Badescu, Stewart Sherrit, Xiaoqi Bao, Yoseph Bar-
Cohen, Jeffery L. Hall, Derek A. Lewis, Jet Propulsion Lab. 
(United States)

To address the challenges that are involved with the development of flow 
control valves that can meet the requirements of deep oil wells such as 
high pressure, high flow rate, limited power and limited space the authors 
have conceived a novel design configuration[1]. This design consists of 
a digitalized flow control valve with multipath and multistage pressure 
reduction structures. Specifically, the valve is configured as a set of parallel 
flow paths from the inlet to the outlet. The choke valve controls the total 
flow rate by digitally opening different paths or different combination of 
the paths. Each path is controlled by a poppet cap valve basically operated 
in on-off states. The number of flow states is 2N where N is the number 
of flow paths. To avoid erosion from sand in the oil and high speed flow, 
the seal area of the poppet cap valve is located at a distance from the 
flow inlet away from the high speed flow and the speed is controlled stay 
below a predefined erosion safe value. The path is a multistage structure 
composed of a set of serial nozzles-expansion chambers that equally 
distribute the total pressure drop to each stage. The pressure drop of each 
stage and, therefore, the flow speed at the nozzles and expansion chambers 
is controlled by the number of stages. The paths have relatively small cross 
section and could be relatively long for large number of stages and still fit 
in the strict annular space limit in the typical downhole region of an oil well. 
The paper will present the design configuration, analysis and preliminary 

test results.

[1] Xiaoqi Bao, Mircea Badescu, Stewart Sherrit, Jeffery L. Hall, Yoseph Bar-
Cohen “Multi-path multi-stage erosion-resistant valve for downhole flow 
control,” Patent Application US20140224342 A1, 2014.

KEYWORDS: Flow control, digital valve, downhole, oilwell.

9801-11, Session 3

An ultrasonic horn atomizer with closed 
loop driving circuit
Yuan-Fang Chou, Kai-Jhong Chen, National Taiwan Univ. 
(Taiwan); Jui-Mei Hsu, Industrial Technology Research 
Institute (Taiwan)

A novel ultrasonic horn atomizer is developed for the purpose of obtaining 
small size droplets at a large flow rate. The ultrasonic horn has a non-
monotonically decreasing cross sectional area to provide a large atomizing 
surface. Consisting of two horns and one actuator section, the 300 kHz 
atomizer nozzle is made of [100] silicon wafer with its axis aligned in the 
<100> direction to minimize the length. Two PZT plates are adhered to 
each side of the actuator section for supplying driving power. This device 
atomizes the liquid film on its nozzle tip to generate droplets.

The atomizing mechanism is based on the capillary wave on liquid surface. 
Once the wave amplitude exceeds the critical value, the motion of surface 
liquid becomes unstable and releases droplets. Therefore, driving at 
resonant frequency is the most effective way for atomizing. Dimension 
deviation combined with different kind of liquid to be atomized causes 
resonant frequencies of nozzles changed from time to time. Due to the 
high-Q nature of nozzles, atomizing performance will drop drastically once 
the driving frequency is different from its resonant frequency by a very little 
amount. Therefore it is necessary to adjust driving frequency accordingly. 
Instead of adjusting driving frequency manually, a feedback circuit is 
designed to tracking resonant frequency automatically. Comparing the 
atomizing performance between the open loop system and the closed loop 
system, significant improvement is observed.

9801-12, Session 3

Image processing based on-line 
automobile panel crack detection
Hwee Kwon Jung, Gyuhae Park, Chang Won Lee, Chonnam 
National Univ. (Korea, Republic of)

The detection of cracks during the manufacturing process is an important 
step for ensuring the panel products quality in the automobile industry. 
Traditional crack detection methods are subjective and expensive 
because they are performed by experienced human inspectors. Therefore, 
implementation of on-line and precise crack detection are required during 
the automobile panel pressing. In this paper, a normal CCTV camera system 
is utilized to obtain images of panel products and a crack detection method 
based on image processing is proposed. The proposed method consists 
of three steps. First, a panel object is extracted from the captured image 
using the percolation technique. Edge lines are then generated from the 
percolated object image. Finally, crack detection and localization algorithms 
are implemented by evaluating the line curves and the number of edge 
pixel comparison. Lab-scale panel samples and real panel samples are 
used for experiments to demonstrate the effective performance of the 
proposed method in on-line crack detection for the automobile panel during 
the manufacturing process. Experimental results show that the proposed 
method could effectively improve the crack detection rate with improved 
speed.
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9801-13, Session 3

Self-repairing composite walls for 
pressurized space habitat
Carolyn Dry, Natural Process Design, Inc. (United States)

A most important factor for human occupied habitats in space is to ensure 
that pressurized habitats do not lose pressure catastrophically by the 
penetration of space debris or micrometeorites through the walls and into 
the pressurized spaces. Regenerative self repairing composites used for the 
space station habitat to prevent loss of pressure was demonstrated in 300 
tests The wall samples had ambient pressurized on one side with vacuum on 
the other, then were punctured all the way through; the pressure readings 
in optimized samples went from -26 inches of mercury to -26 inches and 
stayed there indefinitely. There was no loss of pressure! 

The test bed experimental effort on the International Space Station for self 
repairing regenerative walls of pressurized habitats, supported by significant 
puncture over vacuum and puncture testing performed to date, will provide 
NASA with an innovative new light weight multi-hit superior astronaut 
protective wall solution for pressurized space habitats.

Specifically, this technology integrates novel regenerative technology into 
wall formulation, providing improved multiple impact event survivability 
over current walls, by mitigating the pressure loss due to particle 
penetration and damage migration and delamination associated with 
composite wall construction technology. This “Regeneration” achieves 
instant re-stabilization of damaged walls and maintains virgin pressure 
and impact protection over multiple impacts. Embedded visual damage 
and regeneration assessment, achieved, aids in damage and regeneration 
effectiveness assessment, optimizing life cycle and extending virgin 
equivalent material protection integrity, aiding in replacement decisions. 

Test results from over 300 prototype experiments are discussed

9801-14, Session 3

Electroacoustics modeling of piezoelectric 
welders for ultrasonic additive 
manufacturing processes
Adam J. Hehr, Marcelo J. Dapino, The Ohio State Univ. 
(United States)

Ultrasonic additive manufacturing (UAM) is a recent 3D metal printing 
technology which utilizes ultrasonic vibrations from high power 
piezoelectric transducers to weld similar and dissimilar metal foils together. 
CNC machining is used intermittent of welding to create internal channels, 
embed temperature sensitive components, sensors, and materials, and 
for net shaping parts. Structural dynamics of the welder and work piece 
influence the welder’s performance and part quality. To understand the 
impact of structural dynamics on UAM, a linear time-invariant model is used 
to relate the system inputs of shear force and electric current to resultant 
welder velocity and voltage. Frequency response measurements are 
combined with in-situ operating measurements of the welder to calibrate 
and verify the model’s assumptions. The proposed LTI model can enhance 
process consistency, performance, and guide the development of improved 
quality monitoring and control strategies.

9801-15, Session 3

Active vortex generator deployed on 
demand by size independent actuation of 
shape memory alloy wire integrated fiber 
reinforced polymers
Moritz Hübler, Sebastian Nissle, Martin Gurka, Ulf Breuer, 
Institut fuer Verbundwerkstoff (Germany); Jelmer 
Wassenaar, DG Flugzeugbau GmbH (Germany)

High performance airfoils show minimum drag and maximum lift, but tend 
to suddenly stall due to flow separation at low air speed. This requires an 
increased approach speed, resulting in less steep approaches and a higher 
noise exposure of the surroundings. Traditionally, this problem is solved 
with vortex generators which prevent flow separation by energizing the 
boundary layer of air flow. These traditional vortex generators substantially 
reduce the efficiency, causing a permanently increased drag over the 
whole flight cycle. New active vortex generators, deployed only on demand 
at low speed, can help to overcome this contradiction. Active hybrid 
structures, combining the actuation of shape memory alloys (SMA) with 
fiber reinforced polymers (FRP) on the materials level, provide an actuation 
principle with high lightweight potential and small space requirements. 
Being one of the first applications of active hybrid structures from SMA and 
FRP, these active vortex generators help to demonstrate the advantages of 
this new technology. The advantages, such as reduced space and weight, 
of integrated SMA wires in FRP in contrast to separated actuator-structure 
combinations, will be clarified. The design and experimental results of active 
vortex generators will be presented based on design tools and unique 
manufacturing approaches for these active hybrid structures. For the design 
an application-oriented SMA actuation model is implemented in the Finite 
Element Method (FEM) and supplied with experimentally determined 
parameter of the SMA material. The manufacturing approach is in charge 
of a sufficient load transfer between SMA and FRP and the applied process 
temperatures need to pay respect to the temperature sensitive behavior of 
the SMA element during manufacturing.

9801-16, Session 3

Composite welding and repair through 
microwave utilization
Edward Sosa, Texas State Univ. (United States) and Jacobs 
Technology, Inc. (United States)

Advanced manufacturing and improved damage tolerance are current 
challenges of composite technology for various commercial and aerospace 
applications. Manufacturing costs and composite repair have been limiting 
factors for the realization of composites in many applications. For this 
reason there is a large research effort in novel techniques for composite 
manufacturing and in self-healing materials. Additive manufacturing and 
out-of-autoclave curing can lead to more energy efficient and cost effective 
composite processing. Concerns with the damage tolerance of composites 
have hampered many applications that rely heavily on safety and reliability. 
Composites consisting of carbon nanotubes incorporated in a resin system 
capable of thermal reversible polymerization could help address these two 
key issues. Composites consisting carbon fibers coated with multi-wall 
carbon nanotubes that are infused with a bis-maleimide tetrafuran resin 
exhibit both rapid repair and advanced manufacturing capability. Thermally 
activated repair is facilitated by the microwave absorption properties of 
the nanotubes and has been shown to be effective and efficient. A focused 
microwave source can be used locally heat the damaged area requiring 
repair. This approach could lead to more efficient composite repair. Similarly, 
microwave energy has been used to weld composites together leading to 
advanced manufacturing capability. Microwave welded composites exhibit 
moderate strength compared to epoxy bonded composites. The welding 
is repeatable with consistent weld strengths. The ability to assemble larger 
structures from smaller components through microwave welding has also 
been demonstrated. Furthermore, these composites exhibit enhanced 
electrical and thermal properties which can broaden their potential use in 
commercial applications. 

9801-17, Session 4

Chatter in cylindrical grinding and its 
supression
Yao Yan, Univ. of Electronic Science and Technology of 
China (China); Jian Xu, Tongji Univ. (China)
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This paper investigates the chatter in cylindrical grinding and afterwards 
mitigates such vibration by several control strategies. To begin with, models 
of plunge and transverse grinding are presented respectively. In the models, 
the regenerative effects in workpiece and wheel surfaces are considered 
by introducing time delays in the governing equation of the grinding. After 
that, their stability and chatter motions are obtained through eigenvalue 
and bifurcation analyses. It is found that most grinding chatter is generated 
by subcritical Hopf bifurcation, creating conditional stability and increasing 
chatter amplitude. Specially, in the transverse grinding, continuous and 
intermittent chatters are observed, which is induced by the slow motion of 
the grinding wheel. To mitigate the adverse effects of the instability, several 
control strategies are used. To illustrate, an open loop control, spindle speed 
variation, is adopted. By periodically perturbing rotational speeds of the 
workpiece and the grinding wheel, the grinding chatter near the stability 
boundary are all suppressed. Next, a nonlinear feedback in terms of the 
wheel and workpiece displacements are introduced, which mitigates the 
grinding chatter locally and globally. In addition to the nonlinear feedback, 
a small-amplitude exciting is employed as well. Such an excitement can 
quench the grinding chatter and replace it by a small-amplitude excited 
vibration.

9801-18, Session 4

Carbon nanotubes produced by the spray 
pyrolysis method from different carbon 
sources
Beatriz Ortega Garcia, Oxana V. Kharissova, Univ. 
Autónoma de Nuevo León (Mexico); Francisco Servando 
Aguirre-Tostado, Ctr. de Investigación en Materiales 
Avanzados, S.C. (Mexico); Rasika Dias, The Univ. of 
Texas at Arlington (United States); Boris Kharisov, Univ. 
Autónoma de Nuevo León (Mexico)

Carbon nanotubes can be synthesized by spray pyrolysis from different 
carbon sources (n-pentane, n-hexane, n-heptane, cyclohexane, toluene and 
acrylonitrile) and several metallocene catalysts (ferrocene, cobaltocene 
and nickelocene). This paper describes two different existing methods for 
growth of carbon nanotubes and the influence of applied parameters (oven 
temperature, synthesis time, catalyst concentration, carrier gas and solution 
flow) on the CNT’s morphology. Possible influence of number of carbons in 
carbon sources and structures of their compounds (linear or aromatic) on 
properties of formed carbon nanotubes is described. Transmission Electron 
Microscopy, Infrared Spectroscopy and Raman spectroscopy were applied 
for characterization of obtained materials. 

According to the obtained results, we can confirm the following: the 
formation of carbon nanotubes does not merely depend on carbon 
precursors, but also has strong correlations with such growth conditions as 
catalyst type, oven temperature, and gas flow rate. We also consider the 
amount of catalyst and synthesis time, since these parameters are important 
to find minor values of these parameters in the synthesis of carbon 
nanotubes and other structures such as bamboo carbon nanotubes and 
Y-junctions in carbon nanotubes. This involves the use of lower quantities 
of raw materials and therefore less cost for obtaining these materials. As 
the main result of this study, it is found that carbon nanotubes can be 
synthesized without use of hydrogen or other compounds and applying 
smaller amounts of precursors than those reported in previous papers.

9801-19, Session 4

Nanotechnology-based remediation of 
petroleum impurities from water
Boris Kharisov, Oxana V. Kharissova, Univ. Autónoma de 
Nuevo León (Mexico); Rasika Dias, The Univ. of Texas at 
Arlington (United States)

The nanotechnology-based methods for removal of oil in petroleum spills 
and its separation from water are discussed. Oil spills during petroleum 
extraction and processing are frequently unavoidable and could lead 
to events of distinct scale, from small contaminations of ground and 
sea water up to huge disasters. In addition to classic methods of oil 
removal, the “nano”-techniques are being currently developed, which use 
nano zero-valent iron (nZVI), carbon nanotubes, sponges, aerogels and 
nanocomposites, metal and non-metal nanostructurized oxides, nitrides, 
salts, and zeolites. Some of these nanomaterials can be prepared by 
“greener” methods at lower costs and without damage for the environment. 
Nowadays, these methods (except nZVI) are applied still in small scale due 
to insufficient knowledge of their toxicity or they are subject of laboratory 
studies. Experimental data of remediation processes on the basis of carbon 
allotropes, metal oxides, xerogels, magnetic components, and organic and 
inorganic peroxides will be discussed in this presentation. Oil deep oxidation 
occurs due to free radicals appearing as a result of Fenton-type reactions, 
and final solidification of carbon-hydrocarbon mixture takes place leaving 
water free of oil drops. Resulted solid phase can be easily separated from 
water by decantation or using a magnet. The separation efficiency in distinct 
systems is in the range 92-100%. Main attention is paid to simplicity and 
commercial availability of applied nanomaterials.

9801-20, Session 4

Acoustic attenuation in a pipe with 
dispersed two phase liquids
Hamid Reza Chabok, Jet Propulsion Lab. (United States)

The attenuation of acoustic wave propagation along a pipe containing a 
liquid that consists of dispersed two-phases (i.e. water in oil, or oil in water) 
has been studied. Sound propagation in such a dispersive medium can 
produce thermal gradients and may result in significant attenuation due 
to thermal conduction and viscous dissipation of the sound wave at the 
interfaces. The effects of attenuation, viscous shear, thermal conduction, 
wall friction for different drop radii (of the dispersed phase), and the 
scattering of modes due to pipe joints and fittings have been investigated. 
The results can be employed in the design of transducers that can be used 
at downhole of oil well for effective transmission of acoustic waves by 
addressing the required signal-to-noise ratio (SNR), the intensity of the 
transmitted and received signals, etc. In this paper, the analytical modeling 
method and results will be described and discussed.

Keywords: Attenuation; Liquid with dispersed two-phases; Acoustic 
transducers

9801-21, Session 4

Comparison of binary and multi-level logic 
electronics for embedded systems
Shirly M. Damti, Steve E. Watkins, R. J. Stanley, Missouri 
Univ. of Science and Technology (United States)

Embedded systems are dependent on low-power, miniaturized 
instrumentation. Comparator circuits are common elements in applications 
for digital threshold detection. Target applications are dedicated control 
devices, sensor nodes, etc. in which hardware constraints may be most 
critical. Improvements in minimal hardware design may also benefit 
component design of microprocessor-based systems. Comparator circuits 
are selected to compare binary and multi-level logic implementations. A 
multi-level, memory-based logic approach is in development that offers 
potential benefits in power usage and size with respect to traditional binary 
logic systems. A multi-level digital system can reduce interconnect lines 
and processing components if implementation issues can be overcome. The 
multi-level, memory-based logic approach uses mature CMOS technology, 
but the transistors are used for mutli-level operations and memory 
manipulation. A quaternary implementation is shown for the functional 
equivalent of a basic 4-bit comparator that is based on CMOS binary gate 
structures, i.e. AND, NAND, OR, NOR, and inverters. Circuit layouts and 
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functional simulations are presented to compare the approaches. Power 
characteristics and transistor count are examined as comparison measures. 
Analog-to-binary and analog-to-quaternary converters are also compared 
as the front-end for the embedded system. The potential for improved 
embedded systems based on the multi-level, memory-based logic is 
discussed. 

9801-29, Session 4

End-of-life assessments of smart materials 
and structures
Eylem Asmatulu, Wichita State Univ. (United States)

Understanding environmental and health impacts of smart materials and 
structures requires major analysis. The early life cycle studies of the smart 
materials are needed to determine their environmental and health effects 
during the manufacturing and usage stages. Investigating the end-of-life 
(EOL) stage can be critical since the significant effects and benefits on the 
environment and health can arise at these particular stages. The property of 
each smart material can be adjusted based on the conditions and needs for 
a wide variety of productions. Many of the smart materials show new design 
opportunities leading to unique innovations and improved performances. 
Smart materials have several different industrial applications, including 
medical, automobiles, computer, textile, military, mechanical engineering, 
aerospace engineering, civil engineering and mechatronics. In the present 
study, a number of different smart products available in the market 
were studied to understand the EOL concept of these smart materials 
and structures. These materials (e.g., piezoelectric materials, shape-
memory alloys, magnetostrictive materials, various polymers, ferrofluid, 
photomechanical materials, polycaprolactone, self-healing materials, 
dielectric elastomers, magnetocaloric materials, and thermoelectric 
materials) were also investigated for numerous product applications. During 
this study, several different scientific sources (e.g., journal articles, technical 
reports, books and book chapters, magazines, and government and 
company web pages) were used to complete the smart product list in the 
market. The EOL stage of the smart products were also analyzed to assess 
sustainable life cycles for the future consumptions in the same or different 
industries.

9801-22, Session 5

Mechanical motion conversion from 
reciprocating translation to one-directional 
rotation for effective energy harvesting
Kabir Ahmed, Soobum Lee, Univ. of Maryland, Baltimore 
County (United States)

This paper proposes a new efficient motion conversion system which can be 
used in an energy harvesting system that converts wasted kinematic energy 
into electrical energy. In the proposed system, a reciprocating translational 
motion will be converted into one-directional rotational motion that spins 
a generator. The system will be devised with a two overlapping cylinders 
(cylinder 1 and 2) which move relatively through the sliding joint, and a 
pair of flexible strings (steel wire, belt, or chain) are wound in an identical 
direction around the rotor of the generator. Each end of the string fixed to 
cylinder 1 is designed not to interfere with cylinder 2 where the generator 
is mounted. When the two cylinders move relatively, either top or bottom 
string is tensioned to spin the rotor while the other string is being rewound. 
One-directional clutch with a coil spring is engaged in a rewinding system 
– as found in a rowing machine, for example – so each string actuates 
the rotor only when it is in tension. This device can be applied to any 
mechanism where reciprocating translational motion exists, such as linear 
suspension system in a vehicle, a bicycle, and an energy generating marine 
buoy. The experimental study result will be reported as well as its battery-
charging capacity will be demonstrated.

9801-23, Session 5

Characterization of micro-generators 
embedded in COTS watches for wearable 
energy harvesting
Tiancheng Xue, Shantnu Kakkar, The Univ. of Utah (United 
States); Qianyu Lin, Duke Univ. (United States); Shad 
Roundy, The Univ. of Utah (United States)

Motion-powered watches are a successful demonstration of energy 
harvesting technologies in commercial applications. In this paper we 
characterize the micro-generators embedded in two COTS watches: the 
Seiko Kinetic and the Swatch Autoquartz. Electromagnetic induction is 
applied in both generators which converts the rotation of the eccentric 
weight to electricity. The Seiko generator uses a high ratio gear train to 
directly boost the speed up while the Swatch Autoquartz applies a torsional 
spring as an intermediate energy storage. The characterization of the 
micro-generators is based on a generalized rotational harvester model 
which predicts the upper bound on energy generation given 6 axis motion 
input and system constraints such as rotational inertia, eccentricity, etc. 
We augment this generalized model with realistic damping coefficients 
and more specific models of the actual generators. These multiple models 
allow us to identify optimizations that could be made to move the system 
output towards the upper bound. We have developed a mobile data logging 
platform with IMU and micro-generators attached which can capture the 
6 DOF inertia data and the voltage outputs from the micro-generators 
simultaneously. We have asked multiple subjects to conduct a set of 
different daily activities while the platform is worn on different locations 
of the body. This effort not only serves as the experimental validation of 
our model but also provides insight to state of the art in kinetic energy 
harvesting for wearable devices commercially available with respect to 
specified activities. 

9801-24, Session 5

Characterization of real-world vibration 
sources with a view toward optimal energy 
harvesting architectures
Robert K. Rantz, Shad Roundy, The Univ. of Utah (United 
States)

A tremendous amount of research has been performed on the design 
and analysis of vibration energy harvester architectures with the goal of 
optimizing power output; most studies assume idealized input vibrations 
without paying much attention to whether such idealizations are broadly 
representative of real sources. These “idealized input signals” are typically 
derived from the expected nature of the vibrations produced from a 
given source; a single, stationary frequency of vibration for a machine 
source, for example, or a shifting frequency for a vehicle source. Little 
work has been done on corroborating these expectations by virtue of 
compiling a comprehensive list of vibration signals organized by detailed 
classifications. Vibration data representing 411 signals were collected from 
the NiPS Laboratory “Real Vibration” database, processed, and categorized 
according to the source of the signal (e.g. animal, machine, etc.), the 
number of dominant frequencies, the nature of the dominant frequencies 
(e.g. stationary, stochastic filtered, etc.), and other metrics. Simulations were 
performed on the data to determine maximum achievable power by both 
linear and ideal tunable harvesters. By categorizing signals in this way, the 
set of idealized vibration inputs commonly assumed for harvester input are 
corroborated and refined, and heretofore overlooked vibration input types 
have motivation for investigation. Additionally, simulations performed using 
real vibration data as inputs (as opposed to idealized inputs) provide more 
realistic power limitations for specific applications. In addition to power 
limitations, these simulations provide insight into the harvester architectures 
that are most appropriate for certain classes of vibration sources.
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9801-25, Session 5

Inertial and impact energy harvesters for 
smart tire sensors
Leon M. Headings, Miao Wang, Gowtham Venkatraman, 
Marcelo J. Dapino, The Ohio State Univ. (United States)

Autonomous smart tire sensor systems that generate, store, and transmit 
real-time information on tire condition and tire-road interactions can 
significantly enhance the safety, performance, and reliability of automobile 
tires. Tire sensors may measure tire history and condition parameters 
such as number of revolutions, direction of rotation, inflation, load, wear, 
damage, and temperature, as well as tire-road interaction parameters such 
as dynamic forces, load transfer, and actual and maximum tire-road friction. 
To operate autonomously, smart tire sensors must be self-powered, have 
on-board data processing, and be able to write the data to memory and 
transmit it wirelessly. Further, sensor materials and designs that can be 
integrated within the tire during the manufacturing process are necessary.

There are a variety of potential sources for energy harvesting in rotating 
tires including accelerations, strains, acoustic radiation, and temperature 
gradients. The focus of this paper is on modeling and evaluating the energy 
harvesting potential from accelerations in the tread area of a tire using 
inertial or impact harvesters based on polyvinylidene fluoride (PVDF) 
or lead zirconate titanate (PZT). A numerical method for calculating the 
acceleration in the tread area based on loaded tire profiles is developed 
and experimentally validated. Lumped parameter models for piezoelectric 
inertial and impact energy harvesters are developed and validated through 
shaker testing. The energy harvester models are used with computed 
acceleration profiles to examine the effects of energy harvester design 
parameters such as proof mass as well as tire size, loading condition, and 
rotation speed on the amount of energy harvested.

9801-26, Session 5

Experimental comparison of piezoelectric 
and magnetostrictive shunt dampers
Vivake M. Asnani, NASA Glenn Research Ctr. (United 
States); Zhangxian Deng, The Ohio State Univ. (United 
States); Justin J. Scheidler, NASA Glenn Research Ctr. 
(United States); Marcelo J. Dapino, The Ohio State Univ. 
(United States)

A novel mechanism called the vibration ring is being developed to enable 
fragile energy conversion materials to be incorporated into the driveline of 
a helicopter or other rotating machines. Unwanted vibration is transduced 
into electrical energy, which provides a damping effect on the driveline. 
The generated electrical energy may also be used to power other devices 
(e.g., health monitoring sensors). Ceramic and single crystal piezoelectric 
stacks, as well as a Terfenol-D rod with a bias magnet array and a pickup 
coil, were tested as alternative energy conversion elements to use within 
the vibration ring. These devices were tuned for broadband damping by 
using resistive shunt circuits, and dynamic compression testing was done 
in a high-speed load frame. Conversion from mechanical to electrical 
energy was experimentally optimized about 750 Hz by tuning the applied 
bias force and shunt resistance values. Dynamic testing was conducted up 
to 1000 Hz to determine the effective compressive modulus, loss factor 
(damping), and the components of the loss factor attributed respectively 
to internal dissipation and electrical energy generation. The modulus of the 
piezoceramic was highest, followed by the Terfenol-D, and then the single 
crystal device. The Terfenol-D device exhibited the greatest damping, mostly 
due to internal energy dissipation. In terms of damping created by electrical 
energy conversion, the single crystal was the highest, followed by the 
piezoceramic, and then the Terfenol-D device.

9801-27, Session PTue

On the use of giant magnetostrictive 
materials in sonic transducers for liquid 
atomizers
Mohammad Reza Sheykholeslami, Tarbiat Modares 
Univ. (Iran, Islamic Republic of); Mojtaba Ghodsi, Sultan 
Qaboos Univ. (Oman); Yousef Hojjat, Hesam Sadeghian, 
Tarbiat Modares Univ. (Iran, Islamic Republic of); Simone 
Cinquemani, Politecnico di Milano (Italy)

Liquid atomization has many applications such as car fuel injector, heat 
dissipation, coating, medical use, etc. The most common way in atomization 
is to exploit high frequency and high vibration amplitudes of piezoelectric 
devices. 

This paper investigates the effectiveness of a giant magnetostrictive 
transducer for atomizing liquids. Effect of vibration amplitudes on 
output parameters such as atomization size and output Dubai have been 
investigated so as the frequency response of the transducer when plunged 
into the water. 

Droplet size particles have been measured through high speed camera. 
Results show that using giant magnetostrictive transducer leads to 
uniformity that is considered a key factor in many applications. 

Quality factor of the device, that is the ratio between the displacement of 
the tip of the device in resonance frequency and its static displacement, 
has been monitored when the device works in a liquid and in the air. While 
traditional devices show a considerable change in quality factor, the device 
under test maintains high values.

Results demonstrates that sonic transducers based on giant 
magnetostrictive material can be profitably used as liquid atomizers.

9801-28, Session PTue

Analytical model of a giant 
magnetostrictive resonance transducer
Mohammad Reza Sheykholeslami, Yousef Hojjat, Saeed 
Ansari, Tarbiat Modares Univ. (Iran, Islamic Republic of); 
Simone Cinquemani, Politecnico di Milano (Italy); Mojtaba 
Ghodsi, Sultan Qaboos Univ. (Oman)

Resonance transducers have been widely developed and studied, as they 
can be profitably used in many application such as liquid atomizing and 
sonar technology. The active element of these devices can be a giant 
magnetostrictive material (GMM) that is known to have significant energy 
density and good performance at high frequencies. 

The paper introduces an analytical model of GMM transducers to describe 
their dynamics in different working conditions and to predict any change in 
their performance. The knowledge of the transducer behavior, especially in 
operating conditions different from the ideal ones, is helpful in the design 
and fabrication of highly efficient devices. 

The analytical model has been tested, together with a numerical model, 
on a resonance Langevin GMM transducer. This transducer is design to 
properly work in its second mode of vibration and its working frequency is 
around 8000 Hz. Most interesting parameters of the device, such as quality 
factor, bandwidth and output strain are obtained from both theoretical 
and numerical analysis and their good agreement allows to validate the 
proposed approach.

Conference 9801: Industrial and Commercial  
Applications of Smart Structures Technologies X



  +1 360 676 3290 · help@spie.org 93Return to Contents

Conference 9802:  
Nano-, Bio-, Info-Tech Sensors and Systems
Monday - Thursday 21–24 March 2016
Part of Proceedings of SPIE Vol. 9802 Nanosensors, Biosensors, and Info-Tech Sensors and Systems 2016

9802-1, Session 1

Nano based sensor for assessment of 
weaponry structural degradation (Keynote 
Presentation)
Christina L. Brantley, Eugene Edwards, U.S. Army 
Research, Development and Engineering Command 
(United States); Paul Ruffin, Alabama A&M Univ. (United 
States)

Missiles and weaponry-based systems are composed of metal structures 
that can degrade after prolonged exposure to environmental elements. A 
particular concern is accumulation of corrosion that generally results from 
prolonged environmental exposure. Corrosion, defined as the unintended 
destruction or deterioration of a material due to its interaction with the 
environment, can negatively affect both equipment and infrastructure. 
System readiness and safety can be reduced if corrosion is not detected, 
prevented and managed. The current corrosion recognition methods (Visual, 
Radiography, Ultrasonics, Eddy Current, and Thermography) are expensive 
and potentially unreliable. Visual perception is the most commonly used 
method for determining corrosion in metal. Utilization of an inductance-
based sensor system is being proposed as part of the authors’ research. 
Results from this research will provide a more efficient, economical, and 
non-destructive sensing approach. Preliminary results demonstrate a highly 
linear degradation within a corrosive environment due to the increased 
surface area available on the sensor coupon. The inductance of the 
devices, which represents a volume property of the coupon, demonstrated 
sensitivity to corrosion levels. The proposed approach allows a direct mass-
loss measurement based on the change in the inductance of the coupon 
when placed in an alternating magnetic field. Prototype devices have 
demonstrated highly predictable corrosion rates that are easily measured 
using low-power small electronic circuits and energy harvesting methods 
to interrogate the sensor. Preliminary testing demonstrates that the device 
concept is acceptable and future opportunities for use in low power 
embedded applications is achievable. Key results in this paper include the 
assessment of typical Army corrosion cost; degradation patterns of varying 
metal materials, and application of wireless sensors elements.

9802-2, Session 2

Graphene nanoribbon field effect 
transistor temperature sensor (Invited 
Paper)
Yaser M. Banadaki, Ashok Srivastava, Safura Sharifi, 
Louisiana State Univ. (United States)

Graphene is one of the promising materials for emerging technology and 
has been extensively investigated as a promising material for various types 
of high performance sensors due to its large surface-to-volume ratio, high 
carrier mobility, high carrier density, high thermal conductivity, extremely 
high mechanical strength and high signal-to-noise ratio [1]. The power 
density and the corresponding die temperature can be tremendously high 
in scaled emerging technology, urging the on-chip sensing and controlling 
of generated heat in nanometer dimensions. In this paper, we have explored 
the feasibility of a thin oxide graphene nanoribbon (GNR) as nanometer-
size temperature sensor for detecting local on-chip temperature at scaled 
bias voltages of emerging technology. We have introduced an analytical 
model for GNR FET for 22 nm technology node, which incorporates 
both thermionic emission of high-energy carriers and band-to-band-
tunneling (BTBT) of carriers from drain to channel regions together with 
different scattering mechanisms due to intrinsic acoustic phonons, optical 

phonons and line-edge roughness in narrow GNRs [2]. The temperature 
coefficient of resistivity (TCR) of GNR FET-based temperature sensor shows 
approximately an order of magnitude higher TCR than large-area graphene 
FET temperature sensor [3-5] by accurately choosing the GNR width and 
bias condition for a temperature set point. At gate bias VGS = 0.55 V, TCR 
maximizes at room temperature to , which is also independent of GNR 
width, allowing the design of width-free GNR FET for room temperature 
sensing applications.

REFERENCE

[1] Sandeep Kumar V, Venkatesh A. “Advances in graphene-based sensors 
and devices”. J Nanomed Nanotechol. 2013;4:e127.

[2] A. Akturk, and N. Goldsman, “Electron transport and full-band electron-
phonon interactions in graphene,” Journal of Applied Physics, vol. 103, no. 5, 
pp. 053702, 2008.

[3] Myoung N, Lidorikis E., “Highly sensitive gas and temperature sensor 
based on conductance modulation in graphene with multiple magnetic 
barriers,” arXiv:150407905, 2015.

[4] Ionete EI, Monea BF, Vijulie M, et al. “Graphene layers used as cryogenic 
temperature sensor,” IEEE International Conference and Exposition on 
Electrical and Power Engineering (EPE); 2014. p. 774-7.

[5] Mohammadi Banadaki Y., Mohsin K. M., Srivastava A. “A graphene field 
effect transistor for high temperature sensing applications,” Proc. of SPIE 
Smart Structures and Materials, 2014. p. 90600F-F-7.

9802-3, Session 2

Synthesis and characterization of cellulose 
nanocrystal/graphene oxide blended films
Abdullahil Kafy, Asma Akther, Md. I. Shishir, Eun-byul Jo, 
Jaehwan Kim, Inha Univ. (Korea, Republic of)

Hybrid composites with organic and inorganic materials are drawing interest 
to researchers by adopting advantages of organic materials and inorganic 
materials. Cellulose is biocompatible, cheap, environmentally friendly, 
renewable and lightweight material. Nano crystalline form of cellulose 
(CNC) is needle like rigid structures with a very high mechanical strength. 
Graphene, crystalline forms of carbon, provides basic platform for many 
electronic and optoelectronic devices. This paper introduces the fabrication 
process of cellulose nanocrystal/graphene oxide blended nanocomposite 
film. Cellulose nanocrystal/graphene oxide nanocomposite films are 
prepared by mixing Graphene Oxide (GO) into cellulose nanocrystal 
suspension using ultrasonic homogenizer. Scanning Electron Microscopy 
(SEM) is used to study morphology. Fourier Transform infrared spectroscopy 
(FTIR) is used to study chemical structure. The structural crystallinity is 
studied by X-ray diffraction (XRD) of the film.

9802-4, Session 2

Highly conductive and flexible graphene 
hybrid fibers and wearable electronic 
applications
Wonoh Lee, Korea Institute of Materials Science (Korea, 
Republic of); Jea Uk Lee, Korea Institute of Materials 
Science (Korea, Republic of) and Korea Research Institute 
of Chemical Technology (Korea, Republic of)

In this work, we prepare the flexible and highly conductive graphene hybrid 
fibers and apply them as the electrodes for transistor devices. The graphene 
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fibers were prepared from chemically synthesized graphene oxide by wet-
spinning process. Because the graphene fiber and its hybrids with metal 
nanoparticles are highly conductive and flexible, we apply them to the ion 
gel-gated flexible transistor devices as conductive electrodes. The planar 
organic thin film transistors were prepared in a bottom contact, top gate 
architecture with the hybrid fiber electrodes, as source, drain, and gate 
electrodes, which showed the comparable electrical characteristic to the 
conventional transistor devices fabricated by metal electrodes deposition. 
Furthermore, the fiber-type transistors were designed and constructed by 
embedding the graphene hybrid fiber electrodes onto the conventional 
polyurethane fibers, which exhibited the excellent flexibility (bendable and 
rollable) and transistor characteristics.

9802-5, Session 3

Strategic space technology development 
(Keynote Presentation)
Ron Litchford, NASA Headquarters (United States)

Over the past several years, the NASA Office of the Chief Technologist 
(OCT) has engaged in a thoroughly vetted evaluation of space technology 
development needs for future science and exploration missions. The 
resulting Strategic Space Technology Investment Plan (SSTIP) serves 
as an actionable basis of guidance for the Space Technology Mission 
Directorate (STMD) and is the strategic point of departure for selecting 
and executing technology development investments over a vast range 
of critical technology areas. These technology investments span the TRL 
spectrum from early stage innovation to selective flight demonstrations, 
while being responsive to both mission pull and mission push opportunities. 
The prioritization and decisional processes by which STMD constructs 
a balanced space technology investment portfolio are described. Key 
mission capability objectives currently targeted by the STMD technology 
development portfolio are reviewed and discussed including current status, 
open questions, remaining technical challenges, as well as critical needs 
and developmental plans ahead. Recommendations and rationale for 
potential future investment across the full compliment of STMD programs 
are presented based on informed awareness of complimentary activities in 
industry, academia, OGAs, and NASA mission directorates.

9802-6, Session 4

A styrene-butadiene rubber (SBR)/carbon 
nanotube-based smart force sensor for 
automotive tire deformation monitoring 
(Invited Paper)
Min-Young Cho, Ji-Sik Kim, Kyungpook National Univ. 
(Korea, Republic of); Seung-Bok Choi, Inha Univ. (Korea, 
Republic of); Ho-Geun Lee, Daeduk College (Korea, 
Republic of); Gi-Woo Kim, Inha Univ. (Korea, Republic of)

This paper provides a preliminary study on the piezoresistive effect of a 
styrene-butadiene Rubber (SBR), one of the main ingredients of automotive 
tire, dispersed with carbon nanotubes (CNTs) to explore its feasibility as a 
force sensor embedded with automotive tires. Typically, the application of 
CNTs has been successfully applied to the mechanical sensing technology 
such as a stress/strain and impact sensor. In this study, the potential of using 
the SBR/CNT as a force sensor for monitoring automotive tire deformation 
is evaluated for the first time. Experimental results will show that the electric 
resistance of the SBR/CNT changes in response to the sinusoidal loading. 
This piezorisitive responses of the SBR/CNT will be used for sensing the tire 
deformation caused by the vehicle loading or cracks of tires. The fabricating 
method, in particular method of dispersing CNT, and effect of CNT on the 
piezorisitive response are also discussed in this paper. 

9802-7, Session 4

Non-conventional synthesis of carbon 
nano-onions by the low-temperature 
unfolding of MWCNTs via interaction with 
theraphthal
Oxana V. Kharissova, Univ. Autónoma de Nuevo León 
(Mexico); Rasika Dias, The Univ. of Texas at Arlington 
(United States); Boris Kharisov, Univ. Autónoma de 
Nuevo León (Mexico); Jiechao Jiang, The Univ. of Texas at 
Arlington (United States)

The treatment of MWCNTs with the water-soluble cobalt 
octacarboxyphthalocyanine derivative theraphthal (TP, a cancer therapy 
drug) under ultrasonic conditions led to the dispersion and unfolding of 
MWCNTs, producing onion-like carbon nanostructures (CNOs) and graphene 
sheets at low temperatures (<50oC). The synthesis was carried out using 
different amounts of slightly magnetic MWCNTs and TP (in equal quantities, 
from 0.002 to 0.01% concentration in finely formed dispersions), which were 
ultrasonicated in 30 mL flasks with DI water for 5 h in ultrasonic cleaner at 
42-45oC. In these conditions, even at low intensity ultrasound in cleaners 
(20-40 kHz), partial destruction of TP slowly takes place and it is known 
to be accompanied by formation of Reactive Oxygen Species (ROS). TP 
can be first coordinated to CNT surface via pi-pistacking through aromatic 
supramolecular ring or covalently through COO- group(s) both those of the 
TP molecule or in the functionalized CNTs-COOH. 

Unfolding of MWCNTs in the conditions of TP addition can be explained by 
the in situ formation of ROS in TP solutions under ultrasonic treatment and 
their further attack on MWCNTs surface, destroying and unfolding them 
forming graphene sheets. An incomplete unfolding of MWCNTs can take 
place leading to the appearance of circular nanostructures (nano-onions), 
which are united to honeycomb nanostructures due to defects in MWCNTs 
caused by action of free radicals. The obtained results differ from the 
conventional concepts of classic pi-pi stacking interactions and/or sigma-
bonding between macrocycles and carbon nanotubes, as well as differ from 
the classic high-temperature formation of carbon nano-onions.

9802-8, Session 4

Nanoforest of hydrothermally grown of 
carbon nanotubes with nanowires for a 
high efficiency dye-sensitized solar cell
Oxana V. Kharissova, Beatriz Ortega, Alena Borisovna, 
Moises Hinojosa, Univ. Autónoma de Nuevo León (Mexico)

As a result of 20 years intensive investigations in a hottest topic in the 
nanotechnology – study of structure and properties of pristine and 
functionalized carbon nanotubes, a series of CNTs applications have been 
offered, in particular those related with fuel cells, chemo/biosensors, solar 
cells, drug delivery, catalysis and hydrogen storage. In this respect, the 
CNTs, functionalized with ZnO and elemental metal nanoparticles (NPs) 
have revealed an extraordinary or elevated activity in these and other uses 
of CNTs. A significant challenge is how to deposit metal nanoparticles 
uniformly on the surface of carbon nanotubes due to the inherent inertness 
of carbon nanotube walls.The current work presents a morphology evolution 
and mechanical forces encountered during active CNT “nanoforest” 
growth with ZnO and magnetic nanoparticles by hydrothermally method. 
In this paper, in order to increase the power conversion efficiency we 
demonstrated the selective growth of “nanoforest” composed. The novel 
selective hierarchical growth approach represents a low cost. The present 
study demonstrates the creation of a stable surface using the nano-scale 
roughness inherent in a vertically aligned carbon nanotube forest
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9802-9, Session 4

Metallic single-walled carbon nanotube for 
ionized radiation detection
Yaser M. Banadaki, Ashok Srivastava, Safura Sharifi, 
Louisiana State Univ. (United States)

A single-walled carbon nanotube (SWCNT) has been proposed as a 
radiation detector. The energy released in a nuclear process is larger than 
the binding energy of atomic electrons and emitted particles have sufficient 
energy to directly ionize or excite atoms. Unlike conventional detectors, 
in one-dimensional SWCNT, every atom is effectively exposed to ionized 
irradiation and can potentially contribute in vacancy creation. SWCNT has 
a limited number of atoms in its circumference and thereby the removal of 
one atom can significantly change the carrier transport [2], resulting in a 
sensitive detector of the primary ionization of incident radiation with high 
energy resolution and low ionization potential [1] . 

In this work, the effect of SWCNTs’ exposure to different ion irradiations 
(protons, alpha-particles and carbon ions) is considered with the 
displacement damage dose (DDD) methodology [3], which accounts for the 
total energy imparted by radiation to the circumference of carbon nanotube. 
The analytical model of the irradiated resistance of metallic SWCNT has 
been verified by the experimental data [3] for increasing DDD from ?10?^12 
MeV/g to ?10?^17 MeV/g. We have found that 100 times increase in the 
DDD from ?10?^15 MeV/g to ?10?^17 MeV/g results in nearly 20 times 
increase in propagation delay of an input signal passing through 500nm 
metallic SWCNT, which can be easily read. It is also found that with every 
10 times increase in the length of SWCNT, there is approximately an order 
of magnitude shift in the range of detectable DDD to the lower values. As 
carbon nanotube with the record length of 50 cm has been reported [4], it 
is very promising for application in the detection of much lower DDD.
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9802-10, Session 5

Beyond lithium-ion-next generation 
batteries (Keynote Presentation)
Ajit Khosla, Yamagata Univ. (Japan) and Lab 177 Inc. 
(Canada)

This talk focuses on past, present and future of next generation 
Aluminium and Zinc-air batteries, including challenges involved towards 
commercialization.

9802-11, Session 5

Adapting radioisotope power generation 
for general use
Adam J. Duzik, National Institute of Aerospace (United 
States); Sang H. Choi, NASA Langley Research Ctr. (United 

States)

Radioisotope thermoelectric generators (RTGs) running off the radioisotope 
Pu238 are the current standard in deep space probe power supplies. 
While reliable, these generators are very inefficient, operating at only ~7% 
efficiency. As an alternative, more efficient radioisotope thermionic emission 
generators (RTIGs) are being explored. Like RTGs, current RTIGs concepts 
use exotic materials for the emitter, limiting applicability to space and other 
niche requirements. The high demand for long-lasting mobile power sources 
would be satisfied if RTIGs could be produced inexpensively. This work 
focuses on exposing several common materials, such as Al, stainless steel, 
W, Si, and Cu, to elevated temperatures under vacuum to determine the 
efficiency of each material as inexpensive replacements for thermoelectric 
materials.

9802-12, Session 5

Low temperature epitaxy and 
characterization of diamond cubic SiGe on 
trigonal (0001) sapphire
Adam J. Duzik, National Institute of Aerospace (United 
States); Sang H. Choi, NASA Langley Research Ctr. (United 
States)

Current best practice in rhombohedral epitaxy of SiGe onto (0001) 
sapphire substrate surfaces requires unusual and extreme conditions to 
grow a single crystal SiGe film. Previous models described the sapphire 
surface reconstruction as the overriding factor in rhombohedral epitaxy, 
requiring a high temperature Al-terminated surface for high quality films. 
Temperatures in the 850-1100C range were seen as necessary to get SiGe to 
form coherent atomic matching between the (111) SiGe plane and the (0001) 
sapphire surface. Such fabrication conditions are difficult and uneconomical, 
relegating this technology to a mere novelty.

This work challenges the previous model, proposing the bulk sapphire 
structure determines how the SiGe film nucleates and grows. Accounting 
for thermal expansion effects, calculations in this new model show both 
pure Ge and SiGe can form single crystal films in the 450-550C temperature 
range. Corresponding experiments confirm this, as standard methods of 
x-ray diffraction and atomic force microscopy show these low temperature 
films rival the high temperature films in crystallographic and surface quality. 
A brief explanation for why both temperature ranges produce high quality 
films is given.

9802-13, Session 5

Mass and rotary inertia sensing from 
vibrating cantelever nanobeams
Sondipon Adhikari, Swansea Univ. (United Kingdom)

Nanomchanical sensing has established itself as a promising research 
direction and generated significant interest across the research community 
over the past decade. In particular vibrating nano-mechanical cantilevers 
have received wide attention due to the possibility of obtaining resonance 
frequency very accurately. Consequently, sensing of an attached mass to a 
cantilever sensor by exploiting a frequency–shift has emerged as a powerful 
approach. This paper is aimed at investigating the possibility of sensing 
mass as well as rotary inertial of an attached object. The magnitude of the 
mass gives the basic information of a bio-object. But it gives no information 
about the shape of such objects. Rotary inertia of an object can give some 
insight into its shape. This paper proposes a novel way by which both the 
mass and rotatory inertial of an object can be obtained from frequency 
shifts. With the additional information of the rotatory inertia, it may be 
possible to infer more about the attached object to a cantilever nanosensor, 
which is a key motivation of this work. 

The main scientific challenge to identify rotatory inertia is the requirement 
of an extra equation in addition to what we know for mass identification. 
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This is realized by using the second mode of vibration of the cantilever. It 
is shown that by using two modes it is possible to formulate two coupled 
nonlinear equations, which it turn can be solved to obtain mass and rotary 
inertia simultaneously from the frequency shits of first two vibration 
modes. Closed-form expressions based on kinetic and potential energy of 
a cantilever is proposed. Analytical results are validated using high fidelity 
molecular mechanics simulation. This theoretical study may motivate 
experimentalist attending the conference and can pave the way of further 
collaboration. 

9802-14, Session 5

Development of nanofabrication process 
for cost/time-effective nano-island 
patterns and optical application
Aktaruzzaman Al-Hossain, Shivan Haran, Ilwoo Seok, 
Arkansas State Univ. (United States)

Most research in developing arrayed patterns has utilized the lithography 
process with pre-pattern structures. However, lithography itself is 
considerably low efficient in cost and time, especially by the chemical 
etching process. Furthermore, the chemical etching process also is a 
potential barrier in three dimensional structures with multi-layered patterns. 
The limitation of substrate and mask size is disadvantageous to larger 
area fabrication in real-time process. Proposed research is aimed to novel 
methodologies for overcoming addressed problems and develops innovative 
materials having specific optical properties. In this research, development 
of a novel nanofabrication process for cost/time-effective patterns of nano-
islands, which are differentiated in size/shapes and associated analytical 
study of photonic structures, is conducted. Two research work results 
(i) Development of differentially-sized patterns of nano-islands without 
lithography process age and (ii) Verification of optical performance of 
fabricated discrete patterns of nano-island in terms of optical property with 
surface plasmon phenomena will be presented. 

9802-15, Session 6

3D gel printer for soft and wet matter 
engineering (Keynote Presentation)
Hidemitsu Furukawa, Yamagata Univ. (Japan)

No Abstract Available

9802-16, Session 6

3D printing of nano and microstructures
Vijay K. Varadan, The Pennsylvania State Univ. (United 
States)

No Abstract Available

9802-17, Session 6

Internal structure analysis of particle-
double network gels used in a gel organ 
replica
Mei Abe, Masanori Arai, Azusa Saito, Kazuyuki Sakai, 
Masaru Kawakami, Hidemitsu Furukawa, Yamagata Univ. 
(Japan)

A few years, an organ replica molded with 3D printer is used at field 
of medical and education. The materials of a existent organ replica are 

silicon resin and acrylic acid resin now. Therefore, there are the problems 
in organ replica such as difference of hard from the real organ or material 
costs are expensive. And so, in this study we will make a gel organ replica 
with particle-double network gels (P-DN gel) which it has the soft touch 
and material costs are low. With properties of matter that are near to a 
real organ, we perform the development of a gel organ replica with clear 
P-DN gel and coloring P-DN gel. P-DN gel has two types network which 1st 
network is hard and brittle and 2nd network has flexibility. However, there 
are some points which we don’t understand that internal structure of P-DN 
gel used in a gel organ replica. This time, we used the scanning microscopic 
light scattering (SMILS) and analyzed inter structure of P-DN gel. SMILS 
uses basis of the dynamic light scattering. It is able to measure of internal 
structure of gel in non-destructive and non-contact. We analyzed the P-DN 
gel using SMILS, and considered the correlation of softness and internal 
structure, too.

9802-18, Session 7

Development of gel materials with high 
transparency and mechanical strength for 
use with a 3D gel printer “SWIM-ER”
Taishi Tase, Koji Okada, Kyuichiro Takamatsu, Azusa Saito, 
Masaru Kawakami, Hidemitsu Furukawa, Yamagata Univ. 
(Japan)

Medical doctors use artificial blood vessels and organ models, which are 
basically made of plastic, to explain to patients before surgery operation 
or to teach the procedure of surgery to students in recent years. However, 
these models made by plastic are some problems such as the price of the 
model is high, there is no real feeling because the model is hard. These 
problems can be solved using soft and wet material for instants gel. The gel 
can explain internal structure because it is transparent. Also, the artificial 
models using gel can be realized by 3D gel printer. Our group has been 
developing 3D gel printer which is able to make 1mm precision. However, 
mechanical strength is not enough and gel objects perform yellowing. In this 
study, we are overcome these problems and able to make gel model which 
is transparent, mechanically strong with a fine shape.

First, how to form a transparent gel was investigated. We found that 
cause of yellowing gel is the UV absorbent that we put in gel solution to 
improve forming precision of the gel. Thus, we researched transparent UV 
absorbents which don’t yellow gels. 

Next, the methods of forming gels with strength close to it of the actual 
organs and blood vessels were investigated. More high-strength gel was 
realized by changing the cross-linker and changing the molar ratio of 
materials.

In the future, we will investigate the method of improving forming precision 
to realize the gel organ model close to the actual organ.

9802-19, Session 7

Modeling the transparent shape memory 
gels by 3D printer Acculas
Hiroaki Kumagai, Masanori Arai, Kazuyuki Sakai, Gong Jin, 
Masaru Kawakami, Hidemitsu Furukawa, Yamagata Univ. 
(Japan)

Our laboratory have succeeded in developing a new material gels that 
have a high strength, high transparency and shape memory characteristics 
in the world for the first time. This transparent shape memory gels make 
use of these characteristics, it is expected to be applied an application 
in the medical field such as intraocular lens and artificial organs. In order 
to apply the variety of applications, it is necessary the three-dimensional 
free-modeling. However we have not been able to successfully implement 
because it is very difficult. Here, I have noted that transparent shape 
memory gels is urged reaction using a photopolymerization initiator and 
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there is a optical modeling type 3D printer. Optical modeling type 3D printer 
is shaped by irradiating laser beam locally to the photo-curable resin. From 
this, I think it is possible to be gelling locally by replace photo-curable resin 
to gel solution, and similarly irradiating laser beam locally. Therefore, I have 
tried three-dimensional free-modeling of transparent shape memory gel 
using a 3D printer Acculas.

Here, I report a modeling accuracy and physical properties of the shaped 
object when it changed the synthesis ratio of transparent shape memory 
gels.

9802-20, Session 7

Establishment of gel materials with 
different mechanical properties by 3D gel 
printer “SWIM-ER”
Takafumi Ota, Taishi Tase, Koji Okada, Kyuichiro 
Takamatsu, Azusa Saito, Masaru Kawakami, Hidemitsu 
Furukawa, Yamagata Univ. (Japan)

Hydrogels are soft and wet materials, and have quite unique and functional 
properties such as material permeability, biocompatibility and low friction. 
Nevertheless, despite their superior functionalities, little has been developed 
for their use in biomedical devices or implants. One of the main reasons is 
the difficulties of modeling, due to their softness and swelling property. 

In recent years, 3D printing technology has been attracting much attention 
from wide range of fields. 3D printer is a device which can directly model 
objects whose shape are same as original 3D data. This outstanding printing 
ability is also expected for modeling of hydrogels.

We have been working to develop a 3D gel printer, named “SWIM-ER (Soft 
and Wet Industrial – Easy Realizer)”, which can directly model hydrogel 
objects. We expect that SWIM-ER would be able to print out patient’s organ 
replica models to simulate surgery or tailor-made, and functional blood 
vessels for vascular surgery.

Meanwhile, in the field of 3D printing technology, it is commonly known that 
mechanical properties of 3D printed objects depend on their laminating 
direction, and we are aware that this matter should be considered also for 
3d printed gel objects.

In this study, we performed physical properties evaluation of gel models 
printed by gel 3D printer “SWIM-ER”. 

9802-21, Session 7

Preparation of hydrogels nanocomposite 
using modified nano-cellulose as a cross-
linker
Magdi Gibril, Univ. of KwaZulu-Natal (South Africa)

Nano-composites Hydrogels, comprising of N,N-dimethyl acrylamide 
(DMAAm) either cross-linked with N, N’- methylenebisacrylamide or 
the modified nano-cellulose have been prepared via UV-initiator free 
radical polymerization. Nano-cellulose has been selected due to their 
unique properties, such as high surface area, low density, high mechanical 
strength, and possibility for surface modification. While the citric acid 
and diethylenetriamine pentaacetic acid which are rich with carboxylic 
and amine groups, respectively, were selected as cross-linkers to in order 
to modify the surface of nano-cellulose (esterification),and further to 
enhancing of cross-link between polymer chains in network structure, 
which directly lead to change the physical and mechanical properties of 
the hydrogel. Due to the abundant of the carboxylic or amine groups which 
enhance the absorbance, biocompatibility and cell attachment, the new 
composite material will expected to serve in different applications such as 
water treatment, and in biomedical application as a 3-D scaffolds in tissue 
engineering or as wound dressing.

9802-22, Session 8

Propagation of elastic waves in nano 
structures (Keynote Presentation)
Srinivasan Gopalakrishnan, Indian Institute of Science 
(India)

In the last decade, there has been tremendous advancement in 
understanding the mechanical behavior of nano structures. Determination 
of mechanical properties has been a challenging task for these structures. 
Since the controlled experiments at the nano scale are difficult, and with 
atomistic simulation being computationally expensive, wave propagation 
continuum modeling, especially using non-local or gradient elasticity models 
can used to address the above problems.

 Although many sophisticated numerical approaches for predicting the 
mechanical properties of nano materials have been reported, few addressed 
the challenges posed by interior nano structures such as the surfaces, 
interfaces, structural discontinuities and deformation gradient of the nano 
materials under extreme loading conditions. The use of atomistic simulation 
may be a potential solution in the long run. However, it is well known that 
the capability of this approach is much limited by its need of prohibitive 
computing time and an astronomical amount of data generated in the 
calculations. 

Nano structures such as CNTs can propagate waves of the order of 
terahertz (THz). As dimensions of the material become smaller, however, 
their resistance to deformation is increasingly determined by internal or 
external discontinuities (such as surfaces, grain boundary, strain gradient, 
and dislocation). Wave propagation studies mainly include the estimation 
of wavenumber and wave speeds such as phase and group speeds. The 
concept of group velocity may be useful in understanding the dynamics of 
1-D and 2-D nano structures such as carbon nano tubes and Graphene, since 
it is related to the energy transportation of wave propagation. The primary 
objective here is to study the wave propagation in these nano structures, so 
as to examine the effect of length scales on the wave dispersion from the 
viewpoint of group velocity or energy transportation

This paper will present the wave propagation characteristics of 1-D nano 
structures such as single and multi-wall carbon nano tubes. In particular, the 
evolution of non-periodic band gaps arising due to small-scale effects, will 
be brought out. In addition, the effect of other conditions such as rotation 
and surface effects on the propagating elastic waves will be presented. In 
the case of 2-D nano structures such as Graphene, in addition to deriving 
the wave characteristics of a mono-layer Graphene, the effect of silicon 
substrate on the wave propagation will be presented. There are a number 
of different non-local elasticity or gradient elasticity models reported in the 
literature. Each of which predict results accurately at different frequency 
ranges compared to the atomistic simulations. This paper will highlight the 
comparative assessment of different gradient elasticity models for wave 
propagation analysis in nano structures. 

9802-23, Session 9

Single molecule force spectroscopy study 
of y-polyglutamic acid by using atomic 
force microscopy
Parbhej Ahamed, Masaru Kawakami, Hidemitsu Furukawa, 
Yamagata Univ. (Japan)

?-PGA has many successful applications in the field of food processing/
additives, pharmaceuticals, healthcare and water treatment. Structural 
information of this unusual macromolecular anionic polypeptide at the 
single molecular level has not been reported to date. Different media such 
as phosphate buffer solution and salt solutions were used to characterize 
its structure at the single molecule level. Structural features of ?-PGA at the 
single molecule level will expand our knowledge about its effectiveness in 
the aforementioned applications.
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9802-25, Session 9

A frequency domain Ritz method based 
spectral finite element formulation for 
the computation of band structure of the 
pentamodic metamaterials
Sushovan Mukherjee, Srinivasan Gopalakrishnan, Indian 
Institute of Science (India)

The class of fabricated materials known as metamaterials, with its promises 
for unconventational material properties or characteristics , has opened up 
a whole new paradigm of possibilities and challenges. The primary enablers 
have been capabilities at the very low length scale and novel design 
configurations. Pentamodic metamaterials, having fluid like properties, is 
one such idea to have been realised in recent past. This type of fabricated 
materials show high bulk modulus but low shear modulus. The fundamental 
constituent element is a rod like structure tapered down on both ends. Four 
of such elements meet at any joint, two of which in a plane orthogonal to 
that of the other two. The dynamics and wave propagation characteristics 
of such structures have been studied with an aim to obtain band structures 
formed because of their periodic nature.

Here, a methodology has been developed to compute the wave propagation 
characteristics of such pentamodic structures using spectrally formulated 
finite elements based on frequency domain Ritz method. Bloch theory has 
also been used to represent the dynamics of an infinite structure through 
that of a unit cell. The proposed method is computationally more efficient 
compared to one using conventional finite element. A few varients of 
pentamodes are also analysed to arrive at configurations with superior wave 
propagation characteristics.

9802-26, Session 9

Friction and wear evaluation of high-
strength gel
Toshiki Kameyama, Masato Wada, Masato Makino, Masaru 
Kawakami, Hidemitsu Furukawa, Yamagata Univ. (Japan)

Gels have superior properties such as high water content, materials 
permeability, extremely low friction, and biocompatibility, which are not 
found in the hard and dry materials, because these properties are due to 
their soft and wet features. Now artificial gels have become like as natural 
gels of the human body: the articular cartilage of our knee has both several 
MPa of mechanical strength and about 0.01 of surface friction.In the last 
decade?the mechanical strength of polymer gels was dramatically improved 
and the gels show promising properties as new materials for mechanical 
systems?Double Network gels have two networks?which are hard and 
brittle network as a 1st network and high ductility and a soft network as 
a 2nd Network gel?DN gels have 60MPa of maximum breaking stress in 
compression and a low frictional property while more than 90% of water 
content?The mechanical properties are similar to our body cartilage?In 
this study?we observed the abrasion patterns and analyzed vibration 
characteristic of frictional coefficient by repeatedly sliding surface of the DN 
gels with a ball?We found that there were both a critical number of sliding 
times and a critical pattern of the gel surface?

9802-27, Session 10

Advances in low-cost, stretchable 
electronics for biosystems (Keynote 
Presentation)
Daniel D. Hilbich, Simon Fraser Univ. (Canada)

The growing number of applications requiring conformal electronic 
devices incorporated into unconventional surfaces has led to an increase 

in the development of flexible and stretchable electronics. The application 
space for these devices is vast, ranging from large-area functional 
electronic coatings to wearable electronics and implantable biomedical 
microdevices. In order to ensure the success of these devices, significant 
efforts are being made to develop new low-cost, large- scale manufacturing 
processes capable of producing high-resolution conductive patterns on 
stretchable substrates. This effort is focused in two primary areas: new 
fabrication process technologies, and new geometries that enable more 
effective stretchable structures. New process technologies include the 
direct metallization of polymers, nanocomposite polymer fabrication, 
fabrication using conductive polymers, and inkjet printing of conductive 
inks. Stretchable metal patterns on polymers can also be achieved with 
pre-stressed, thin-film metallic surface waves, or metal conductive patterns 
that are able to stretch via the in-plane bending of serpentine curves. In this 
paper, we present a review of the emerging technologies enabling large-
scale fabrication of flexible and stretchable electronics, from state of the art 
processes to novel stretchable metal patterns.

9802-29, Session 10

Imaging of the nano-structure of soft and 
wet materials by new type of DLS method 
(Invited Paper)
Kazuyuki Sakai, Hiroaki Kumagai, Mei Abe, Yuta Watanabe, 
Masaru Kawakami, Hidemitsu Furukawa, Yamagata Univ. 
(Japan)

Polymerization reaction of polymer gels are used for evaluation of radiation 
effects in gel dosimetry. We have already prepared the system which 
measure the cross link length of the polymer gel. The system is called 
“SMILS”, Scanning MIcroscopic Light Scattering, which is applied dynamic 
light scattering method. In this talk, some imagings of radiation effect are 
shown. 

9802-30, Session 10

Design of paper-based MEMS sensor for 
food toxicity detection
Vimala Juliet A., Sanchanna Ganesan, SRM Univ. (India)

The objective of our work is to design and develop a device that detects the 
pathogens quantitatively in food at a given instant of time.The device is a 
paper based MEMS sensor which is coated with the antigens that detects 
the presence of pathogens in the food and the output will be in the form 
of colour change.paper based MEMS sensor are simple to fabricate,low 
cost,portable and easy to dispose and found to be biocompatible.

9802-24, Session PTue

Multiple leak detection method for long 
distance pipeline applying S-parameters 
based TDR signal model and Bayesian 
scheme
Sihyeong Woo, Teajin Kim, Hyunseok Oh, Junmin Lee, 
Byeng D. Youn, Seoul National Univ. (Korea, Republic of)

In the water distribution system, leaks occurred in a pipeline can cause 
various economical, environmental and social problems. In order to resolve 
these problems, a time domain reflectometry (TDR) based leak monitoring 
system with the Bayesian scheme has been developed. However, these 
techniques are not practical when applying to a long-distance pipeline 
due to the large training sample size and duration required for Bayesian 
inference. To use the method for a long distance pipeline, it is necessary 
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to overcome these challenges through shortening the generating time of 
a training sample. Moreover, the building time of the large training sample 
should not exceed a given construction period. This research suggests two 
new ideas: (a) an S-parameter based forward model for improving a time 
consuming process of generating sample, (b) an algorithm which estimates 
the total time of building all samples. The S-parameter based model 
generates TDR signals in the frequency domain, and then the time domain 
signal is acquired by using fast Fourier transform. This method based model 
is computationally much more efficient than previous TDR signal modeling 
method, which should model the signals for whole points of a sensing 
cable in the time domain. Because The S-parameters based model, unlike 
the conventional model, can generate the voltage only measured at TDR 
without modeling the whole voltage across the sensing cable. In addition, 
the building time prediction algorithm can allow the system designer to 
determine the feasibility of the TDR-based leak detection technique. The 
effectiveness of the proposed method was validated through laboratory 
experiments with a pipeline, detection devices, sensing cable and TDR.

9802-53, Session PTue

Investigation of the dynamic effects 
of partial sensor debonding in smart 
composite laminates
Asif Khan, Heung Soo Kim, Dongguk Univ. (Korea, 
Republic of)

Prof. Heung Soo Kim received his BS and MS degrees in the Department 
of Aerospace Engineering from Inha University, Korea in 1997 and 1999, 
respectively. He got his PhD degree in the Department of Mechanical and 
Aerospace Engineering from Arizona State University in 2003. He is now 
working as an associate professor in Department of Mechanical, Robotics 
and Energy Engineering, Dongguk University. His main research interests 
are in biomimetic actuators and sensors, structural health monitoring, smart 
materials and structures as applied to aerospace structures and vehicles.

9802-54, Session PTue

Wearable nano-composite strain sensors 
with high sensitivity
Tae-Jun Ha, Junyoung Jeon, Kwangwoon Univ. (Korea, 
Republic of)

A promising approach to obtain functional flexible interfaces is to apply 
wearable motion-related sensor electronics on humans and animals that can 
detect bending and pressure. Such sensors can be realized by employing 
suitable active materials with the corresponding device architecture to apply 
them onto human or animal skin. In this presentation, we will demonstrate 
high-performance wearable strain sensors based on hybrid carbon nanotube 
(CNT)/conducting nanoparticle composites covered with the flexible media 
composed of polydimethylsiloxane (PDMS) and hydrophobic fluoropolymer. 
Highly sensitive sensors (250% increase in sensitivity) can be used for 
motion sensing by directly attaching them to human skin without risk, while 
the sensitivity exhibits a linear dependence of bending strain on a free-
standing nano-composite films, which is desirable for sensor applications. 
The encapsulation with fluoropolymer-coated PDMS films allows for the 
sensors to operate in solution and protects them from physical and chemical 
contact with the daily-life conditions of the human skin. The reliability and 
scalability of such sensors as well as the compatibility with conventional 
micro-fabrication allow new possibility to integrate nanoelectronics into 
flexible human-interfaces at the system level. We believe that this work will 
be expected to stimulate the field of CNT-based nano-electronics towards 
promising sensor applications in bio-electronics.

9802-55, Session PTue

Photonic crystal fiber modal 
interferometer for explosives detection
Chuanyi Tao, Chongqing Univ. of Technology (China); 
Heming Wei, Yinian Zhu, Sridhar Krishnaswamy, 
Northwestern Univ. (United States)

The detection of explosives and their residues is of great importance in 
public health, antiterrorism and homeland security applications. The vapor 
pressures of most explosive compounds are extremely low and attenuation 
of the available vapor is often great due to diffusion in the environment, 
making direct vapor detection difficult. In this paper, a photonic-microfluidic 
integrated sensor for highly sensitive 2,4,6-trinitrotoluene (TNT) detection 
is described based on an in-fiber Mach-Zehnder interferometer (MZI) in a 
photonic crystal fiber (PCF). A segment of PCF is inserted between standard 
single-mode fibers (SMF) via butt coupling to form a modal interferometer, 
in which the cladding modes are excited and interfere with the fundamental 
core mode. Due to butt coupling, the small air gap between SMF and PCF 
forms a coupling region and also serves as an inlet/outlet for the gas. The 
sensor is fabricated by immobilizing a chemo-recognition nano-layer on the 
inner surface of the holey region of the PCF, which selectively and reversibly 
binds TNT molecules on the sensitized surface. The sensing mechanism 
is based on the determination of the TNT-induced wavelength shift of 
interference peaks due to the refractive index change of the holey-layer. The 
sensor device therefore is capable of field operation.

9802-56, Session PTue

In vivo spinal nerve sensing in MISS using 
Raman spectroscopy
Hao Chen, Weiliang Xu, Neil Broderick, Zonglai Mo, The 
Univ. of Auckland (New Zealand) and The Dodd-Walls Ctr. 
for Photonic and Quantum Technologies (New Zealand)

In modern Minimally Invasive Spine Surgery (MISS), lack of visualization 
and feedback force information are the main obstacles. The spinal cord 
is a part of the central nervous system (CNS). It is a continuation of the 
brain stem, carries messages between CNS and the rest of body, and 
mediates numerous spinal reflexes. Spinal cord and spinal nerves are 
of great importance but vulnerable, once injured it may result in severe 
consequences to patients, e.g. paralysis. Raman Spectroscopy has been 
proved to be an effective and powerful tool in biological and biomedical 
applications as it works in a rapid, non-invasive and label-free way. It can 
provide molecular vibrational features of tissue samples and reflect content 
and proportion of protein, nucleic acids lipids etc. Due to the distinct 
chemical compositions spinal nerves have, we proposed that spinal nerves 
can be identified from other types of tissues by using Raman spectroscopy. 
Ex vivo experiments were first done on swine spines. Comparative spectral 
data of swine spinal cord, spinal nerves and adjacent tissues were obtained 
by a Raman micro-spectroscopic system and the data was analyzed and 
classified by employing Principle Component Analysis (PCA) and Linear 
Discriminant Analysis (LDA). The results verified the visibility of nerve 
identification by using Raman spectroscopy. Then a special probe, based 
on a current available MISS tool, embedding a miniature fiber optic Raman 
sensor with a 2mm outer diameter was designed for in vivo spinal nerve 
identification in MISS.

9802-57, Session PTue

A study of oxidant and surfactant type 
effects on synthesis of polyindole by 
emulsion polymerization
Katesara Phasuksom, Anuvat Sirivat, Chulalongkorn Univ. 
(Thailand)
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In the present work, conductive polyindole (PIn) was synthesized by 
emulsion polymerization at room temperature under various synthesis 
conditions. The effects of oxidizing agents (FeCl3, (NH4)S2O8) and 
surfactant types (cationic; cetyltrimethylammonium bromide (CTAB), 
anionic; sodium dodecylsulfate (SDS) and non-ionic; polysorbate 80 
(TW80)) were investigated systematically. The PIn synthesized without 
surfactant was also investigated and compared. The PIn/FeCl3 showed 
higher electrical conductivity by one order of magnitude compared to 
(NH4)S2O8 due to a lower over-oxidation level as verified by XPS. Synthesis 
of PIn in the presence of a surfactant with suitable conditions reduced the 
particle size. A lower electrical conductivity occurred because of the steric 
hindrance. Nano-scaled PIn with 50 ± 13 nm in diameter was obtained 
from the SDS system. Moreover, the SDS system provided higher electrical 
conductivity than the PIn synthesized with CTAB and TW80 as small 
SDS molecules generated relatively low steric hindrance. In addition, the 
doping PIn was studied by using HClO4 as a doping agent. After doping, 
the electrical conductivity of PIn dramatically increased by 4 orders of 
magnitude. In this work, the highest electrical conductivity obtained of the 
synthesized PIn after doping was as high as 14 S/cm 

9802-58, Session PTue

Synthesis of poly(p-phenylene) 
nanoparticles and effect of dopant on its 
electrical conductivity
Pongpol Choeichom, Anuvat Sirivat, Chulalongkorn Univ. 
(Thailand)

Poly(p-phenylene) (PPP), a conductive polymer, was chemically synthesized 
via the oxidative polymerization using benzene, AlCl3 and CuCl2 as the 
monomer, oxidant and catalyst, respectively. It was subsequently doped 
with various dopants to increase the electrical conductivity. The effects of 
surfactant type namely Span65, Tween80 and TritonX100 and surfactant 
concentrations were investigated. Scanning electron microscopy images 
showed different PPP particle sizes depending on the surfactant type. The 
undoped PPP particle sizes were in the range of 80 to 200 nm. Electrical 
conductivity values of undoped PPP with surfactants were higher than that 
without a surfactant because the smaller particle sizes provided higher 
surface areas for the electron transfer. Moreover, the effect of dopant type, 
namely FeCl3, H2SO4, HClO4, and the mole ratio of dopant and monomer 
were also investigated. The electrical conductivity of doped PPP (dPPP) 
increased with increasing mole ratio of dopant and monomer. PPP doped 
with HClO4 exhibited the highest electrical conductivity of 74 S cm-1 due to 
the higher acid strength.

9802-59, Session PTue

Development of complex 3D 
microstructures based on computer 
generated holography and their usage for 
biomedical applications
Arvydas Palevicius, Viktoras Grigaliunas, Giedrius Janusas, 
Paulius Palevicius, Rokas Sakalys, Kaunas Univ. of 
Technology (Lithuania)

Micro and nanotechnologies employ interdisciplinary methods allowing to 
cope with many essential problems in various fields, like: medical industry, 
mechanics, information technologies, ecology, production and reservation 
of energy, material science, manufacturing, measurement and control 
technologies, food, water and environmental researches. The main focus of 
the paper is the development of technological route of the production of 
complex 3D microstructure, from designing it by the method of computer 
generated holography till its physical 3D patterning by exploiting the 
process of electron beam lithography and thermal replication which is used 
for biomedical application. A phase data of a complex 3D microstructure 
was generated by using Gerchberg-Saxton algorithm which later was used 

to produce a computer generated hologram. Physical implementation of 
microstructure was done using a single layer polymethyl methacrylate 
(PMMA) as a basis for 3D microstructure, which was exposed using e-beam 
lithography system e-Line and replicated, using high frequency vibration. 
After that production verification of 3D microstructure is done by exposing 
it under the laser beam and qualitative analysis is performed by using 
analytical equipment – optical and atomic force microscopes. Manufactured 
3D microstructure is used for designing micro sensor for biomedical 
applications.
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9802-60, Session PTue

A microscope based on fiber optic taper
Weiming Wang, Yan Yu, Hui Huang, Dalian Univ. of 
Technology (China)

A microscope based wide field-of-view (FOV) and high resolution can 
address the needs in detection of parasites and Escherichia coli, and 
is suitable for portability. We demonstrate a contact, lightweight and 
low-cost on-chip platform for light microscope?which combine both the 
advantages of fiber optic taper and the optical microscope, achieving 
a spatial resolution of 0.5~1.5um over a large FOV of ~24mm2. The fiber 
optic taper is illuminated by a simple light-emitting diode (LED) as an 
incoherent light source. A fiber Optic Taper is a coherent fiber optic plate 
that transmits either a magnified or reduced image from its input surface 
to its output surface. There is also a diffuser installed between the sample 
and the light source to provide uniform illumination. The samples are placed 
on the top facet of the tapered fiber-optic array and imaged on the other 
facet with 3~4 magnification. The magnified image transmits into the lens 
group including inexpensive microscope objectives and eyepieces, and then 
projects onto the CMOS image sensor. The fiber-optic array is then manually 
rotated with discrete angular increments of e.g., 1–2 degrees to capture a 
set of images. After obtaining the low-resolution images, a high-resolution 
image is reconstructed by using super-resolution image reconstruction 
algorithm at different angles of illumination through Matlab. We imaged 
the Escherichia coli and the parasites to validate the performance of the 
platform compared with a benchtop optical microscope. By using the CMOS 
sensor with high performance, the platform could enable greater access in 
telemedicine and the ocean environment monitoring. 

9802-61, Session PTue

Conformal self-assembled thin films for 
optical pH sensors
Daniela M. Topasna, Gregory A. Topasna, Minghanbo 
Liu, Ching-Hung Tseng, Virginia Military Institute (United 
States)

Simple, reliable, lightweight, and inexpensive thin films based sensors are 
still in intense development and high demand in many applications such as 
biomedical, industrial, environmental, military, and consumer products. One 
important class of sensors is the optical pH sensor. In addition, conformal 
thin film based sensors extend the range of application for pH optical 
sensors. We present the results on the fabrication and characterization of 
optical pH sensing coatings made through ionic self-assembled technique. 
These thin films are based on the combination of a polyelectrolyte and 
water-soluble organic dye molecule Direct Yellow 4. A series of films 
was fabricated and characterized in order to determine the optimized 
parameters of the polymer and of the organic dye solutions. The optical 
pH responses of these films were also studied. The transparent films were 
immersed in solutions at various temperature and pH values. The films are 
stable when immersed in solutions with pH below 9.0 and temperatures 
below 90 °C and they maintain their performance after longer immersion 
times. We also demonstrate the functionality of these coatings as conformal 
films. 
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9802-62, Session PTue

Foam metal metamaterial panel for 
mechanical waves isolation
Hongwei Sun, Jiangsu Automation Research Institute 
(China)

This paper presents modeling, analysis techniques and experiment of foam 
metal metamaterial panel for Broadband Vibration Absorption. For a unit 
cell of an infinite foam metal metamaterial panel, governing equations are 
derived using the extended Hamilton principle. The concepts of negative 
effective mass and stiffness and how the spring-mass-damper subsystems 
create a stopband are explained in detail. Numerical simulations reveal that 
the actual working mechanism of the proposed metamaterial panel is based 
on the concept of conventional mechanical vibration absorbers. It uses the 
incoming elastic wave in the panel to resonate the integrated membrane-
mass-damper absorbers to vibrate in their optical mode at frequencies close 
to but above their local resonance frequencies to create shear forces and 
bending moments to straighten the panel and stop the wave propagation. 
Moreover, a two-dimension acoustic foam metal metamaterial panel 
consisting of lumped mass and elastic membrane is proposed in the lab. 
We do experiments on the model and The results validate the concept and 
show that, for two-dimension acoustic foam metal metamaterial panel do 
exist two vibration modes. For the wave absorption, the mass of each cell 
should be considered in the design. With appropriate design calculations, 
the proposed two-dimension acoustic foam metal metamaterial panel can 
be used for absorption of low-frequency waves and hence expensive micro-
manufacturing techniques are not needed for design and manufacturing of 
such foam metal metamaterial panel for low-frequency waves absorption/
isolation.

9802-63, Session PTue

Feasibility of transparent flexible 
ultrasonic haptic actuator
Asma Akther, Abdullahil Kafy, Hyun-Chan Kim, Jaehwan 
Kim, Inha Univ. (Korea, Republic of)

Ultrasonic haptics actuator is a device that can create a haptic feedback 
to user’s hand in mid-air. The modulation of ultrasonic frequency can 
give different textures to the users. In this study, a feasibility of the 
ultrasonic haptic actuator made on a flexible piezoelectric substrate is 
investigated. As the piezoelectric substrate helps to propagate flexural 
waves, a pair of interdigital transducer (IDT) with reflectors can produce 
standing waves, which can increase the vibrational displacement of the 
actuator. PVDF, a piezoelectric polymer substrate is used for the pair of 
IDT pattern fabrication. A finite element analysis is at first performed to 
verify the designed actuator. A sinusoidal excitation voltage is applied on 
the IDT electrodes within the device operating frequency and measured 
the displacement waveforms. The displacement waveforms represent how 
ultrasonic wave was propagating through the piezoelectric substrate.

9802-64, Session PTue

The effect of NiTi superelastic fixation 
hardware on bone remodeling
Bahram Raad, Narges Shayesteh Moghaddam, Mohammad 
Elahinia, The Univ. of Toledo (United States)

This article aimed to discuss the “Bone remodeling phenomena in 
mandibular reconstruction surgery” numerically. It attempts to answer the 
question: “What are the effects of using different stiffness matched fixation 
hardware on the healing process of mandibular bone?” Significance of 
studying about reconstruction surgeries is to assess different methods to 
restore appearance and function of the healthy mandible which is injured by 
accident, cancer or inflammation.

A computer aided model of a normal mandible (i.e., healthy adult female, 
approximately 25-30 years of age) was created from CT scan data. To best 
mimic the geometry of the reconstructed mandible, two single barrel grafts 
are placed at the top of each other to form a double barrel graft set. Two 
different materials were used as the mandibular fixation hardware, Ti-6Al-4V 
and superelastic Nickel-Titanium (NiTi). A user-material subroutine (UMAT) 
is developed to model the behavior of bone regeneration and also another 
UMAT is used to simulate superelastic NiTi hardware. All the simulations 
of the healthy and reconstructed mandibles are done using Finite Element 
tools, also all other components including double barrel graft, fixation 
hardware and screws are analyzed numerically. 

A comparison of these two alloys demonstrates that using Nickel-Titanium 
Alloy as the fixation hardware has a faster remodeling pace in an equal time 
interval. This study shows that with a superelastic NiTi alloy, the density 
distribution in the mandible bone after the healing process is much more 
similar to the healthy mandible density distribution both on the surface 
of the cortical and inside the cancellous bone. Also, the optimum level of 
porosity which can be assigned to both Titanium and superelastic NiTi was 
defined in the simulations.

9802-65, Session PTue

Superhydrophobic PAN nanofibers for 
gas diffusion layers of proton exchange 
membrane fuel cells
Mohammad Salahuddin, Gisuk Hwang, Ramazan Asmatulu, 
Wichita State Univ. (United States)

Proton exchange membrane (PEM) fuel cells are considered to be the 
promising alternatives of natural resources for generating electricity. 
Gas diffusion layer (GDL) is one of the critical parts of a fuel cell that has 
the capability to influence the H2 /air system. Its basic functions include 
transportation of the reactant gas from flow channels to catalyst effectively, 
draining out the liquid water from catalyst layer to flow channels, and 
conducting electrons with low humidity. In this study, polyacrylonitrile 
(PAN) was dissolved in a solvent and electrospun at various conditions to 
produce PAN nanofibers prior to the stabilization at 280 ?C for 1 hour in the 
atmospheric pressure and carbonization at 850 ?C for 1 hour. The surface 
hydrophobicity values of the carbonized PAN nanofibers were adjusted 
using superhydrophobic and hydrophilic agents. The thermal, mechanical, 
and electrical properties of the GDLs depicted much better results. 
The water condensation tests on the surfaces (super-hydrophobic and 
hydrophilic) of the GDL showed an important approach for improved water 
management in the fuel cell. This study may open up new possibilities for 
developing high-performing GDL materials for future PEMFC applications.

9802-66, Session PTue

Mechanical properties of thermosensitive 
Chitosan-graphene nanogels for sustained 
drug delivery applications
Ramazan Asmatulu, Wichita State Univ. (United States)

Chitosan has been known as a biocompatible and biodegradable polymer 
with potential applications in biomedical fields such as drug delivery and 
wound dressing. Chitosan has the ability to make injectable thermosensitive 
hydrogels which has been highly investigated for drug delivery applications. 
However, the lack of the mechanical strength of thermosensitive chitosan 
hydrogels makes is not favorable in drug delivery applications since it might 
increase the burst release of the drug. The addition of nanoparticles is 
one way to increase the mechanical strength of thermosensitive chitosan 
hydrogel without increasing the toxicity. Graphene nanoparticles have 
shown unique mechanical, optical and electrical properties which can 
be exploited for biomedical applications, especially in drug delivery. This 
study has focused on the mechanical properties of a thermosensitive 
and injectable hybrid chitosan hydrogel incorporated with graphene 
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nanoparticles. Scanning electron microscope (SEM), Fourier transform 
infrared (FTIR) spectroscopy, and Raman spectroscopy have been used for 
morphological and chemical characterization of graphene infused chitosan 
hydrogels. Mechanical properties were also measured using a tensile 
test machine. The results confirmed that graphene nanoparticles could 
be a promising candidate for improving chitosan’s hydrogel mechanical 
properties.

9802-31, Session 11

Design of a bullet beam pattern of a 
micro ultrasound transducer (Keynote 
Presentation)
Yongrae Roh, Seongmin Lee, Kyungpook National Univ. 
(Korea, Republic of)

Ultrasonic imaging transducer is often required to compose a beam pattern 
of a low sidelobe level and a small beam width over a long focal region to 
achieve good image resolution. Normal ultrasound transducers have many 
channels along its azimuth, which allows easy formation of the sound beam 
into a desired shape. However, micro-array transducers have no control 
of the beam pattern along their elevation. In this work, a new method is 
proposed to manipulate the beam pattern by using an acoustic multifocal 
lens and a shaded electrode on top of the piezoelectric layer. 

The shading technique split an initial uniform electrode into several 
segments and combined those segments to compose a desired beam 
pattern. For a given elevation width and frequency, the optimal pattern of 
the split electrodes was determined by means of the OptQuest-Nonlinear 
Program (OQ-NLP) algorithm to achieve the lowest sidelobe level. The 
requirement to achieve a small beam width with a long focal region was 
satisfied by employing an acoustic lens of three multiple focuses. Optimal 
geometry of the multifocal lens such as the radius of curvature and 
aperture diameter for each focal point was also determined by the OQ-NLP 
algorithm. For the optimization, a new index was devised to evaluate the on-
axis response: focal region ratio = focal region / minimum beam width. The 
larger was the focal region ratio, the better was the beam pattern. Validity 
of the design has been verified through fabricating and characterizing an 
experimental prototype of the transducer. 

9802-32, Session 11

Superelastic torsional actuator for 
matching the stiffness profile in knee 
extension and flexion in a dynamic KAFO
Feng Tian, Mohammad Elahinia, Mohamed Samir Hefzy, 
The Univ. of Toledo (United States)

Knee-ankle-foot orthoses (KAFOs) are commonly prescribed to improve 
abnormal ambulation caused by quadriceps weakness. Quadriceps muscle 
works as the knee extensor which controls knee flexion and generates knee 
extension in healthy individuals. Three types of KAFOs have been reported 
in the literature: passive KAFOs, semi-dynamic KAFOs, and dynamic KAFOs. 
Dynamic KAFOs are the only type that controls knee motion throughout 
the entire walking cycle. However, they are heavy, bulky, and have limited 
functionality. This study focuses on developing a novel dynamic knee 
actuator with superelastic Nitinol that allows knee flexion and assists knee 
extension over the gait cycle, having the potential of reducing volume and 
weight of the orthosis and reproducing the normal knee behavior. In order 
to mimic the normal joint stiffness, the dynamic actuator consists of two 
parts that work independently in the stance and swing phases. MATLAB 
based numerical simulations have been conducted to determine the 
geometries for the superelastic Nitinol elements in the actuator, indicating 
that the proposed design is able to create the normal performance at 
the knee. Then, the surrounding parts of the knee joint was designed and 
modelled to house the actuator. The dynamic knee joint was fabricated and 
mounted on a conventional passive KAFO. Also, motion analysis tests have 

been conducted on a healthy subject to evaluate the functionality of the 
dynamic knee actuator. The kinematic and kinetic results indicate that this 
knee actuator allows knee flexion during the entire walking cycle, providing 
knee motions close to normal.

9802-33, Session 12

Patternable cellulose nanocrystals 
composite nanofibers (Invited Paper)
Wei-Chih Wang, Edward Le, Univ. of Washington (United 
States)

Currently, there has been an increasing of interests in renewable and 
biodegradable nanofibers for optical applications. In this studies, renewable 
and biodegradable nanofiber that produced from cellulose nanocrystal 
(CNC) is focused. The nanoscale dimensions and attractive mechanical 
properties of CNCs make them ideal candidates to improve the mechanical 
properties of targeted host materials. The Young’s modulus of CNC is 
stronger than steel and similar to that of Kevlar. Therefore, CNC nanofibers 
could be made with mechanical properties comparable to other synthetic 
nanofibers. In this studies, a solution of a mixture of CNC was feed into 
electrospinning to produce composite nanofiber. To achieve the controlled 
spatial patterns and layered structure of the fibers, a new fabrication 
procedure and equipment were also been developed and ongoing. The 
optically functional materials are made possible by incorporating CNC 
mixture with other active polymers during electrospinning. During the 
fabrication, electrically and magnetically could active the nanoparticles 
and CNC fiber and aligned them, which mechanically reinforced by CNCs. 
In addition to fabrication, analytical and numerical modeling will assist the 
development of these new CNC nanofiber materials. 

9802-34, Session 12

UV response of cellulose ZnO hybrid 
nanocomposite
Seongcheol Mun, Hyun-u Ko, Seung-Ki Min, Hyun-Chan 
Kim, Jaehwan Kim, Inha Univ. (Korea, Republic of)

ZnO nanorods grown cellulose film is a fascinating inorganic-organic hybrid 
nanocomposite in terms of synergistic properties with semiconductive 
functionality of ZnO and renewability and flexibility of cellulose film. 
ZnO nanorod is well grown on cellulose film by simple chemical reaction 
with direct seeding and hydrothermal growing. Cellulose-ZnO hybrid 
nanocomposite (CEZOHN) has unique electric, electro-mechanical and 
photo-electrical behaviors. This paper demonstrates optimal fabrication 
process with evaluation by structural morphology analysis and optical 
characterization. The performance of CEZOHN is estimated by measuring 
induced photocurrent under various intensity exposure of UV light. 
Mechanism of UV sensing and its possible applications for flexible and 
wearable UV detector will be addressed.

9802-35, Session 12

Cellulose nanocrystal and poly[di(ethylene 
glycol) adipate] blend for tunable lens
Hyun-u Ko, Hyun-Chan Kim, Yaguang Li, Inha Univ. (Korea, 
Republic of); Sang-Youn Kim, Korea Univ. of Technology 
and Education (Korea, Republic of); Jaehwan Kim, Inha 
Univ. (Korea, Republic of)

In these days, consumer electronics and medical devise for optical diagnosis 
are miniaturized and mobilized. The focusing part of lens is difficulty to 
reduce the size and weight. Thus, demand for tunable lens that can change 
its shape so as to auto focus itself is increased. In this paper, the current 
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state-of-the-art of tunable lens based on smart materials is reviewed. 
And cellulose nanocrystal (CNC) and poly[di(ethylene glycol) adipate] 
(PDEGA) blend is introduced, which can be a smart material that is able 
to respond to electrical stimuli. Because of its high dielectric constant and 
high transparency, it is good candidate for the tunable lens. The synthesis 
of CNC/PDEGA blend and its material characterization are explained and 
the lens fabrication and the lens performance characterization are also 
addressed. 

9802-36, Session 12

Fabrication of cellulose nanofiber 
transparent films for IT applications
Lindong Zhai, Sangho Song, Jeong-Woong Kim, Yaguang 
Li, Jaehwan Kim, Inha Univ. (Korea, Republic of)

One of the abundant renewable biomaterials in the world – cellulose is 
produced from plants forming micro-fibrils which in turn aggregate of form 
cellulose fibers. These fibers size can be disintegrated from micro-fibrils 
to nanofibers by aqueous counter collision (ACC) method. These cellulose 
nanofibers (CNF) can be a new building block of renewable smart materials. 
The CNF has excellent mechanical strength, dimensional stability, thermal 
stability and good optical properties on top of its renewable behavior. 
This study reports CNF transparent films made by CNF solution. CNF was 
extracted from cotton pulp by ACC method. Natural behaviors, extraction 
and film formation of CNF are investigated in this paper and their physical 
characteristics are illustrated. Also, its application possibility for IT devices is 
addressed.

9802-37, Session 12

Feasibility study of ZnO nanowire for 
miniaturized accelerometer
Hyun-Chan Kim, Hyun-u Ko, Sangho Song, Young-Min Yun, 
Jaehwan Kim, Inha Univ. (Korea, Republic of)

The vertically aligned arrays of ZnO nanowire can be used for many 
applications such as energy harvesters, UV sensors and mechanical sensors. 
Here we report the feasibility of a miniaturized accelerometer made with 
ZnO nanowire using its piezoelectricity. For improving the sensitivity of 
miniaturized piezoelectric accelerometer, size of piezoelectric ceramic 
should be large which results in heavy accelerometer and low resonance 
frequency. To resolve the problems for miniaturized accelerometer 
fabrication, ZnO nanowire is chosen. ZnO nanowire has piezoelectric 
property with Wurtzite structure and non-ferroelectric piezoceramic. 
Since it has high aspect ratio, the use of ZnO nanowire leads to increase 
deformation and piezoelectric response output. The vertically ZnO 
nanowire arrays are grown on a copper substrate by hydrothermal synthesis 
process. The Fabrication process of the miniaturized accelerometer will be 
illustrated. To prove the feasibility of the fabricated accelerometer, dynamic 
response test is performed in performance comparision with a commercial 
accelerometer.

9802-38, Session 13

Cellulos/polyvinyl alcohol based 
hydrogels for reconfigurable lens (Keynote 
Presentation)
Jayaramudu Tippabattini, Hyun-u Ko, Xiaoyuan Gao, 
Yaguang Li, Inha Univ. (Korea, Republic of); Sang-Youn 
Kim, Korea Univ. of Technology and Education (Korea, 
Republic of); Jaehwan Kim, Inha Univ. (Korea, Republic of)

Active lens can change its shape or optical properties in the presence of 

electric field. Thus, it is stringent requirement that the active material should 
be not only soft, transparent and electro-active but also low actuation 
voltage. So far, the utility of electro-active hydrogels has been limited 
application of electric field. Here we report the design of cellulose-poly 
vinyl alcohol based hydrogels for active lens. The fabricated hydrogels are 
confirmed by Fourier transformer spectroscopy, swelling studies, thermal 
analysis, X-ray diffraction, and surface morphology of the fabricated 
hydrogel is study by using scanning electron microscopy. The effect of 
poly vinyl alcohol concentration on the optical and electrical behavior of 
hydrogels is studied.

9802-39, Session 13

Intelligent actuation of water drop on 
graphene coated mesh
Rassoul Tabassian, Jung-Hwan Oh, Il-Kwon Oh, KAIST 
(Korea, Republic of)

Wettability is a substantial property of a solid surface, which refers to 
intermolecular forces between molecules of the liquid as well as their 
interaction with solid surface. Solid/liquid interaction is usually controlled 
by manipulating chemical composition and roughness of the surface. 
However, controlling wettability by adjusting these two agents is a passive 
way to change the shape of liquid drop on the surface. The best way 
to actively control wettability is to apply electric field which is called 
electrowetting. Inspiring from well-known superhydrophobic surfaces in 
nature such as lotus leaves, we decided to use metal mesh as an electrode 
for electrical actuation of water drop. Although electrowetting has been 
widely investigated to actively control wettability of various surfaces, 
controlling wettability and locomotion of water molecules on metallic 
meshes has not been deeply studied. Mesh is a rough and porous structure 
which has prominent wetting properties. First, we grew the graphene layers 
on nickel meshe by using chemically vapor deposition method and then 
carefully investigated their anti-corrosion effects. When a liquid is placed 
on such mesh although it could logically pass the mesh through numerous 
holes, generated capillary forces in these holes resist penetration. Taking 
advantage of these two antagonistic properties of the mesh along with 
electric stimulation, we would be able to control the shape and locomotion 
of drop which has great potential applications in variety of fields. Graphene 
coating not only effectively decreases corrosion/oxidation of metal mesh 
but also keeps other beneficial properties such as porosity, roughness, and 
hydrophobicity. 

9802-40, Session 13

Actuation mechanisms of carbon 
nanotube-based architectures
Sebastian M. Geier, Thorsten Mahrholz, Peter Wierach, 
Deutsches Zentrum für Luft- und Raumfahrt e.V. 
(Germany); Michael Sinapius, Technische Univ. 
Braunschweig (Germany)

State of the art smart materials such as piezo ceramics or electroactive 
polymers cannot feature both, mechanical stiffness and high active strain. 
Moreover, properties like low density, high mechanical stiffness and 
high strain at the same time driven by low energy play an increasingly 
important role for their future application. Carbon nanotubes (CNT), show 
this behavior. Their active behavior was observed 1999 the first time using 
paper-like mats made of CNT. Therefore the CNT-papers are electrical 
charged within an electrolyte thus forming a double-layer. The measured 
deflection of CNT material is based on the interaction between the charged 
high surface area formed by carbon nanotubes and ions provided by the 
electrolyte. Although CNT-papers have been extensively analyzed as well at 
the macro-scale as nano-scale there is still no generally accepted theory for 
the actuation mechanism.

This paper focuses on investigations of the actuation mechanisms of 
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CNT-papers in comparison to vertically aligned CNT-arrays. One reason of 
divergent results found in literature might be attributed to different types 
of CNT samples. While CNT-papers represent architectures of CNTs, with no 
continuous CNT in one direction of their geometry the CNT-arrays feature 
3mm long, continuous CNTs which are tested. 

Both sample types are tested within an actuated tensile test set-up under 
different conditions Furthermore different ions are used to investigate the 
influence of the ion-radius. While the CNT-papers are tested in water-based 
electrolytes with comparably small redox-windows the hydrophobic CNT-
arrays are tested in ionic liquids.

It was found that the performance of CNT-papers strongly depends on 
the test conditions. However, the CNT-arrays are almost unaffected by the 
conditions showing active response as well at negative potentials as positive 
potentials. A comparison of both results point out that the actuation 
mechanism strongly depends on the weakest bonds of the architectures: 
Van-der-Waals-bonds vs. covalent C-bonds.

9802-41, Session 13

Bandwidth of a noise suppression phase 
locked loop for non-contact vital sign 
detection
Zongyang Xia, Ying Zhang, Georgia Institute of 
Technology (United States)

Non-contact vital sign detection has promising potential in biomedical 
monitoring, healthcare and disaster rescue, for its capability of remotely 
detecting the respiration and heartbeat rates of human beings. A continuous 
wave (CW) Doppler radar is suitable for measuring the vital signs since it 
doesn’t require large bandwidth but can reach a resolution of submillimeter. 
To improve the signal to noise ratio and detection accuracy of a CW Doppler 
radar, we have designed a dual-carrier vital sign detection scheme based 
on phase locked loop (PLL) to automatically suppress the noise induced by 
range correlation, transmission paths and clutters. It utilizes two microwave 
signals in the loop to suppress the noise and extract the vital sign signal 
respectively. In order to achieve a good performance of noise suppression, 
we need to carefully design the loop filter of the PLL. In this paper, we first 
determine the initial bandwidth of 200 Hz from the theoretical analysis, and 
confirm the PLL performance and value of loop filter components using a 
simulation at a charge pump current of 2.5 mA. Then the loop bandwidth 
is further adjusted by experiments to achieve lower noise level. In the 
experimental measurements, the noise level is compared with that of the 
scheme with unlocked PLL and the charge pump currents are adjusted to 
change the loop bandwidth. The results show that at a charge pump current 
of 0.625 mA, corresponding to a bandwidth on the order of tens of herz, the 
detection system exhibits a better noise level.

9802-42, Session 14

Development of a miniaturized optical 
neurotransmitter sensing system for real-
time monitoring of neural activity
Min H. Kim, Hargsoon Yoon, Kyo D. Song, Norfolk State 
Univ. (United States); Sang H. Choi, NASA Langley 
Research Ctr. (United States); Uhn Lee, Gachon Univ. Gil 
Medical Ctr. (Korea, Republic of); Jongsung Kim, Gachon 
Univ. (Korea, Republic of)

In this presentation, we introduce an optical neurotransmitter sensing 
system based on a micro-spectrometer and data acquisition units. The 
system development is to monitor neural activity in the brain and provide 
autonomous control through a closed-loop feedback system, which can 
significantly enhance the accuracy of deep brain stimulation treatment 
for patients with neurological disease and disorders. This system applied 
fluorescence optical sensing principle and adopted a microcontroller and a 

Bluetooth wireless data communication module in the system for real time 
monitoring. The system successfully demonstrated sensing resolution of 
submicro-mole dopamine concentration in a fluorescence mode.

9802-43, Session 14

High power density rectenna array
Kyo D. Song, John Day, Norfolk State Univ. (United States); 
Sang H. Choi, NASA Langley Research Ctr. (United States); 
Hargsoon Yoon, Norfolk State Univ. (United States)

The development of rectenna arrays has shown significant advances in 
harvesting Radio Frequency waves. One of major efforts of wireless power 
harvesting is focused on the development of high power density rectenna 
array. This paper is to investigate rectenna array arrangement to improve 
power density profile on rectenna. Various designs of rectenna array will 
be examined by numerical simulation. The design parameters and electrical 
output performances will be tested and analyzed by measuring power 
conversion efficiency in the anechoic chamber. In addition, the proximate 
effects of rectenna array for overall system efficiency will be studied to 
optimize the design of rectenna array. 

9802-44, Session 14

Wearable nanosensor system for 
monitoring mild traumatic brain injuries in 
football players
Mouli Ramasamy, Vijay K. Varadan, The Pennsylvania State 
Univ. (United States)

Traumatic brain injury (TBI) is one of the major causes of death in the United 
States. According to Centers for Disease Control (CDC), approximately 
30 % of all deaths related to injuries are caused by TBI. Concussion is a 
type of TBI resulting from a bump, jolt or blow to the head that causes the 
brain and head to move in any or all of the three coordinates. The brain is 
encapsulated by the cerebrospinal fluid which acts as a protective layer 
for the brain. This fluid can protect the brain against minor movements, 
however, any rapid movements of the brain may mitigate the protective 
capability of the cerebrospinal fluid. From the causes of TBI and concussion, 
it is evident from the nature of the game that the football players undergo 
numerous cycles of bumps, blows, and jolts that might place them in 
the high risk category for concussion and TBI. Based on this research 
motivation, this paper proposes a helmet based nanosensor system for 
monitoring the condition of the players on the field and during training. This 
system consists of nanosensors for signal acquisition, electronics for data 
processing and wireless transmission, and software for display and analysis 
of the electroencephalogram (EEG) and the 3-D accelerometer data. This 
wearable system is noninvasive, monitors the conditions of the players in 
real time, and reusable in nature because of the textile based nanosensors. 

9802-45, Session 14

Mechanically stiff carbon fiber electrodes 
for chronic dopamine sensing in the rat 
brain
Min H. Kim, Norfolk State Univ. (United States); Laurie 
L. Wellman, Hyunjeong Liew, Larry D. Sanford, Eastern 
Virginia Medical School (United States); Hargsoon Yoon, 
Norfolk State Univ. (United States)

Carbon electrodes have shown high sensitivity and electrochemically 
stable performance in chronic neurotransmitter sensing in the brain. 
For in-vivo sensing applications and behavioral studies, it is important 
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to fabricate mechanically stable sensing electrodes to prevent damage 
during surgical implantation. In this research, composite carbon fiber 
electrodes were newly developed to obtain sufficient mechanical stiffness 
for easy implantation in the rat brain. For fabrication, a carbon fiber 
electrode was coated with parylene-C coating and the sensing surface 
was exposed by mechanical polishing. Dopamine sensing of the fabricated 
electrodes was measured using fast scan cyclic voltammetry and showed 
sensitivity to 1uM concentrations of dopamine in PBS. For chronic in-vivo 
testing, the composite carbon fiber electrode was implanted in caudate, 
an area containing dopaminergic terminals, and the release of dopamine 
by electrical stimulation of ventral tegmental area, an area containing 
dopaminergic cell bodies, was successfully measured. We will present 
details of the design, fabrication and sensing performance of mechanically 
stiff carbon fiber electrodes for chronic sensing of neurotransmitters in the 
rat brain.

9802-46, Session 14

Study of emotion based neurocardiology 
through wearable systems
Mouli Ramasamy, Vijay K. Varadan, The Pennsylvania State 
Univ. (United States)

Ganglions are functional units of neurons present outside the structure 
of the brain. The ganglia present in the heart form the core group of the 
intrinsic neurosystem. The heart rhythm based on the heart rate variability is 
a result of the synchronous and harmonized electrical output of the heart at 
normal state. This harmonization is based on the emotional balance, which 
is often indicated positive emotions, negative emotions, coherence, optimal 
health and other cognitive functions. Based on the presence on neurons in 
the heart, the study of the interaction between the heart and brain becomes 
more important. This study that deals with the relationship between the 
heart and the brain is called as neurocardiology. In this paper, we focus on 
the wearable system interfaces and the underlying medical and engineering 
science involved in investigating the interaction between the heart and 
brain using emotion as a measurement and support parameter. The 
electrocardiogram (ECG) and electroencephalogram (EEG) signals obtained 
under various emotional states are reviewed in this paper to provide a 
comprehensive understanding about the ‘heart brain’.

9802-47, Session 15

Depth electrode array for monitoring 
and imaging of fast neural activity and 
functional network in the brain
Hargsoon Yoon, Min Kim, Norfolk State Univ. (United 
States)

Monitoring of fast neural activity and group cellular events in functional 
networks in the brain is important. To achieve mechanistic understanding 
of the brain, functional recording and imaging technique requires sufficient 
spatial and temporal resolutions covering the time scale of neural activity. In 
this presentation, we introduce the design and experimental results of depth 
electrode array for the implantation into the brain. For functional imaging 
with electrical impedance technique, electrode impedance which is a key 
parameter for neural recording and imaging is analyzed on nanostructured 
surface using electrical impedance spectroscopy and modeling studies. 

9802-48, Session 15

Hydrothermal growth of ZnO nanowires on 
flexible fabric substrates
Gwangwook Hong, Sangho Yun, Joo-Hyung Kim, Inha 
Univ. (Korea, Republic of)

ZnO nanowires (NWs) would provide significant enhancement in sensitivity 
due to high surface to volume ratio. We investigated the first methodical 
study on the quantitative relationship between the process parameters of 
solution concentration ratio, structure, and physical and properties of ZnO 
NWs grown on different flexible fabric surfaces. To develop a fundamental 
following concerning various substrates, we controlled the growth speed 
of ZnO NWs and nanowires on cotton surface with easy and moderate 
cost fabrication method. Using ammonium hydroxide as the reactant with 
zinc nitrate hexahydrate, ZnO NWs layer have been grown on metal layers, 
instead of seed layer. ZnO NWs fabrication was done on different fabric 
substrates such as wool, nylon and polypropylene (PP). After the ZnO NWs 
grown to each substrates, we coated insulating layer with polyurethane 
(PU) and ethyl cellulose for prevent external intervention. Detailed electrical 
characterization was subsequently performed to reveal the working 
characteristics of the hybrid fabric. For electrical verification of fabricated 
ZnO NWs, we implemented measurement impact test and material 
properties with FFT analyzer and LCR meter.

9802-49, Session 15

Impedance biosensor with rapd detection 
capability of low concentration of E.coli 
0157:H7
Shibajyoti Ghosh Dastider, Syed Barizuddin, Nuh Yuksek, 
Univ. of Missouri (United States); Majed El-Dweik, Lincoln 
Univ. (United States); Mahmoud Almasri, Univ. of Missouri 
(United States)

This paper reports the design, fabrication and testing of an impedance 
based biosensor for rapid detection of Escherichia coli O157:H7 with low 
concentration. The biosensor consists of the following innovative features: 
(1) a region for focusing the bacteria using a ramp down vertical electrode 
pair made of electroplated gold along with tilted thin film finger pairs 
(45o) with a ramp down channel that generates p-DEP forces to focus and 
concentrate the bacteria into the center of the microchannel, and direct 
them toward the sensing microchannel which has a diameter smaller than 
one-third of the first channel. The bulk fluid flows into the outer channel 
towards the waste outlets. This technique resulted in highly concentrated 
samples. (2) Bacteria sensing region consists of three interdigitated 
electrode arrays (IDEA) with varying number of fingers (30, 20 and 10 
pairs respectively) coated with anti-E.coli antibody. As E.coli binds to 
the antibody, it results in impedance change. This has enabled detection 
of a very low concentration of bacteria with a very high sensitivity and 
rapidly. The biosensor was fabricated on a glass substrate using SU8 
negative photoresist to form the microchannel, gold electroplating to form 
the vertical focusing electrode pair, thin gold film to form the detection 
electrode, the finger electrodes, traces and bonding pads, and PDMS to 
seal the device. The device performance was excellent as evidenced by the 
measured focusing capability, the measured high sensitivity (14 CFU/ml) 
using impedance measurement and total turnaround time, from antibody 
immobilization to pathogen detection, of 2 hours. 

9802-50, Session 16

Differential diagnosis of cardiovascular 
diseases and T-wave alternans
Vijay K. Varadan, The Pennsylvania State Univ. (United 
States)

T-waves are part of a normal electrocardiogram represent the electrical 
recovery or repolarization of the ventricles, the lower chambers of the heart, 
after a contraction or heartbeat. T-wave alternans is associated with lethal 
cardiac arrhythmias and sudden cardiac death.

Reasons for inverted T waves are numerous and may include ischemia, heart 
attack, hyperventilation, anxiety, certain medications, infections around the 
heart, pulmonary embolus (blood clot in the lung), electrolyte disturbance 
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(abnormalities in sodium, potassium levels) etc.

In this talk, the diagnosis of T-wave alternans for various cardiovascular 
diseases will be presented with selected video of patients.

9802-51, Session 16

Wireless nanosensor system for diagnosis 
of sleep disorders
Vijay K. Varadan, The Pennsylvania State Univ. (United 
States)

Sleep is an essential part of our lives to maintain healthy, safe and 
qualified life of people. Untreated sleep disorders and sleep losses can 
cause serious health problems such as hypertension, heart failure and 
diabetes, etc. Polysomnography is usually performed in a sleep lab to 
monitor sleep stages and diagnose sleep disorders. Electroencephalogram, 
Electromyogram and Electrooculogram are measured and analyzed by a 
sleep specialist. Current sleep monitoring systems use Ag/AgCl or gold cup 
electrodes to detect the biopotential signals with conductive gel. However, 
the gel-based electrodes require skin preparation to reduce the impedance 
between the electrode and skin by removing dead cells. and the conductive 
gel can be dried out for long term monitoring. The sensors developed by 
Varadan’s group is dry nanowire based sensor (either gold or textile based 
nanosensors) in contrast to the Ag/AgCl electrodes). The long wires/cables 
to connect electrodes to a processing/recording system which is usually 
placed on beside a patient disturb the movement of a patient during sleep. 
The patient may not have normal sleep patterns under such environments, 
and diagnostic results may be distorted. Beside the uncomfortable 
environment during sleep, current sleep monitoring systems use a memory 
card to save data, which needs to send the memory card to a sleep lab or 
a hospital to diagnose. It does not provide real-time monitoring. Recently, 
the sleep monitoring systems which use wireless communication to send 
data to a server instead of using a memory card have been announced. The 
wireless standards used in the systems are Zigbee, Bluetooth or Wi-Fi, but 
these wireless standards are for wireless personal area network or wireless 
local area network. The networks should be extended to wide area network 
with gateways or access points to monitor the signals at remote places, and 
it is not cost effective. To overcome these drawbacks, this paper proposes a 
wearable wireless sleep monitoring/recording system through GSM/WCDMA 
network. The system reduces a patient’s discomfort and enables to monitor 
signals at remote places in real time without any installation of additional 
network extension. The biopotential signals are amplified, digitized and 
transmitted to a remote server by electronics which is placed on the top of a 
skull cap. The transmitted signals are processed in the remote server. 

9802-52, Session 16

Real-time monitoring of drowsiness 
through wireless nanosensor systems
Mouli Ramasamy, Vijay K. Varadan, The Pennsylvania State 
Univ. (United States)

Detection of sleepiness and drowsiness in human beings has been a 
daunting task for both engineering and medical technologies. Accuracy, 
precision and promptness of detection have always been an issue that has 
to be dealt by technologists. Generally, the bio potential signals – ECG, 
EOG, EEG and EMG are used to classify and discriminate sleep from being 
awake. However, the potential drawbacks may be high false detections, 
low precision, obtrusiveness, aftermath analysis, etc. To overcome the 
disadvantages, this paper proposes the design of a wireless and a real time 
monitoring system to track sleep and detect fatigue. This concept involves 
the use of EOG and EEG to measure the blink rate and asses the person’s 
condition. In this user friendly and intuitive approach, EOG and EEG signals 
are obtained by the textile based nanosensors mounted on the inner side of 
a flexible headband. The acquired signals are then electrically transmitted 
to the data processing and transmission unit, which transmits the processed 
data to the receiver/monitoring module through ZigBee communication. 
This system is equipped with a software program to process, feature extract, 
analyze, display and store the information. Thereby, immediate detection 
of a person falling asleep is made feasible and, tracking the sleep cycle 
continuously provides an insight about the fatigue level. This approach 
of using a wireless, real time, dry sensor on a flexible substrate mitigates 
obtrusiveness that is expected from a wearable system
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9803-1, Session 1A

Disaster mitigation based on smart 
structures/materials (Keynote 
Presentation)
Hiroshi Asanuma, Chiba Univ. (Japan); Ji Su, NASA 
Langley Research Ctr. (United States); Mohsen Shahinpoor, 
The Univ. of Maine (United States); Ferdinando Felli, 
Antonio Paolozzi, Sapienza Univ. di Roma (Italy); Mehrdad 
Ghasemi-Nejhad, Lloyd Hihara, Univ. of Hawai’i at Manoa 
(United States); Sontipee Aimmanee, King Mongkut’s Univ. 
of Technology Thonburi (Thailand); Yasubumi Furuya, 
Hirosaki Univ. (Japan); Kazuhiko Adachi, Chubu Univ. 
(Japan); Tetsuro Yanaseko, Shinya Okabe, Chiba Univ. 
(Japan)

The concept “Disaster Mitigation and Sustainable Engineering” proposed 
in the previous papers is introduced more comprehensively and enhanced, 
and a couple of examples are shown in this paper. It is emphasized that it 
can be effectively realized in the field “Smart Structures and Materials.” As 
serious disasters may not occur for a long period of time, and devices and 
structures for disaster mitigation suffer from vast amount of maintenance 
cost etc., they are better to be used daily. Their compactness and deploying 
function are also very useful. In order to demonstrate the concept, 
two examples having been done are introduced, that is, “artificial and 
multifunctional forests” and “new smart structure based on honeycomb to 
be used against flooding”.

9803-2, Session 1A

Networking of optical fiber sensors 
for extreme environments (Keynote 
Presentation)
Kara J. Peters, North Carolina State Univ. (United States)

No Abstract Available

9803-3, Session 1B

Extending human proprioception to 
cyberphysical systems
Leah P. Dickstein, Univ. of California, Berkeley (United 
States); Kevin Keller, North Carolina State Univ. (United 
States); Ethan Robinson, Virginia Polytechnic Institute 
and State Univ. (United States); Heidi A. Hahn, Alessandro 
Cattaneo, David D. Mascareñas, Los Alamos National Lab. 
(United States)

Despite advances in computational cognition, there are many cyberphysical 
systems where human supervision and control is desirable. One pertinent 
example is the control of a robot arm, which can be found in both humanoid 
and commercial ground robots. Current control mechanisms require the 
user to look at several screens of varying perspective on the robot, then 
give commands through a joystick-like mechanism. The current control 
paradigm fails to provide the human operator with an intuitive state 

feedback, resulting in awkward and slow behavior and underutilization of 
the robot’s physical capabilities. To overcome this bottleneck, we introduce 
a new human-machine interface that extends the operator’s proprioception 
by exploiting sensory substitution. Humans have a proprioceptive sense that 
provides us information on how our bodies are distributed in space without 
having to directly observe our appendages. We constructed a wearable 
device with vibrating actuators on the forearm, where frequency of vibration 
corresponds to the spatial configuration of a robotic arm. This interface 
provides a means to communicate proprioceptive information to the 
teleoperator. In this work, we measure the change in performance achieved 
by the use of this interface.

9803-4, Session 1B

Characterizing wave propagation 
to improve indoor step-level person 
localization using floor vibration
Mostafa Mirshekari, Yan Pui Lam, Shijia Pan, Haochuan Lei, 
Pei Zhang, Haeyoung Noh, Carnegie Mellon Univ. (United 
States)

The objective of this paper is to characterize wave propagation of 
footstep induced floor vibration to improve robustness of occupant 
localization. Occupant localization is an essential part of many smart 
structure applications (e.g., occupant-aware evacuation planning, energy 
management, and patient/customer tracking). Vibration-based methods 
are suitable for occupant localization as they allow sparse sensor 
configuration and are non-intrusive. To localize occupants, we use human 
footstep induced floor vibration. Various prior works have focused on 
localization through multilateration in many forms. However, vibration 
signals propagating through buildings are frequency dependent, resulting 
in distortions that lead to large errors when using prior approaches. In 
this paper, we overcome signal distortion by characterizing vibration wave 
propagation in floors for accurate indoor localization. The key insight is 
that a specific frequency component of a signal have similar propagation 
characteristics. Therefore, by decomposing the signal into its components, 
we can reduce the effects of distortion on localization algorithms. We 
first introduce the characterization of velocities and attenuation rates for 
different component frequencies. To characterize attenuation, we look 
at each frequency’s contribution to the total energy of signal and how it 
changes over distance. For velocity, we look at the the peaks of wavelet 
coefficients for each frequency and the amount of delay between sensors 
at different distances. We then utilize the characterization results for a two-
step location estimation approach. Finally, we validate our wave propagation 
characterization and the improvement on occupant localization through a 
real-world deployment.

9803-5, Session 1B

Ambient structural sensing for human 
occupancy level estimation
Shijia Pan, Pei Zhang, Haeyoung Noh, Carnegie Mellon 
Univ. (United States)

The number and walking direction of people passing through desired 
areas provides spatio-temporal information that is useful in various smart 
structure applications, including occupancy-based building energy/space 
management, marketing research, security, etc. Existing approaches to 
obtain such human occupancy level information are mostly vision- or 



108                                                              SPIE Smart Structures/NDE 2016 · www.spie.org/ssnde Return to Contents

mobile-based sensing methods, which have placement limitations (e.g., 
requirement of line-of-sight, carrying a device all the time). These limitations 
make these traditional approaches difficult to deploy and maintain. On 
the other hand, the ambient structural vibration sensing allows indirect 
occupant monitoring as an alternative sensing solution.

This paper presents a structural vibration based occupant traffic monitoring 
method. Our system utilizes geophones, an easy-to-install one dimensional 
vibration sensor, to sense the ambient structural vibration induced by 
occupant footsteps. Once the signals are obtained, effective features to 
describe signal mixture are extracted for occupancy level estimation. The 
main challenge in modeling the mixture of multiple footstep-induced 
vibration signals is to develop features that apply to different traffic 
scenarios and understand why different mixture effects are observed. Thus, 
we focus on analyzing the efficiency and limitations of key features under 
various scenarios by utilizing signals collected from multiple people walking 
through the sensing area as well as from controlled impulse load tests. In 
addition, instead of using a predetermined algorithm to learn large amount 
of data, we distinguish scenarios of multiple people walking condition 
combination and apply different strategies for each type of footstep 
combinations.

9803-6, Session 1B

Watching robot equipped with Kinect v2 
focusing on gait
Ami Ogawa, Akira Mita, Ayanori Yorozu, Masaki Takahashi, 
Keio Univ. (Japan)

These days, the number of single-person households is increasing in aging 
society. Thus the “Watching System” for living space which can monitor 
the resident’s changes in behaviors is needed. It detects the risk of disease 
from those dairy information, and warns to prevent the accidents. The 
single-person households are always facing higher risk than the other 
households when any accident happens, because it is more difficult to 
tell the emergency to other people. Therefore, it is important to predict 
the danger and warn it before the accident happens to prevent it. Since 
the deficiency in feet is clearly related to the risk of fall and dementia, a 
system to monitor the dairy gait performance is needed. Therefore, we 
suggest a gait acquisition system. Generally, walking speed measurement 
or Timed Up and Go test are conducted to measure and evaluate the 
gait ability. However, all these methods need measurers, so the accuracy 
depends on them and the lack of objectivity is pointed out. Moreover the 
subject might have a consciousness that it is a test, so that they cannot 
walk in ordinary condition. Therefore the system which can acquire the gait 
information automatically is needed. In this study, we explore the possibility 
to implement the gait acquision system using following robot in living 
environment through the feasibility studies. We acquire the gait parameters 
by using Kinect v2 produced by Microsoft (USA) put on the following robot 
named “e-bio” and evaluate the accuracy of the values by using VICON.

9803-7, Session 2A

On the optimization of mechanical 
harvesters based on highly nonlinear 
solitary waves
Wen Deng, Amir Nasrollahi, Piervincenzo Rizzo, Kaiyuan 
Li, Univ. of Pittsburgh (United States); Ronald D. 
Schreckengost, Pennsylvania State Dept. of Transportation 
(United States)

In the study presented in this article, we investigated the feasibility and the 
reliability of a transducer for the nondestructive assessment of materials’ 
stiffness. The nondestructive evaluation (NDE) technique is based on the 
propagation of highly nonlinear solitary waves (HNSWs) along a one-
dimensional chain of spherical particles. The chain is part of a built-in 
transducer designed and assembled to excite and detect HNSWs. The 

NDE technique is based on the dynamic interaction between the particles 
and the material to be inspected. This interaction influences the time-of-
flight and the amplitude of the solitary pulses reflected at the transducer/
material interface. The results show that certain features of the waves 
are dependent on the modulus of elasticity of the material and that the 
transducer designed and assembled in this study is reliable. In the future the 
proposed novel methodology may provide a cost-effective tool for the rapid 
assessment of materials’ modulus. 

9803-8, Session 2A

A mechanical energy harvested 
magnetorheological damper with self-
sensing ability
Ki Sum Chu, Li Zou, Wei-Hsin Liao, The Chinese Univ. of 
Hong Kong (Hong Kong, China)

Magnetorheological (MR) dampers are promising to substitute the 
traditional oil dampers because of adaptive properties of MR fluids. During 
vibration reduction process, significant energy is wasted due to the energy 
dissipation in the damper cylinder. Meanwhile, for conventional MR damping 
system, extra power supply and sensors are needed. In this paper, a new 
mechanical energy harvested device is integrated into a MR damper that 
integrates broad range damping, energy harvesting and self-sensing 
functions into one device. This MR damper has a unique component in 
energy harvesting part, which converting the linear motion to rotary motion 
more efficiently compared with other mechanical transmissions. A Maxon 
motor is used to harvest the energy and store as electrical energy to supply 
the MR damping system. Compared to conventional approaches, there are 
several advantages, such as weight reduction, integrated structure and 
system, ease in installation with less maintenance. In this paper, a prototype 
of the mechanical energy harvested MR damper with self-sensing ability was 
designed, fabricated, and tested. The theoretical analysis and experimental 
studies on controllable damping force and energy harvesting are performed 
with different transmission design. Besides, a velocity sensing methodology 
is proposed and experimentally validated. This self-sensing mechanical 
energy harvested MR damper would be suitable to vehicle suspensions, civil 
structures, and smart prostheses.

9803-9, Session 2A

Energy harvesting form high amplitude 
low frequency contact forces
Muath A. Bani-Hani, M. Amin Karami, Univ. at Buffalo 
(United States)

 In this paper, the state-of-the art in vibration energy harvesting for 
self-powered systems are employed and piezoelectric vibration-based 
energy harvesters are designed and modeled for energy harvesting 
from high amplitude and low frequency contact forces applications. 
Piezoelectric generators employ active materials that generate a charge 
when mechanically stressed. The Piezoelectric based energy harvesters 
investigated and analyzed in this paper includes single degree of freedom 
based energy harvester which utilizes a harvesting circuit employing the 
case of a purely resistive circuit. Bimorph piezoelectric energy harvester 
beam is designed as well to vertically buckle or return to unbuckled 
condition. The transitions of the bimorph piezoelectric beam results in 
vibration of the piezoelectric beam and thus generate energy. However, if 
the beam’s buckling is not controlled, the beam will fracture. To prevent 
this, the buckling deformation of the beam is constrained by limiting its 
axial deformation. The power estimated by this mechanism is in the order 
of milliwatts, which is in orders of 1000 larger than the power obtained by 
the conventional single degree of freedom method. Both energy harvesters 
are analytically modeled. In addition, the electro-mechanical coupling and 
the geometric nonlinearities for the bimorph piezoelectric beam have been 
included in the model. Conclusions are drawn as to the suitability of the 
both techniques.
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9803-10, Session 2A

Effects of charging circuits on the 
performance of vibration-based energy 
harvesting
Hui Zhang, David Ma, Univ. of Hawai’i at Manoa (United 
States)

In vibratory energy harvesting, pure resistive circuits have been 
conventionally considered to evaluate the device performance in the 
majority of the existing efforts. Compared with resistive circuits, the effects 
of charging circuits on vibration-based energy harvesting have largely 
remained unexplored. Because the characteristics of charging circuits are 
very different compared to those of pure resistive circuits, resulting in 
different effects of electromechanical coupling on a harvester, the device 
performance based on resistive loads cannot be generalized for applications 
based on charging circuits. For a resistive load, its electromechanical effect 
can usually be simplified as an equivalent viscous damping, which is not 
true for a charging load. Here we investigated the fundamental effects of 
the charging circuit on the performance of an energy harvesting device. A 
piezoelectric cantilever beam with a proof mass was used as a harvester. 
In this study, we considered a simple charging circuit, i.e. a capacitor-
charging circuit consisting of an alternating current-to-direct current 
(AC-DC) converter and a capacitor. Since the AC-DC converter behaved as a 
nonlinear switch, the dynamical system alternated between a closed-circuit 
state and an open-circuit state, resulting in a much different behavior as 
compared to the case without the AC-DC converter. When a capacitor was 
used as the storage device for the harvested energy, the electromechanical 
coupling was not periodic, leading to a response of transient, non-stationary 
nature. As more energy was stored in the capacitor, shown by the increasing 
voltage across it, the device response gradually settled at the final open-
circuit state. Numerical results suggest that when the harvested energy is 
to be stored in capacitors, the ultimate voltages across capacitors are the 
same as the open-circuit voltage of the device minus the AC-DC drop. For 
charging loads, therefore, the amount of stored energy is determined by the 
capacitance and the device performance under open circuit.

9803-11, Session 2A

Design of a hybrid-type energy harvester 
for low-frequency vibration
Suyoung Yang, Hoon Sohn, KAIST (Korea, Republic of)

This study presents a hybrid-type energy harvester to harness energy from 
low-frequency bridge vibration. The proposed hybrid-type energy harvester 
is composed of two parts. A primary part is a rigid bar with a permanent 
magnet fixed to its tip. One end of this part is connected with a pivot 
and the other end is rigidly attached to a secondary part. The secondary 
part consists of a flexible piezoelectric sheet and a permanent magnet at 
the end. Facing with the permanent magnet in the primary part, another 
permanent magnet is located in a base. Due to the repulsion between 
permanent magnets in the primary part and the base, the primary part of 
the proposed energy harvester swings like a pendulum so that the motion 
of the secondary part is strongly amplified. Electric current is produced by 
Faraday’s law and piezoelectric effect. The uniqueness of this study lies in 
(1) the enhanced energy harvesting performance through the innovative 
design of the harvester, and (2) the high applicability for various bridges by 
broadband energy harvesting. The performance of the proposed hybrid-
type energy harvester is compared with a conventional electromagnetic-
type energy harvester subjected to the vibration recorded from actual 
bridge testing.

9803-12, Session 2B

A self-sensing adaptive 
magnetorheological elastomer-based 
bridge bearing with wireless transmission
Faramarz Gordaninejad, Majid Behrooz, Univ. of Nevada, 
Reno (United States)

This study presents an adaptive bridge bearing that can sense structural 
loads and tune its properties to mitigate the structural vibrations. The 
bearing utilizes magnetorheological slastomer (MRE) layers which show a 
variable stiffness by applying a magnetic field. The system also features a 
MRE-based sensing system for sensing the structural wind and traffic load. 
The sensing system is able to transmit the data wirelessly for monitoring 
the long term bridge performance and sending alerts in case of a major 
event. A design of an adaptive bridge bearing incorporating a closed-loop 
magnetic field is presented and the magnetic field of MRE layers is analyzed. 
Furthermore, capability of the MRE-based sensing system for sensing 
structural loads and wireless transmission of data is investigated. Results 
show the tunability performance of the adaptive bearing, the performance 
of the MRE wireless system.

9803-14, Session 2B

Rapid cable tension estimation using 
dynamic properties and geometric effects
Rosana E. Martinez-Castro, Shinae Jang, Univ. of 
Connecticut (United States); Bryan Campbell, Virginia 
Polytechnic Institute and State Univ. (United States)

Main tension elements are critical to the overall stability of cable-supported 
bridges. A dependable and rapid determination of cable tension after a 
hazardous event is desired to assess the state of a cable-supported bridge 
and evaluate its operability. A portable smart sensor set-up is presented 
to reduce post-processing time and deployment complexity while reliably 
determining cable tension using dynamic characteristics extracted from 
spectral analysis. A self-recording accelerometer is coupled with a single-
board computer that uses a tension-estimating algorithm. The algorithm is 
expanded from taut string theory to consider axial, geometric, and bending 
stiffness, inclination, and sag extensibility. The successful combination of 
these cable properties renders a structural model that considers the damage 
effects on cable dynamics and statics. This is achieved by combining the 
Irvine parameter with additional parametric values that describe present 
cable condition in relation to the original condition. A cable model that 
considers this parameterization is used to predict the dynamic behavior 
under several damage scenarios. The smart sensor system is tested on 
a single-span lenticular pony truss bridge with a tension bracing system 
subject to ambient vibration induced by passing traffic and on a tie rod 
supporting a cantilevered balcony excited by random vibration. The closed-
loop solution for tension estimation is determined in well agreement with 
the numerical results. 

9803-15, Session 2B

Method for detecting ice accretion on 
bridge cables using continuous wavelet 
transform
Julia Andre, Yizheng Liao, Anne S. Kiremidjian, Ram 
Rajagopal, Stanford Univ. (United States); Christos 
Georgakis, Technical Univ. of Denmark (Denmark)

Ice accretion on cables of bridge structures poses serious risk to the 
structure as well as to vehicular traffic on the bridge when the ice falls onto 
the road. Detection of ice formation, quantification of the amount of ice 
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accumulated, and prediction of icefalls will help decrease the risk of damage 
to the structure and injury to vehicles and passengers on the bridge. In 
this paper, we present an ice accretion detection algorithm based on the 
Continuous Wavelet Transform (CWT).

In the proposed algorithm, the acceleration signals obtained from bridge 
cables are transformed using wavelet method. The damage sensitive 
features (DSFs) are defined as a function of wavelet energy at various 
wavelet scales and time. It is found that as ice accretes on the cables, the 
mass of cable increases, thus changing the wavelet energies at a particular 
wavelet scale and wavelet time. Hence, the DSFs can be used to track the 
change of cable’s mass.

To validate the proposed algorithm, we use the data collected from a 
laboratory experiment conducted at Denmark University of Technology. In 
this experiment, a cable was placed in a wind tunnel and has ice accretion 
progressively. Several accelerometers were installed at various locations 
along the testing cable to collect vibration signals.

9803-16, Session 2B

Statistical analysis of modal properties of 
a cable-stayed bridge through long-term 
structural health monitoring with wireless 
smart sensor networks
Parisa Asadollahi, Jian Li, The Univ. of Kansas (United 
States)

Understanding the dynamic behavior of complex structures such as long-
span bridges requires dense deployment of sensors. Traditional wired 
sensor systems are generally expensive and time-consuming to install 
due to cabling. With wireless communication and on-board computation 
capabilities, wireless smart sensor networks have the advantages of 
being low cost, easy to deploy and maintain and therefore facilitate dense 
instrumentation for structural health monitoring. A long-term monitoring 
project was recently carried out for a cable-stayed bridge in South Korea 
with a dense array of 113 smart sensors, which feature the world’s largest 
wireless smart sensor network for civil structural monitoring at the time of 
deployment. This paper presents a comprehensive statistical analysis of the 
modal properties including natural frequencies, damping ratios and mode 
shapes of the monitored cable-stayed bridge. Data analyzed in this paper 
is composed of structural vibration signals monitored during a 12-month 
period under ambient excitation. The correlation between environmental 
temperature and the modal frequencies is also investigated. The results 
showed the long-term statistical structural behavior of the bridge, which 
serves as the basis for Bayesian statistical updating for the numerical model.

9803-17, Session 3A

In-plane shear PWAS phased arrays for 
SHM
Wentao Wang, Peng Wang, Wensong Zhou, Hui Li, Harbin 
Institute of Technology (China)

This paper proposes a new way for guided wave structural health 
monitoring using in-plane shear (d36 type) piezoelectric wafer active 
sensors phased arrays. The conventional piezoelectric wafer active sensors 
phased arrays based on inducing into specific Lamb wave modes (d31 
type) has already widely used for health monitoring of the thin-wall 
structures. Rather than Lamb wave modes, the in-plane shear piezoelectric 
wafer active sensors phased arrays induces in-plane shear horizontal (SH) 
guided waves. The SH guided waves are distinct with the Lamb waves with 
simple waveform and less additional converted wave modes and the zero 
symmetric mode (SH0) is non-dispersive. In this paper, the advantage 
of the shear horizontal wave and the in-plane shear piezoelectric wafers 
capability to generate SH waves is first reviewed. Then finite element 
analysis of a 4-in-plane shear wafer active sensors phased array embedded 
on a rectangular aluminium plate is performed. In addition, numerical 

simulations with respect to creaks with different sizes as well as locations 
are implemented by the in-plane shear wafer active sensors phased array. 
For comparison purposes, the same numerical simulations using the 
conventional piezoelectric wafer active sensors phased arrays are also 
employed at the same time. Results indicate that the in-plane shear (d36 
type) piezoelectric wafer active sensors phased arrays has the potential to 
identify damage location and assess damage severity in structural health 
monitoring.

9803-18, Session 3A

A self-diagnostic adhesive for monitoring 
bonded joints in aerospace structures
Yitao Zhuang, Yu-Hung Li, Fotis Kopsaftopoulos, Fu-Kuo 
Chang, Stanford Univ. (United States)

Bondline integrity is still one of the most critical concerns in the design of 
aircraft structures up to date. Due to the lack of confidence on the integrity 
of the bondline both during fabrication and service, the industry standards 
and regulations still require assembling the composite using conventional 
fasteners. Furthermore, current state-of-the-art non-destructive evaluation 
(NDE) and structural health monitoring (SHM) techniques are incapable 
of offering mature solutions on the issue of bondline integrity monitoring. 
Therefore, the objective of this work is the development of an intelligent 
adhesive film with integrated micro-sensors for monitoring the integrity of 
the bondline interface. 

The proposed method makes use of an electromechanical-impedance 
(EMI) based method, which is a rapidly evolving approach within the SHM 
family. Furthermore, an innovative screen-printing technique to fabricate 
piezoelectric ceramic sensors with minimal thickness has been developed 
at Stanford. The approach presented in this study is based on the use of (i) 
micro screen-printed piezoelectric sensors integrated into adhesive leaving 
a minimal footprint on the material, (ii) numerical and analytical modeling 
of the EMI spectrum of the adhesive bondline, (iii) novel diagnostic 
algorithms for monitoring the bondline integrity based on advanced signal 
processing techniques, and (iv) the experimental assessment via prototype 
adhesively bonded structures in static (varying loads) and dynamic (fatigue) 
environments.

The proposed method will provide a huge confidence on the use of 
bonded joints for aerospace structures and lead to a paradigm change in 
their design by enabling enormous weight savings while maximizing the 
economic and performance efficiency. 

9803-19, Session 3A

Optimization of ultrasonic transducers for 
selective guided wave actuation
Pawel Packo, Paulina Zbyrad, Mateusz Miszczynski, 
Tadeusz Stepinski, Tadeusz Uhl, Jerzy Lis, AGH Univ. of 
Science and Technology (Poland)

Ultrasonic guided waves in solid media have become of great interest in 
Structural Health Monitoring and Non-destructive Testing in recent years. 
Using elastic waves in NDT is motivated by sensitivity of this method 
to examine structural components. For both actuation and sensing, 
piezoelectric materials are frequently employed. The presented work 
focuses on a comprehensive study of selective actuation properties of 
piezoelectric transducers for guided waves. The concept of the presented 
framework involves a multiscale approach employing Molecular Dynamics 
and Finite Element Method modeling, and global optimization techniques. 
Atomistic studies investigate the impact of crystallographic features on 
electromechanical response at the lowest level. The internal energy of the 
system under deformation and applied electric field is analyzed in terms 
of efficiency for the generation of transverse waves. The second part of 
the work is devoted to the macroscale model of a transducer for guided 
waves generation. Geometrical features, segmentation and microstructural 
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features are analysed. The aim of presented work is to provide a conceptual 
understanding of possibilities and limitations of a virtual model of a 
piezoelectric sensor and to optimize its structure for desired applications. 

9803-20, Session 3A

All-optically driven system in ultrasonic 
wave-based structural health monitoring
Siwen Bi, Nan Wu, Jingcheng Zhou, Univ. of Massachusetts 
Lowell (United States); Chen Zhang, Haifeng Zhang, Univ. 
of North Texas (United States); Xingwei Wang, Univ. of 
Massachusetts Lowell (United States)

Ultrasonic wave based structural health monitoring (SHM) is an innovative 
method for nondestructive detection and an area of growing interest. This 
is due to high demands for wireless detection in the field of structural 
engineering. Through optically exciting and detecting ultrasonic waves, 
electrical wire connections can be avoided, and non-contact SHM can be 
achieved. This paper reports a preliminary study of an all-optically driven 
SHM system with two piezoelectric transducers and an optical ultrasonic 
transceiver based on photoacoustic and Fabry-Perot (FP) principles. With 
the combination of PZT (which possesses high heat resistance) and the 
non-contact detection, this system has a broad range of applications, even 
in extreme conditions. The resonant frequencies of the PZT transducers are 
sensitive to a variety of structural damages. Wired electrical excitation was 
also tested by using a function generator to verify the proposed approach. 
Waveform of the signals were analyzed and time delay between excitation 
and detected signals is calculated by applying the theorem of surface 
acoustic wave (SAW). The results turned out a great consistence to and thus 
verified the all-optically driven SHM approach. This paper also explores the 
capability of the FP sensor to detect a specific mode in the high frequency 
range and improve the sensitivity of the SHM system.

9803-21, Session 3A

HotSense: a high temperature 
piezoelectric platform for sensing and 
monitoring in extreme environments
Tim Stevenson, Thomas Wines, David Martin, William 
Vickers, Michael Laws, Ionix Advanced Technologies Ltd. 
(United Kingdom)

Effective monitoring of asset integrity subject to corrosion and erosion while 
minimizing the exposure of personnel to difficult and hazardous working 
environments has always been a major problem in many industries. One 
solution of this problem is permanently installed ultrasonic monitoring 
equipment which can continuously provide information on the rate of 
corrosion or cracking, even in the most severe environments and at extreme 
temperatures to prevent the need for shutdown. Here, a permanently 
installed 5 MHz ultrasonic monitoring system based on our HotSense® 
technology is designed and investigated. The system applicability for 
wall thickness, crack monitoring and weld inspection in high temperature 
environments is demonstrated through experimental studies on a range of 
Schedule 40 pipes at temperatures up to 350 °C continuously.

The applicability for this technology to be distributed to Aerospace and 
Nuclear sectors are also explored and preliminary results discussed.

9803-22, Session 3A

Advanced instrumentation for acousto-
ultrasonic based structural health 
monitoring
Stephen P. van der Velden, Ian G. Powlesland, Joel 

Smithard, George Jung, Nik Rajic, Steve C. Galea, Defence 
Science and Technology Group (Australia)

Structural health monitoring (SHM) systems using structurally-integrated 
sensors potentially allow the ability to inspect for damage in aircraft 
structures on-demand and could provide a basis for the development 
of condition-based maintenance approaches for airframes. These 
systems potentially offer both substantial cost savings and performance 
improvements over conventional nondestructive inspection (NDI). Acousto-
ultrasonics (AU), using structurally-integrated piezoelectric transducers, 
offers a promising basis as a broad-field damage detection technique in 
aircraft structures. For these systems to be pertinent in field applications 
the hardware for AU excitation and interrogation needs to be easy to use, 
compact, portable, light and, electrically and mechanically robust. Highly 
flexible and inexpensive instrumentation for basic background laboratory 
investigations is also required to allow researchers to tackle the numerous 
scientific and engineering issues associated with AU based SHM.

The Defence Science and Technology Group (DST Group) has developed 
the Acousto Ultrasonic Structural health monitoring Array Module (AUSAM), 
a compact device for AU excitation and interrogation. The module, which 
has the footprint of a typical current generation smart phone, provides 
autonomous control of four send and receive piezoelectric elements, 
which can operate in pitch-catch or pulse-echo modes and can undertake 
electro-mechanical impedance measurements for transducer and structural 
diagnostics. Modules are designed to operate synchronously with other 
units, via an optical link, to accommodate larger transducer arrays. The 
module also caters for fibre optic sensing of acoustic waves with four 
intensity-based optical inputs. Temperature and electrical resistance strain 
gauge inputs as well as external triggering functionality are also provided. 
The development of a Matlab object allows users to easily access the full 
hardware functionality of the device and provides enormous flexibility for 
the creation of custom interfaces. This paper discusses the impetus for the 
concept, and outlines key aspects of the hardware design and the module 
capabilities. The efficacy of the system is demonstrated through the results 
of the first of class testing, as well as laboratory AU studies on a flat plate 
using an array of piezoelectric elements.

9803-23, Session 3A

Interdigital transducers in structural health 
monitoring based on Lamb waves: a state 
of the art
Tadeusz Stepinski, Michal Manka, Adam Martowicz, AGH 
Univ. of Science and Technology (Poland); Vivek T. Rathod, 
Indian Institute of Science, (India)

Highly efficient and lightweight mechanical structures are designed, 
manufactured and updated continuously to meet growing performance 
and safety requirements. Since modern mechanical structures tends to be 
complex, design of the structural health monitoring (SHM) systems is a 
difficult task that often involves the use of exotic types of elastic waves, e.g. 
Lamb waves. Moreover, most SHM systems are structure-specific – a factor 
that narrows the range of their practical applications. The versatility of SHM 
systems can be considerably enhanced by appropriate transducer designs. 
Inter Digital Transducers (IDTs) are an interesting type of piezoelectric 
transducers available today for SHM application. IDTs have the potential 
of increasing the versatility of SHM systems by their multiple capabilities. 
Migration of the IDT technology in SHM systems and devices is reviewed 
in this paper. Salient features of the IDTs that provide them with multiple 
capabilities will be presented. This paper is intended to give a summary 
review of different types of IDTs. Comprehensive review is provided 
concerning the implementation of IDT capabilities towards the development 
of SHM systems. Experimental results obtained with prototype IDTs are 
provided for illustration. Finally, future development directions of the IDTs 
dedicated to SHM systems are outlined.
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9803-24, Session 3B

Electrical conductivity of nanocomposites 
based on carbon nanotubes under tensile 
strength: 3D multiscale modeling approach
Krzysztof Grabowski, Paulina Zbyrad, Wieslaw J. 
Staszewski, Tadeusz Uhl, Pawel Packo, AGH Univ. of 
Science and Technology (Poland)

Remarkable electrical properties of carbon nanotubes (CNT) have lead 
to increased interest in studying CNT-based devices. Many of current 
researches are devoted to using various carbon nanomaterials in sensing 
devices. One of the most common applications is the development of high 
performance, large scale sensors. Numerical simulations are frequently used 
in the development phase for these complex nanostructures. Despite large 
amount of work in this area, reliable numerical models are still sought.

The main objective of presented work is to develop and validate a multiscale 
numerical model of a carbon nanotube based strain sensor. In principle the 
change in electrical conductivity due to deformation applied to a CNT-based 
nanocomposite was investigated. Among others, the impact of spatial 
distribution of carbon nanotubes in polymer matrices on the electrical 
conductivity of the whole composite structure is examined. One of the 
key elements is also analysis of change of the strain on the flow of electric 
charges in such complex materials. Consequently, a complete multiscale 
electro-mechanical model for CNT - based nanocomposites is proposed. 
The model comprises of three length scales, namely nano-, meso- and 
macro-scale for mechanical and electrical domains. This approach allows 
for evaluation of macro-scale mechanical and electrical response of a 
strain sensor. Electrical properties of a polymeric material with certain 
CNT fractions were derived considering electrical properties of CNTs, their 
contact and the tunneling effect. The numerical model is then verified by 
comparison with experimental data. 

9803-26, Session 3B

Multifunctional mechanoluminescent 
composites for autonomous and self-
powered impact damage detection
Donghyeon Ryu, Nicolas Castaño, Raj Bhakta, Michael 
Romero, Jamie Kimberley, New Mexico Institute of Mining 
and Technology (United States)

This study aims to devise multifunctional composites using fracto-
mechanoluminescent (FML) materials and photoactive sensing thin films 
for autonomous and self-powered impact damage detection. In previous 
studies, multifunctional photoactive thin films were suggested as a strain 
sensor that does not require any external electrical source. Instead, the 
photoactive thin films generated direct current (DC) (or photocurrent) 
under ambient light, whose magnitude varied linearly with applied strain. In 
this study, multifunctional FML materials-photoactive thin film composites 
will be devised for autonomously sensing high-speed compressive strains 
without supplying any external photonic or electrical energy. FML materials 
exhibit transformative properties that emit light when its crystalline 
structures are fractured. The developed photoactive strain sensing thin film 
will be integrated with the FML materials. Thus, it is envisioned that the FML 
materials will emit light, which will be supplied to the photoactive sensing 
thin films when the high-speed compressive loadings break FML materials’ 
crystalline structures. First, synthesized europium tetrakit(dibenzoylmethide) 
triethylammonium (EuD4TEA) crystals will be embedded in the elastomeric 
and transparent polydimethylsiloxane (PDMS) matrix to prepare test 
specimens. Second, the FML properties of the EuD4TEA-PDMS composites 
will be characterized at various compressive strains, which will be applied 
by Kolsky bar testing setup. Light emission from the EuD4TEA-PDMS test 
specimens will be recorded using a high-speed camera. Intensity of the light 
emissions will be quantified via image processing techniques by taking into 
account pixel profiles of the high-speed camera captured images (e.g., pixel 
values, counts of pixels, and RGB values) at various levels of compressive 

strains. Lastly, the autonomous high-speed compressive sensor modules 
will be fabricated by integrating the EuD4TEA-PDMS composites with 
the photoactive thin film sensor. Self-powered sensing capability will be 
validated by measuring DC at various compressive strains.

9803-27, Session 3B

Performance assessment of a remote-
readable graphite-oxide (GO) based 
tamper-evident
Alessandro Cattaneo, Gautam Gupta, Geraldine M. 
Purdy, Joseph H. Dumont, Adiitya D. Mohite, Karen A. 
Miller, Alexandria N. Marchi, Charles R. Farrar, David D. 
Mascareñas, Los Alamos National Lab. (United States)

Tamper evident seals are commonly used for the successful deployment 
of non-proliferation strategies. A properly engineered tamper evident 
seal enables for the detection of an unauthorized access to a protected 
item or a secured zone. Tamper evident seals must show weakness to any 
malicious attack which, in turn, must cause irreversible and detectable 
damages in the seals. Beside this, tamper evident seals must ensure 
robustness to environmental changes in order to minimize false-positive 
and false-negative rates under real operating conditions. The architecture 
developed by the authors features a compressive-sensing (CS) acquisition 
scheme which provides the seal with means for self-authentication and 
self-state of health awareness. The CS acquisition scheme is implemented 
using a micro-controller (mCU) unit and an array of resistors engraved on 
a graphite-oxide (GO) film. CS enables for compression and encryption of 
the messages sent from the seal to the remote reader in a non-bit sensitive 
fashion. As already proved in a previous work through the development 
of a simulation framework, the CS non-bit sensitive property ensures a 
satisfactorily reconstruction of the encrypted messages sent back to the 
reader even when the GO resistor values are simultaneously affected by 
large percentage changes (e.g. in the interval [-50%, +100%]). This work is 
focused on testing the behavior of a remote-readable GO based tamper-
evident seal when it is exposed to environmental changes through the use 
of a moisture and temperature controlled chamber. The performed tests 
allow characterizing the humidity and temperature range for the reliable 
operation of the seal.

9803-28, Session 3B

Distributed thin film sensor array for 
damage detection and localization
Austin Downey, Simon Laflamme, Apurba Kumar Das, 
Umesh Vaidya, Iowa State Univ. of Science and Technology 
(United States); Filippo Ubertini, Antonella D’Alessandro, 
Univ. degli Studi di Perugia (Italy)

The authors have developed a capacitive-based thin film sensor for 
monitoring strain on meso-surfaces. Arranged in a network configuration, 
the sensing system is analogous to a biological skin, where local strain can 
be monitored over a global area. The measurement principle is based on 
a measurable change in capacitance provoked by strain. In this paper, the 
performance of the thin film sensor network at detecting and localizing 
damage is investigated. Twenty sensors are installed on a composite 
plate subjected to bending and various changes in dynamic properties. 
The algorithm used for damage detection and localization is the diffusion 
map algorithm, previously developed by the authors. Diffusion maps are 
constructed from the time series data, and changes in point-wise diffusion 
distances evaluated to determine the presence of damage. Results are 
benchmarked against a simple comparison of relative strain measurements 
between sensors across different states of damage. Results from the 
experiments show that the diffusion map algorithm is robust, and capable of 
damage detection and localization. 
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9803-29, Session 3B

Characterization and control of patterned 
carbon nanotube thin films strain sensor 
elements
Andrew R. Burton, Jerome P. Lynch, Univ. of Michigan 
(United States)

In structural health monitoring, traditional sensors consist of rigid fixtures 
(large or small) that are designed to attach to a structure at a localized 
point to measure structural behavior. In recent years, advances in 
microelectromechanical systems (MEMS) and nanotechnology are opening a 
new generation of sensors that are designed on flexible substrates that can 
be attached to the surface of a structure. This is valuable as conformable 
materials capable of distributed sensing can be utilized to create sensing 
skin systems used to spatially monitor structures including measurement 
of strain states and damage. Here, we design and fabricate a number 
of polymer-carbon nanotube composite thin film sensors tailored for 
strain sensing on a flexible substrate that can be applied to the surface 
of complex structural surfaces. Design parameters such as the polymer 
building blocks and the geometry of patterned thin films fabricated on 
top of the flexible substrate are considered. Additionally, processing 
parameters such as annealing temperature and time are investigated as 
a means to encode material properties such as initial resistance and gage 
factor. These materials are fabricated using a layer-by-layer process on a 
flexible polyimide substrate and patterned into sensor shapes using lift-off 
processes aided by optical lithography. The mechanical-electrical response 
of these sensors are characterized through uniaxial testing of sensors 
bonded to structural members. Control parameters and limitations of such 
fabrication technologies are illustrated. Additionally, possible explanations 
for underlying mechanisms dictating sensor behavior are discussed. 

9803-30, Session 3B

High-sensitivity strain visualization using 
electroluminescence technologies
Jian Xu, The Univ. of Arizona (United States) and Wuhan 
Polytechnic Univ. (China); Hongki Jo, The Univ. of Arizona 
(United States)

Visualizing mechanical strain/stress changes is an emerging area in 
structural health monitoring. Several ways exist for strain change 
visualization through the color/brightness change, for example, using 
mechanoluminescence (ML) materials and mechanoresponsive polymers 
(MRP). However, these approaches were not effectively applicable for 
civil engineering system, due to insufficient sensitivity to low-level strain 
of typical civil structures and limitation in measuring both static and 
dynamic strain. In this study, design and validation for high-sensitivity 
strain visualization using electroluminescence technologies are presented. 
A high-sensitivity Wheatstone bridge of which bridge balance is 
precisely controllable circuits is used with a programmable amplifier. The 
monochrome electroluminance (EL) technology is employed to visualize 
both static and dynamic strain through either brightness change mode 
(BCM) or color alternation mode (CAM). Due to the control voltage for 
the EL panel/paint outputs from the high-sensitivity bridge after proper 
amplification, the brightness can be controlled according to the strain 
change for the BCM. For the CAM, the control voltage is used to generate a 
warning color signal for the strain level above or below the given threshold 
strain level. A prototype has been made and calibrated both in lab and 
in the field, the linearity between strain and brightness change has been 
investigated.

9803-31, Session 4A

Extraction of thermal Green’s function 
using diffuse fields: a passive approach 
applied to thermography
Margherita Capriotti, Simone Sternini, Francesco Lanza 
di Scalea, Stefano Mariani, Univ. of California, San Diego 
(United States)

In the field of non-destructive evaluation, defect detection and visualization 
can be performed exploiting different techniques relying either on an 
active or a passive approach. In the following paper the passive technique 
is investigated due to its numerous advantages and its application to 
thermography is explored. 

In previous works, it has been shown that it is possible to reconstruct the 
Green’s function between any pair of points of a sensing grid by using noise 
originated from diffuse fields in acoustic environments. The extraction of 
the Green’s function can be achieved by cross-correlating these random 
recorded waves. Averaging, filtering and length of the measured signals 
play an important role in this process. This concept is here applied in 
an NDE perspective utilizing thermal fluctuations present on structural 
materials. Temperature variations interacting with thermal properties of 
the specimen allow for the characterization of the material and its health 
condition. The exploitation of the thermographic image resolution as 
a dense grid of sensors constitutes the basic idea underlying passive 
thermography. Particular attention will be placed on the creation of a 
proper diffuse thermal field, studying the number, placement and excitation 
signal of heat sources. Results from simulations and experimental tests will 
be presented to assess the capabilities and performances of the passive 
thermal technique devoted to defect detection and imaging of structural 
components. 

9803-32, Session 4A

3D temperature field reconstruction using 
ultrasound sensing system
Yuqian Liu, Tong Ma, Chengyu Cao, Univ. of Connecticut 
(United States); Xingwei Wang, Univ. of Massachusetts 
Lowell (United States)

The 3D temperature field reconstruction is of great significance. A real time 
3D image enables advanced monitoring, diagnosis and optimization of the 
combustion process or the high temperature fluid and it also opens up roads 
for higher efficiency, lower energy cost and safer operation. This paper is 
in the program aiming to develop a new distributed optical fiber acoustic 
sensing system. This system is the first active temperature field sensing 
system that features the advantages of the optical fiber sensors (distributed 
sensing capability) and the acoustic sensors (non-contact measurement). 
Signals along multiple paths will be measured simultaneously enabled by 
a code division multiple access (CDMA) technique. The travel time of the 
acoustic signals depends on the temperature of the media. Then a proposed 
Gaussian Radial Basis Functions (GRBF)-based approach can approximate 
the temperature field as a finite summation of space-dependent basis 
functions and time-dependent coefficients. The unknown parameters 
estimation for the Gaussian functions can be solved by the recursive least 
square method (RLS) with the measured times-of-flight (TOF) of acoustic 
waves and the length of propagation paths. The simulation results show an 
approximation error less than 2% in 2D and 5% in 3D respectively, which 
successfully validated the proposed 3D temperature field reconstruction 
mechanism’s ability and efficiency.

9803-33, Session 4B

Smart disaster mitigation in Thailand
Sontipee Aimmanee, King Mongkut’s Univ. of Technology 
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Thonburi (Thailand); Hiroshi Asanuma, Chiba Univ. (Japan)

Thailand is notoriously exposed to several natural disasters, from heavy 
thunder storms  to earthquakes and tsunamis, since it is located in the 
tropical area and has tectonic  cracks underneath the ground. Besides these 
hazards flooding, despite being less  severe, occurs frequently, stays longer 
than the other disasters, and affects a large part of  the national territory. 
Recently in 2011 have also been recorded the devastating effects  of major 
flooding causing the economic damages and losses around 50 billion 
dollars. 

Since Thailand is particularly exposed to such hazards, research institutions 
are  involved in campaigns about monitoring, prevention and mitigation of 
the effects of such phenomena, with the aim to secure and protect human 
lives, and secondly, the  remarkable cultural heritage. The present paper will 
first make a brief excursus on the main Thailand research projects aimed 
at the mitigation of natural disasters, referring to projects of national and 
international relevance, being implemented, such as the ESCAP1999 (flow 
regime regulation and water conservation). Adaptable devices such as 
foldable flood barriers and hydrodynamically supported temporary banks 
have been utilized when flooding. 

In the second part of the paper, will be described some new ideas 
concerning the use of smart and biomimic column structures capable 
of high-velocity water interception and velocity detection in the case of 
tsunami. The pole configuration is composite cylindrical shell structure 
embedded with piezoceramic sensor. The vortex shedding of the flow 
around the pole induces the vibration and periodically strains the 
piezoelectric element, which in turn generates the electrical sensorial signal. 
The internal space of the shell is filled with elastic foam to enhance the load 
carrying capability due to hydrodynamic application. This more rigid outer 
shell inserted with soft core material resemble lotus stem in nature in order 
to prolong local buckling and ovalization of column cross-section when 
subjected to flexural moments. Finally it will be proposed as a warning and 
mitigation system that can be used on sea coasts vulnerable to potential      
tsunamis.

9803-34, Session 4B

Development of smart mechanical 
material systems to be used in disaster 
environments
Hiroshi Asanuma, Tetsuro Yanaseko, Tatsuro Koseko, Yuki 
Hirayama, Shinya Okabe, Chiba Univ. (Japan)

Smart/multifunctional and robust mechanical material systems have been 
developed and are considered to be used in disaster environments. As 
sophisticated sensors and complicated actuators are easily damaged in 
such environments, some new smart mechanical material systems have 
been developed and introduced in this study as follows: 1) Type I material 
systems were developed by embedding sophisticated/fragile functional 
materials such as optical fiber and metal-core piezoelectric ceramics fiber 
in metal matrices having high mechanical properties such as aluminum and 
aluminum alloys. 2) The Type II material systems were developed without 
using those fragile functional materials and by applying an innovative 
designing concept, that is, a couple of competitive structural materials 
because of their similar and high mechanical properties are combined 
together to maintain the high mechanical properties and also generate 
functional properties due to their dissimilar secondary properties. A 
couple of material systems such as active laminates and composites were 
successfully developed based on the proposed concept and demonstrated.

9803-35, Session 5A

An application of fractional calculus to 
tomographic identification of structural 
damage
Salvatore Buonocore, Univ. of Notre Dame (United States); 

Fabio Semperlotti, Univ. of Notre Dame (United States) 
and Purdue Univ. (United States); Mihir Sen, Univ. of Notre 
Dame (United States)

Tomographic problems have been used increasingly in structural health 
monitoring applications due to their ability to provide large amount of 
information on the interior properties of the structure. Tomography is a 
form of inverse problem that is typically solved iteratively by matching 
the response of a numerical model to available experimental data. The 
ability of the numerical model to capture the response of the system 
drastically affects the sensitivity and the resolution of the reconstructed 
parameters as well as the stability of the inverse problem. It was recently 
demonstrated that many real-world physical processes, commonly 
approximated by integer order differential equations, can be modeled 
more accurately by fractional differential equations. In this paper, we 
explore the use of a fractional model of a diffusion-like process, typical of 
thermographic or electrical impedance tomographic techniques, in order 
to numerically perform tomographic identification of inhomogeneous 
structural parameters. The approach is based on the assumption that 
the parameter inhomogeneities associated with the structural damage 
induce an anomalous diffusion process that can be described by a 
fractional differential model. Numerical results show that a tomographic 
reconstruction of the fractional order is possible and can be used as reliable 
indicator of the damage characteristics.

9803-36, Session 5A

Unpowered wireless ultrasound 
tomography system
Farshad Zahedi, Haiying Huang, The Univ. of Texas at 
Arlington (United States)

In this paper, a wireless ultrasound tomography system is presented. 
The system consists of two subsystems; the wireless interrogation unit 
and three wireless sensor nodes installed on the structure. Each node is 
designed to work in generation and sensing mode, but operates at a specific 
microwave frequency. Wireless transmission of the ultrasound signals is 
achieved by upconverting the ultrasound signal to the microwaves, and 
the center frequency of the microwave carrier signal defines the operating 
mode of the sensor node. In the generation mode, a carrier signal and 
a modulated ultrasound signal are transmitted to the sensor nodes. The 
signals are received by the node whose operating frequency matches 
the carrier signal, and the demodulation is then performed in the passive 
frequency mixer in the wireless sensor node. In the sensing mode, one 
microwave signal is sent to the sensor nodes to upconvert the sensing 
signals. The transmitted microwave signal, in this case, is a combination of 
two microwave signals at two different frequencies that match the center 
frequencies of the two remaining sensor nodes. The demodulation in the 
sensing mode is performed in the interrogation unit and using a digital 
signal processing code, which separates the received sensing signals from 
the sensor nodes, and demodulates them to recover the original ultrasound 
sensing signals. Implementing a software receiver reduces the complexity 
and the cost associated with the hardware receivers. The carrier frequencies 
are interchangeable so that the wireless transducers can be rotated to 
serve the functions of actuation and sensing, and, consequently, a wireless 
tomography system is realized.

9803-37, Session 5A

Electrical resistance tomography with 
constrained sine wave solutions for impact 
damage identification in glass fiber/epoxy/
carbon black laminate composites
Tyler Tallman, Purdue Univ. (United States)

As evidenced by a growing body of literature, tomographic methods such 
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as electrical resistance tomography (ERT) have incredible potential for 
structural health monitoring (SHM) and damage localization when applied 
to structures in which mechanical damage is linked to electrical resistivity. 
Practically, however, the potential of ERT for SHM is largely nullified by 
the requirement of both non-negligible computational resources and an 
accurate initial estimate of the resistivity distribution. To maintain viability 
for on-board SHM, advances must therefore be made to ERT to overcome 
these limitations. To that end, a novel ERT formulation is herein developed. 
This formulation is predicated on the supposition that the change in 
resistivity that gives rise to two different observed voltage sets can be 
represented as the summation of a series of two-dimensional sine waves. 
ERT then endeavors to recover the coefficients of these sine waves. This 
method significantly abates the computational requirements of ERT and 
is independent of an initial estimate. The potential of this approach is first 
explored analytically and then demonstrated experimentally by locating 
impact damage to a glass fiber/epoxy/carbon black laminate. These 
results are an important advancement to the state of the art because they 
overcome critical limitations of ERT thereby substantially facilitating the 
viability of ERT for real SHM applications.

9803-38, Session 5A

In-plane translation and rotation 
measurement by using digital sampling 
moiré method
Xinxing Chen, Chih Chen Chang, Hong Kong Univ. of 
Science and Technology (Hong Kong, China)

Digital sampling moiré (DSM) method is a newly developed vision-based 
technique that uses the phase information of moiré fringes to measure 
movement of an object. The moiré fringes are generated from a sequence 
of digital images, containing a cosinusoidal grating pattern attached to 
the object, through down-sampling and interpolation. As the moiré fringes 
can magnify the pattern’s movement, this technique is expected to provide 
more accurate displacement measurement than the other vision based 
approaches. For application to real structures, it is found that attaching 
grating patterns to them is neither easy nor practical. In this study, a DSM 
method that utilizes existing repeated but not cosinusoidal grating patterns 
for displacement measurement is adopted. Arbitrary repeated pattern on 
structures before and after translation are recorded on digital images. By 
performing down sampling and up sampling, moiré fringes with multiple 
frequencies are obtained. A discrete Fourier transform is then performed 
to decompose the moiré fringes into a set mono-frequency moiré fringes. 
Phase distributions of these moiré fringes are then computed. The 
difference of phase distributions between two consecutive images is used to 
estimate the displacement of the object occurring between the two images. 
A series of laboratory and field tests are conducted to validate this digital 
sampling moiré measurement technique. The obtained results show that this 
method is capable of measuring two-dimensional structural displacements 
accurately.

9803-39, Session 5B

Sub-Nyquist signal-reconstruction-free 
operational modal analysis and damage 
detection in the presence of noise
Kyriaki Gkoktsi, Agathoklis Giaralis, Bamrung T. Siesakul, 
City Univ. London (United Kingdom)

Advances in compressive sensing (CS)-based and other sub-Nyquist 
sampling techniques led to the concept of analog-to-information converters 
(AICs) capable of capturing the salient features of deterministic signals 
and of stochastic processes (random signals) by sampling at a much 
slower than the Nyquist frequency rate (e.g. [1]-[3]). Such AICs offer the 
opportunity to reduce maintenance costs in networks of battery-operated 
wireless sensors yielding simpler and less energy-demanding sensors, while 

allowing for more information to be wirelessly transmitted in a reliable 
and robust manner [4]. In this context, various researchers have recently 
considered CS-based approaches to extract modal properties of vibrating 
civil engineering structures subject to low-amplitude wide-band dynamic 
excitations [5]-[7] to promote cost-effective structural health monitoring 
(SHM) using wireless acceleration sensors [8]. However, all the above CS 
approaches pose sparsity restrictions to the measured response acceleration 
signals, which may not hold true for noisy environments encountered 
in practice, while, with the exception of [5], they require computational 
expensive signal reconstruction from the compressed (sub-Nyquist) 
measurements after wireless transmission.

This paper proposes a novel sub-Nyquist SHM approach for operational 
modal analysis and damage detection which does not involve a signal 
reconstruction step and does not require any signal sparsity assumption. 
The proposed approach relies on arrays of AICs introduced in [3] and used 
by the authors for single-channel output-only system identification in [9], 
together with the power spectrum blind sampling (PSBS) method in [10] 
recently extended by the authors to the multi-channel case in [11]. The 
adopted PSBS estimates the cross-spectra of noisy response acceleration 
signals directly from compressed measurements and modal properties are 
obtained by application of the frequency domain decomposition algorithm 
[12]. Next, the modal strain energy criterion [13] is used for damage 
detection. The effectiveness and accuracy of the proposed approach is 
numerically assessed by considering simulated response acceleration signals 
with different signal-to-noise ratios and compression rates from white-noise 
excited benchmark structures modelled in Finite Element software under 
different damaged states. It is shown that reliable damage estimates are 
obtained from 30% fewer measurements compared to the Nyquist rate, 
while the approach enjoys white-noise immunity. 
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9803-40, Session 5B

A cloud based cyber infrastructure 
for integrated bridge monitoring data 
management
Seongwoon Jeong, Stanford Univ. (United States); Yilan 
Zhang, Jerome P. Lynch, Univ. of Michigan (United States); 
Hoon Sohn, KAIST (Korea, Republic of); Kincho H. Law, 
Stanford Univ. (United States)

This paper describes the development of a cyber infrastructure framework 
for bridge monitoring applications. While current structural health 
monitoring research focus on new sensing and monitoring technologies, 
little efforts have been spent on the fundamental data management issues. 
Data management issues need to be dealt with before sensing technologies 
can truly find useful for bridge lifecycle assessment and management. In this 
paper, we propose an integrated data management framework to facilitate 
efficient manage and utilization of bridge monitoring data. Traditional 
relational database management system has limitation on managing very 
large time series data and hierarchical data sets. In this study, we employ 
NoSQL database systems for better scalability and schema flexibility. Data 
schema for sensor data and bridge information is defined and interface is 
developed to connect the database systems with data analyses. In addition, 
sensor data and bridge information are linked together so that measured 
responses can be easily compared with the analytical response. The 
proposed system allows user to retrieve data via web interface and mobile 
devices. The validation and implementation are conducted using the data 
collected from the Telegraph Road Bridge located in Monroe, Michigan. The 
implementation result shows that the proposed system can facilitate easy 
access to the bridge monitoring information and retrieve useful information 
for structural monitoring.

9803-41, Session 5B

Essentiality and applications of 
tripod analogy for SHM use in bridge 
management
Mohammed M. Ettouney, Weidlinger Associates, Inc. 
(United States); Sharada Alampalli, Sandeep Alampalli, 
Prospect Solutions, LLC (United States)

Successful bridge management requires accurate and timely information 
from varying sources. Traditionally, one of the main sources of information 
has been bridge condition ratings which are provided by bridge inspection 
efforts. In many instances, management decisions are based on structural 
analysis efforts. Lately, structural health monitoring (SHM) has emerged as 
another source of information for bridge managers. Combined, these three 
sources of information can provide the basis of efficient decision making 
practice for bridge managers.

This paper present a process to streamline the integration of the three 
sources of information in the form of ‘tripod analogy.’ It is noted that 
each of the three information sources offers a unique and powerful set of 
advantages as well as some limitations. By combining the three sources, 
it might be possible to reduce some of those limitations while enhancing 
the advantages with the ultimate goal of producing a complete set of 
information system that builds on the individual strength of the processes of 
visual inspection, structural analysis, and SHM. Specific examples are offered 
to show the essentiality and utilization of the proposed combined process.

9803-42, Session 5B

Big data and high-performance analytics 
in structural health monitoring for bridge 
management
Sharada Alampalli, Prospect Solutions, LLC (United 
States); Mohammed M. Ettouney, Weidlinger Associates, 
Inc. (United States); Sandeep Alampalli, Prospect 
Solutions, LLC (United States)

Structural Health Monitoring (SHM) can be a vital tool for effective bridge 
maintenance. Combining large data sets from multiple sources to create 
a data-driven decision-making framework is crucial for the success of 
SHM. This paper presents a big data analytics framework that combines 
multiple data sets correlated with functional relatedness to convert data 
into actionable information that empowers risk-based decision-making. The 
integrated data environment incorporates near real-time streams of semi-
structured data from remote sensors, historical visual inspection data, and 
observations from structural analysis models to monitor, assess, and manage 
risks associated with the aging bridge inventories. Accelerated processing of 
dataset is made possible by four technologies: cloud computing, relational 
database processing, support from NOSQL database, and in-memory 
analytics. 

The framework is being validated on a railroad corridor that can be 
subjected to multiple hazards. The framework enables to compute reliability 
indices for critical bridge components and individual bridge spans. In 
addition, framework includes a risk-based decision making process that 
enumerate costs and consequences of poor bridge performance at span- 
and network-levels when rail networks are exposed to natural hazard events 
such as floods and earthquakes. Big data and high-performance analytics 
enable to provide insights to assist bridge owners to address problems 
faster. 

9803-43, Session 6A

In-situ material state monitoring using 
embedded CdSe quantum dots
Cole Brubaker, Talitha Frecker, Dylan Shane, Christine 
Smudde, Ian Njoroge, Sandra J. Rosenthal, Kane Jennings, 
Douglas Adams, Vanderbilt Univ. (United States)

The development of new, smart materials capable of intrinsically detecting 
and communicating the occurrence of external loads and damage will be 
crucial in the advancement of future structural health monitoring (SHM) 
and nondestructive evaluation (NDE) technologies. Traditionally, many 
SHM and NDE approaches have relied on the use of physical sensors 
to monitor a structure for damage. In this work, the effectiveness of 
ultrasmall, white-light emitting Cadmium Selenide (CdSe) nanocrystals 
to provide in-situ sensing capabilities within composite materials is 
evaluated. CdSe nanocrystals are embedded in composite materials in an 
attempt to eliminate the need for physical sensors, and further reduce the 
requirements for power consumption and data collection necessary to 
monitor a structure. To evaluate the effectiveness of CdSe nanocrystals as 
sensors, a custom integrating light sphere is fabricated and incorporated 
with a MTS to monitor the light emission of materials with embedded 
CdSe nanocrystals before, during, and after the application of external 
loads. Initial results indicate that changes in emission spectra observed for 
composites containing nanocrystals has a direct and measurable correlation 
with the applied load. By monitoring the emission spectra, changes in a 
material’s state can be detected and communicated using embedded CdSe 
nanocrystals.
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9803-44, Session 6A

Comparative study on corrosion 
monitoring of steel bar in mortar: Fe-C 
coated LPFG sensor versus EIS
Yizheng Chen, Fujian Tang, Yi Bao, Yan Tang, Genda Chen, 
Missouri Univ. of Science and Technology (United States)

In this study, the corrosion process of steel bars embedded in mortar 
cylinder and immersed in 3.5 wt.% NaCl solution was monitored with long 
period fiber gratings (LPFG) sensors. Each LPFG was first deposited with a 
thin layer of silver (600 nm or 1000 nm thick) and then electroplated with 
a thick layer of Fe-C film (6 um or 10 um thick). The coated LPFGs were 
attached to the surface of a steel bar that is then embedded in mortar 
cylinder. Twelve mortar cylinders were cast, cured for 28 days, and tested 
in 3.5 wt.% NaCl solution for 105 days. The corrosion evolution of steel 
bars in mortar cylinder was monitored with electrochemical impedance 
spectroscopy (EIS). The wavelength change of the corresponding LPFGs 
was measured with an optical spectrum analyzer (OSA). Results showed 
that the effects of both silver and Fe-C film thickness on the change of 
resonant wavelength were insignificant in the test range. The wavelength 
of a coated LPFG sensor was first observed to drop suddenly in the first 7 
days due to penetration of NaCl solution through mortar cover and Fe-C 
and silver layers, corresponding to a passive state of steel bar. The slow 
increase over time after 7 days was due to the initiation of corrosion and 
buildup of corrosion products. A linear relationship was observed between 
the corrosion mass loss and the increase of resonant wavelength, indicating 
Fe-C coated LPFG sensors can effectively monitor the corrosion evolution of 
steel in mortar.

9803-45, Session 6A

surface and subsurface damage detection 
in cement-based materials using electrical 
resistance tomography
Tao Ruan, Amir Poursaee, Clemson Univ. (United States)

In this study, the implementation of electrical resistance tomography (ERT) 
was investigated. The main advantages of the modality are low cost, non-
radiative and easy to perform. Surface damage detection was performed 
with the aid of conductive nickel paint. The damages in different sizes and 
shapes were created on the paint. For subsurface damage, transparent 
film and concrete saw were used to create cracks in different widths. The 
reconstructed images accurately show the existence and the locations of 
the damages. This study successfully proved the feasibility of applying ERT 
on cement-based materials while further study is needed to improve the 
precision. 

9803-46, Session 6A

Strain sensitivity of carbon nanotube 
cement-based composites for structural 
health monitoring
Antonella D’Alessandro, Filippo Ubertini, Univ. degli Studi 
di Perugia (Italy); Simon Laflamme, Iowa State Univ. of 
Science and Technology (United States); Marco Rallini, 
Annibale Luigi Materazzi, Josè M. Kenny, Univ. degli Studi 
di Perugia (Italy)

Smart cement-based composites doped with electrically conductive 
nanoparticles are particularly suitable for monitoring applications, due to 
their self-sensing and self-crack-detection abilities, high strain sensitivity, 
durability and spatially distributed nature. The insertion of conductive 
carbon nanofillers into a cementitious matrix provides the material with 

piezoresistive characteristics and enhanced sensitivity to mechanical 
modifications. The strain-sensing ability is achieved by correlating the 
variation of external loads or strains with the variation of specific electrical 
parameters, such as electrical resistance. Among conductive nanofillers, 
carbon nanotubes (CNTs) have shown to be promising for the realization 
of self-monitoring composites. However, some issues related to the 
dispersion and the composition of cementitious nano-added materials 
need to be thoroughly investigated. In particular, a different percentage of 
a specific nanofiller in a cement-matrix composite can change the quality 
of the dispersion and the strain sensitivity of the resulting material. The 
present research focuses on the strain sensitivity of concrete, mortar and 
cement paste sensors fabricated with different concentrations of CNT 
inclusions. The aim of the work is to investigate the dispersion of the CNTs 
in the aqueous solutions, the physical properties of the fresh mixtures, the 
electromechanical properties of the hardened materials, and the sensing 
properties of the resulting sensors, in order to compare their behaviour 
and characterize the nanocomposite. Results show that cement-based 
sensors with CNT inclusions, if properly implemented, has great potential for 
Structural Health Monitoring applications.

9803-47, Session 6A

Alignment of carbon iron into 
polydimethylsiloxane to create conductive 
composite with low percolation threshold 
and high piezoresistivity
Shuai Dong, Institute of Advanced Manufacturing 
Technology (China) and Univ. of Science and Technology 
of China (China); Xiaojie Wang, Institute of Advanced 
Manufacturing Technology (China)

With the development of soft materials for applications in flexible tactile 
sensors, metal particles/insulated polymer composites have been studied 
for many years. This article proposes a method to prepare carbon iron (CI) 
particles/polydimethylsiloxane (PDMS) conductive composite with low 
percolation threshold and highly piezoresistive strain sensitivity. CI/PDMS 
composites with various filler volume fraction were cured under a magnetic 
field over 1.0 T to create chain-like structure resulting in anisotropy of 
conductive materials. The electrical resistivity for the longitudinal direction 
were measured as a function of filler volume fraction to understand the 
electrical percolation behavior. In this study, the percolation threshold 
of CI/PDMS composite cured under a magnetic field can be as low as 
0.1 vol.%, which is much less than most of those studies in particulate 
composites. Meanwhile, the effects of compressive and tension strain on 
the electrical properties of CI/PDMS composites were also investigated. 
The strain sensitivity depends on filler volume fraction and decreases with 
the increasing of compressive strain. It has been found that the composites 
containing 0.5 vol.% of CI particles exhibit a high strain sensitivity of ?160. 
The microstructures and mechanical properties were measured by using 
a scanning electron microscope (SEM) and a dynamic thermomechanical 
analysis (DMA), respectively, and the results were also reported in this 
paper.

9803-48, Session 6B

Real-time image processing for non-
contact monitoring of dynamic 
displacements using smartphone 
technologies
Nikolas J. Gelo, Jae-Hong Min, Hongki Jo, The Univ. of 
Arizona (United States)

Many of the available approaches for Structural Health Monitoring (SHM) 
can benefit from the availability of dynamic displacement measurements. 
However, current SHM technologies rarely support dynamic displacement 
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monitoring, primarily due to the difficulty in measuring absolute 
displacements. The newly developed smartphone application, named 
RINO, in this study allows measuring absolute dynamic displacements 
and processing them in real time using state-of-the-art smartphone 
technologies, such as high-performance graphics processing unit (GPU), 
in addition to already powerful CPU and memories, embedded high-
speed/resolution camera, and open-source computer vision libraries. A 
carefully designed color-patterned target and user-adjustable crop filter 
enable accurate and fast image processing, allowing up to 240Hz frame 
rate for complete displacement calculation. The performances of the 
developed smartphone application are experimentally validated both 
indoor and outdoor conditions, showing comparable accuracy with those of 
conventional laser displacement sensor.

9803-49, Session 6B

Thermal stress measurement in continuous 
welded rail using the hole-drilling method
Xuan Zhu, Francesco Lanza di Scalea, Univ. of California, 
San Diego (United States); Mahmood Fateh, Federal 
Railroad Administration (United States)

Continuous Welded Rail (CWR) has been widely used in modern railway 
system for it provides smooth ride, higher freight speed, and less 
maintenance. A major safety concern to this type of structure is the absence 
of the expansion joints such that there is a potential of buckling during hot 
weather. In this study, a state-of-art is introduced to determine the in-situ 
thermal stress of the in-service CWR by using the Hole-Drilling method, with 
minimum influence on the capacities of the track. The ASTM Hole-Drilling 
test procedure, as one type of the stress relaxation methods, was originally 
developed to measure the in-plane residual stresses close to the specimen 
surfaces. Inspired by the stress relaxation philosophy, an investigation on 
the thermal stress measurement of the CWR using the Hole-Drilling test 
procedure is conducted in this paper. First, the feasibility of using the Hole-
Drilling method on the thermal stress measurement is studied via a 3-D 
finite element model. To improve the accuracy, the calibration coefficients 
are computed with a three-dimensional finite element model for more 
realistic simulation. Two sets of experiments were carried out on a free-
to-expand rail tracks and on rails subjected to controlled thermal loads at 
UCSD’s Powell Laboratories, of both 136RE and 141RE rail sizes. These tests 
show that the determination of the thermal stresses by the hole drilling 
method is in principle possible once ways are developed to correct for the 
residual stress outputs. One such compensation way is proposed in this 
paper. 

9803-50, Session 6B

A smart solution for the vibration 
suppression in cables for the electric 
power distribution
Francesco Ripamonti, Gabriele Cazzulani, Ferruccio Resta, 
Politecnico di Milano (Italy)

Vibration reduction always played a fundamental role in mechanical 
systems and it is still an open issue. The stresses associated to the dynamic 
amplifications, especially when structures are forced in resonance, can affect 
their performances and life cycle time. Nowadays the possibility to integrate 
sensors, actuators and suitable control logics, in order to create a smart 
structure able to reduce vibration levels in all the operating conditions, 
represents a very attractive solution.

This paper presents a comparison between two active control strategies for 
vibration suppression in flexible structures. The first one is the well-known 
Direct Velocity Feedback (DVF), properly modified in order to enhance its 
characteristics in a given frequency range. The second logic instead is an 
Active realization of the passive mechanical Tuned Mass Damper (ATMD). 
As test case, the numerical model of a smart cable for electric power 

distribution has been investigated. The system layout has been described 
and the performances of the two solutions have been assessed in terms 
of vibration reduction (e.g. induced by the wind-structure interaction) and 
control effort.

9803-51, Session 6B

Field validation of road roughness 
evaluation using in-pavement strain 
sensors
Zhiming Zhang, Fodan Deng, Ying Huang, Raj Bridgelall, 
North Dakota State Univ. (United States)

Most transportation agencies now collect pavement roughness data using 
the inertial profilers, which requires instrumented vehicles and technicians 
with specialized training to interpret the results. The extensive labor 
requirements of the profiling activities limit data collection for portions of 
the national highway system to at most once per year, resulting in outdated 
roughness data for decision making of maintenance needs. In this paper, a 
real-time roughness evaluation method was developed by linking the output 
of durable in-pavement strain sensors to road roughness level by theoretical 
derivation and numerical simulation. The durable in-pavement sensors will 
continuously provide information of road roughness in real time after they 
are installed and calibrated during the road construction till the service 
life of the associated pavement. Field tests were performed to validate the 
developed strain method by comparison with commercial inertial profiling 
method and the response-based method. The comparison of the results 
from the field tests approves the effectiveness of the developed road 
roughness evaluation method with in-pavement strain sensors, which can be 
further applied practically for needed concrete pavements.

9803-52, Session 6B

Corrosivity monitoring system using RFID-
based sensors
Lydia Lawand, Oleg Shiryayev, Nader Vahdati, Paul 
Rostron, Khalil Alhandawi, The Petroleum Institute (United 
Arab Emirates)

In the oil and gas industry, pipeline integrity is a serious concern due to the 
consequences of pipeline failure. External corrosion was identified as one 
of the main causes of pipeline failures worldwide. A solution that addresses 
the issue of detecting and quantifying the corrosivity of the environment for 
application to existing exposed pipelines has been developed.

The proposed sensor consists of an electric circuit and a sensing array 
connected to the circuit. The sensing array is an assembly of strips made of 
a metal identical to that of the pipe, having the same length and width, but 
different thicknesses. The sensing array is exposed to the same environment 
as the pipe. As corrosion propagates in the metal strips of the array, it 
corrodes the metal until it finally breaks the metal strip apart resulting 
in a discontinuity in the circuit. The sensor circuit is energized using an 
electromagnetic field, and its function is to indicate which strips in the array 
are fully corroded. Visual indication is provided to the operator via LEDs.

The proposed sensor can be installed on existing pipelines without altering 
the pipe structure or disturbing the production process. It is passive and 
has low maintenance requirements. Circuit design was validated through 
lab experiments. Results obtained from experiments were consistent with 
simulation results.
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9803-53, Session 7A

In-line fiber Bragg grating sensors for steel 
corrosion detection
Fodan Deng, Ying Huang, Fardad Azarmi, North Dakota 
State Univ. (United States)

Corrosion has been recognized as one of the major concerns for steel 
structures. Although various methods such as electrochemical method have 
been investigated for corrosion measurements, to date, limited approaches 
are able to provide accurate and real-time corrosion status. In this paper, 
an in-line sensing system based on fiber Bragg grating (FBG) sensors 
has been developed and studied for potential use to detect the corrosion 
on the surface of steel. The resonant wavelengths of the FBG sensors 
could respond to the corrosion induced strains, which can be used as an 
indicator of corrosion severity, corrosion type, and location of corrosion. To 
investigate the sensitivity and accuracy of the FBG sensors to measure the 
steel corrosion related characteristics as stated above, numerical analysis 
was performed using finite element method in this paper. The modeling 
process, sensitivity study, and simulation results will be discussed in detail in 
this paper. With future experimental study, the developed in-line fiber optic 
sensing system based on FBG sensors can be further applied to various 
applications, such as the corrosion assessment for metallic pipelines, steel 
bridges and buildings, and storage tanks, etc.

9803-54, Session 7A

Acoustic emission detection with fiber 
optical sensors for dry cask storage health 
monitoring
Bin Lin, Lingyu Yu, Victor Giurgiutiu, Univ. of South 
Carolina (United States)

The increasing number, size, and complexity of nuclear facilities deployed 
worldwide are increasing the need to maintain readiness and develop 
innovative sensing materials to monitor important to safety structures (ITS). 
In the past two decades, an extensive sensor technology development 
has been used for structural health monitoring (SHM). Technologies for 
the diagnosis and prognosis of a nuclear system, such as dry cask storage 
system (DCSS), can improve verification of the health of the structure that 
can eventually reduce the likelihood of inadvertently failure of a component. 
Fiber optical sensors have emerged as one of the major SHM technologies 
developed particularly for temperature and strain measurements. This 
paper presents an experimental study of using fiber Bragg grating (FBG) 
as acoustic emission (AE) sensors for DCSS health monitoring. The 
temperature effect on the FBG sensors was also studied. A multi-channel 
FBG system was developed and compared with piezoelectric based AE 
system. The paper ends with conclusions and suggestions for further work. 

9803-55, Session 7A

Fiber optic approach for detecting 
corrosion
Roman Kostecki, Heike Ebendorff-Heidepriem, The Univ. 
of Adelaide (Australia); Claire E. Davis, Grant McAdam, 
Defence Science and Technology Group (Australia); Tanya 
M. Monro, Univ. of South Australia (Australia)

Corrosion is a multi-billion dollar problem faced by industry. High acquisition 
costs associated with modern military and civilian aircraft coupled with 
tighter budgets has resulted in the need for greater utilization of existing 
aircraft fleets. With advancing aircraft age there is increased possibility that 
protective coatings will break down or be damaged, resulting in exposure 
of the base material to the environment and an increased possibility of 
corrosion. Corrosion is most difficult to detect in the hidden metallic 

structure of an aircraft. Monitoring these areas for corrosion requires a 
sensor capable of distributed measurements. Optical fiber based sensors 
are inherently suited to distributed sensing and are typically in the order of 
only a few hundred microns in diameter making them very lightweight and 
suitable for embedding in otherwise inaccessible corrosion-prone areas.

Silica exposed-core microstructured optical fibers are shown to be a 
robust platform for distributed, in situ, and/or remote sensing based on 
fluorescence. The portion of light guided outside of the glass core, often 
described as the ‘evanescent field,’ is affected by the refractive index and 
absorption characteristics of the surrounding medium. Functionalizing this 
core with chemosensors sensitive to corrosion by-products, turns the light 
guiding fiber into a corrosion sensing element, with which we demonstrate 
in-situ kinetic measurements of accelerated corrosion in simulated aluminum 
aircraft joints. This provides a robust platform for detection of corrosion 
inside the hidden part of structures and opens up new opportunities for 
distributed optical fiber chemical sensing requiring long-term application in 
harsh environments.

9803-56, Session 7A

Oil pipeline geohazard monitoring using 
optical fiber FBG strain sensors
Andres Salazar-Ferro, Salazar Ferro Ingenieros S.A. 
(Colombia); Alexis Mendez, MCH Engineering LLC (United 
States)

Pipelines are naturally vulnerable to operational, environmental and 
man-made effects such as internal erosion and corrosion; mechanical 
deformation due to geophysical risks and ground movements; leaks from 
neglect and vandalism; as well as encroachments from nearby excavations 
or illegal intrusions. The actual detection and localization of incipient and 
advanced faults in pipelines is a very difficult, expensive and inexact task. 
Anything that operators can do to mitigate the effects of these faults will 
provide increased reliability, reduced downtime and maintenance costs, as 
well as increased revenues.

This talk will review the on-line monitoring of an extensive network of oil 
pipelines in service in Colombia using optical fiber Bragg grating (FBG) 
strain sensors for the measurement of strains and bending caused by 
geohazard risks such as soil movements, landslides, settlements, flooding 
and seismic activity. The FBG sensors were mounted on the outside of the 
pipelines at discrete locations where geohazard risk was expected. 

The system has been in service for the past 3 years with over 1,000 strain 
sensors mounted. The technique has been reliable and effective in giving 
advanced warning of accumulated pipeline strains as well as possible 
ruptures. 

9803-58, Session 7A

Dynamic measurement based optical 
fiber sensor for high speed monitoring of 
turbine blades
Francesco Braghin, Gabriele Cazzulani, Politecnico di 
Milano (Italy)

In recent years the use of optical fibers as sensors has been widely 
investigated. Two main approaches are presently available on the market: 
FBG and OBR. These approaches allow to have several measuring points 
along the fiber. The drawback is the relatively low sampling frequency. For 
some applications, however, information coming from several measuring 
points along the fiber is unnecessary while a high sampling frequency is 
required. An example where only a mean/integral value of the deformation 
and a high/very high sampling frequency are required is the monitoring of 
turbine blades. This is due to the fact that any damage of a turbine blade 
should be detected: while its position along the blade is not important (if 
damaged, the blade is removed and substituted), it could be detectable at a 
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given angular position.

In the present paper a dynamic measurement based on optical phase 
modulation in a single-mode fiber applied to a turbine blade is presented. 
An accurate analysis of the fiber integral strain state is correlated with the 
eigenfrequencies and boundary conditions of the blade thus showing that 
the developed algorithm is capable of capturing even small changes from 
the reference state.

9803-59, Session 7A

Use of FBG sensors for health monitoring 
of pipelines
Ferdinando Felli, Sapienza Univ. di Roma (Italy); Antonio 
Paolozzi, Sapienza Univ. di Roma (Italy) and Centro Fermi 
(Italy); Cristian Vendittozzi, Sapienza Univ. di Roma (Italy); 
Claudio Paris, Centro Fermi (Italy) and Sapienza Univ. di 
Roma (Italy); Hiroshi Asanuma, Chiba Univ. (Japan)

A structural health monitoring system for pipelines based on FBG sensors 
is presented as a possible means of pollution mitigation. The system is 
potentially capable to detect pipeline damage due to landslides, earthquake 
and to the illegal operations performed by the thieves. All those instances 
will produce large economic losses due to direct loss of oil, damage of the 
infrastructure and relevant seizure performed by the judicial authorities 
with additional loss due to infrastructure downtime. The tests performed on 
a small size pipe has shown negligible sensitivity of the FBG sensor glued 
directly on the pipe. This finding is exploited to use the glued FBG as a 
thermal sensor. To detect mechanical strain due to vibration induced by a 
drill a special device, based on FBG sensor, is prepared and used in the tests. 
The drill is operated at different distances from the sensor and with different 
forces applied to the drill using weights. Also the effect of excavation 
and reburying of the pipe on the two FBG sensors (one measuring the 
temperature) is tested. The paper will report the experimental results.

9803-189, Session 7A

New strategy toward internet of things: 
structural health monitoring using a 
combined fiber-optic and acoustic 
emission wireless sensor platform
Dien Nguyen, Veraphotonics, Inc. (United States); C. Page, 
L. Wilson, Exponent (United States)

This paper investigates a new low-power SHM strategy where FBG 
rosettes can be used to continuously monitor for changes in a host 
structure’s principal strain direction, suggesting damage and thus enabling 
the immediate triggering of a higher power AE sensor to provide for 
better characterization of the damage. Unlike traditional “always on” AE 
platforms, this strategy has the potential for low power while the wireless 
communication between different sensor types supports the Internet of 
Things approach. A combination of fiber-optic sensor rosettes for strain 
monitoring and a fiber-optic sensor for acoustic emissions monitoring 
was attached to a sample and used to monitor crack initiation. The results 
suggest that passive principal strain direction monitoring could be used as 
a damage initiation trigger for other active sensing requirements such as 
acoustic emissions. In future work, additional AE sensors can be added to 
provide for damage location; and a strategy where these sensors can be 
powered on periodically to further establish reliability while preserving an 
energy efficient scheme can be incorporated.

9803-60, Session 7B

Angular velocity-based structural damage 
detection
Yizheng Liao, Anne S. Kiremidjian, Ram Rajagopal, 
Stanford Univ. (United States); Chin-Hsiung Loh, National 
Taiwan Univ. (Taiwan)

Damage detection is an important application of Structural Health 
Monitoring. Over the past few decades, there have been many efforts on the 
development of vibration-based structural damage detection algorithms. 
With the recent development of sensing technology, additional information 
about structures, angular velocity, has become available. Currently, many 
off-the-shelf sensors have both accelerometers and gyroscopes. In this 
paper, we will develop features from angular velocity measurements and use 
them to detect damages through Bayesian approach.

In this paper, the angular velocity signals obtained from gyroscopes 
are modeled as autoregressive (AR) time series. The damage sensitive 
features (DSFs) are defined as a function of the AR coefficients. It is 
found that the mean values of the DSF for the damaged and undamaged 
signals are different. Hence, a Bayesian approach is applied to obtain a 
damage decision in a sequential manner. In addition, we will combine 
the acceleration and angular velocity signals as a joint DSF for damage 
detection. 

In this paper, we will use the data collected from a recent shake table test 
to validate the sensitivity of the angular velocity-based DSFs to damages. 
In this shake table test, two three-story steel frame structures were placed 
on the same shake table side by side. For one of the specimens, one column 
was replaced with a weakened column so that the damages were introduced 
in a controllable way. In this experiment, multiple sensors were installed at 
various locations of both specimens to collect angular velocity. 

9803-61, Session 7B

Mechanical equivalent of Bayesian 
inference from monitoring data
Carlo Cappello, Denise Bolognani, Daniele Zonta, Univ. 
degli Studi di Trento (Italy)

Structural health monitoring requires engineers to understand the state of 
a structure from its observed response. When this information is uncertain, 
Bayesian probability theory provides a consistent framework for making 
inferences. However, structural engineers are often unenthusiastic in 
regards to using Bayesian formal logic, finding its application complicated 
and burdensome, and prefer to make inference using heuristics. Here, we 
propose a quantitative method for logical inference based on a formal 
analogy between linear elastic mechanics and Bayesian inference with 
liner Gaussian variables. We investigate the case of two parameters 
estimation, where the analogy is stated as follows. The expected value of 
the parameters corresponds to the position and rotation of a bar (with two 
degrees of freedom). An uncertain information is modelled as a linear elastic 
spring of stiffness and pre-stretch equal to its inverse-variance and mean 
value, respectively. The resulting position of the bar corresponds to the 
posterior mean value of the first parameter and the resulting rotation to the 
posterior mean value of the second parameter. The resulting translational 
and rotational stiffness of the bar gives us the posterior standard deviation 
of each parameter. We show how, through this analogy, we can easily 
reproduce a complex inference scheme and solve it using the classical 
methods of structural mechanics.
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9803-62, Session 7B

Structural damage detection using ABC-
Subsim based hierarchical sparse Bayesian 
model updating
Yong Huang, Harbin Institute of Technology (China); 
James L. Beck, California Institute of Technology (United 
States); Majid K. Vakilzadeh, Chalmers Univ. of Technology 
(Sweden); Hui Li, Harbin Institute of Technology (China)

A structural damage detection method based on sparse Bayesian learning 
has recently been published by the authors that exploits the fact that the 
stiffness loss due to damage from excessive loading or environmental 
degradation typically occurs at a limited number of locations in a structure 
in the absence of its collapse. To obtain the most plausible model of 
sparse stiffness reductions together with its uncertainty within a specified 
class of models, a specific hierarchical Bayesian model was constructed. 
Then all of the uncertain parameters in the hierarchical model were 
updated by an iterative optimization scheme from the identified modal 
data, including determining the maximum posterior values of hierarchical 
hyper-parameters. In this paper, full Bayesian updating of the parameters 
in the hierarchical sparse model is implemented directly using a recently-
developed ABC (Approximate Bayesian Computation) algorithm called 
ABC-SubSim, which combines the principle of ABC with the technique 
of Subset Simulation for efficient rare-event simulation. The basic idea 
in ABC-SubSim is to adaptively create a nested decreasing sequence 
of data-approximating regions in the output space that correspond to 
increasingly closer approximations of the observed output vector in this 
observation space. At each stage, the approximate likelihood function at 
a given value of the model parameter vector is defined as the probability 
that the predicted output corresponding to that parameter value falls in the 
current data-approximating region. This algorithm, in addition to performing 
updating for a model class, also provides a straightforward estimate of the 
evidence, which is vital for the learning of hierarchical hyper-parameters 
that promotes spatial sparseness in the inferred stiffness reductions in a 
way that is consistent with the Bayesian Ockham razor. The performance of 
the proposed damage assessment method will be compared with existing 
ones through the analysis of the IASC–ASCE Phase II benchmark data for 
identification of structural brace damage.

9803-63, Session 7B

Application of time series based damage 
detection and localization algorithms to 
structures under ambient excitations
Chin-Hsiung Loh, Chuan-Kai Chan, National Taiwan Univ. 
(Taiwan); Chung-Hsien Lee, National Taiwan Univ (Taiwan)

Operational modal analysis (OMA) is to extract the dynamic characteristics 
of structures based on vibration responses of structures without considering 
the excitation measurement. Both modal-based and signal-based system 
identification and feature extraction techniques are used to study the 
nonlinear inelastic response of the test specimens using both input and 
output response data or output only measurement and identify the damage 
location. From the modal-based identification, in this study the multi-
variant autoregressive model (MV-AR model) which is capable of analysis 
for multivariate time series is used to identify the dynamic characteristics 
of structure. The MV-AR model parameters are then used to develop the 
vectors of autoregressive model and Mahalanobis distance, and then to 
identify the damage features and locate the damage. From the signal-
based feature identification two damage features will be discussed: (1) 
the enhancement of time-frequency analysis of acceleration responses, 
and (2) WPT based energy damage indices. Discussion on the correlation 
of the extract local damage features from measurements with the global 
damage indices is made, such as null-space and subspace damage indices. 
For verification of the proposed algorithms on damage detection and 
localization, in this study, data collected from shaking table test of both a 

symmetric and a torsion-coupling 3-story steel structure (fabricated with 
one week column in the first floor) were collected. These two structures 
were subjected to a series of earthquake excitation with increasing level of 
excitation back to back. Besides, white noise excitation was also applied in 
between the earthquake excitation to serve as the reference state. Through 
this study, it demonstrated that the proposed algorithm provided good 
feature extraction techniques for damage detection the localization of 
structure through multivariate signal processing.

9803-64, Session 7B

A novel filter enabled state estimation for 
structural systems under unknown inputs
Wei Song, The Univ. of Alabama (United States)

Observers have been applied in civil engineering structures to estimate 
system states (e.g., displacement, velocity) via dynamic response data. The 
estimated states can be used in real-time structural health monitoring and 
model updating, damage identification, and structural control applications. 
Various state estimators for structural systems have been proposed, 
including the well-known Kalman filter and a number of its variants.

Most of the currently established filtering techniques assume the input 
excitations are either known or boardband random processes, so that 
they can be modeled as zero mean stationary white noise. In many cases, 
however, no measurements of the input excitations are available or the 
broadband assumption is violated, and it may lead to adverse effects on the 
accuracy of the estimations. 

The objective of this paper is to design an optimal filtering algorithm which 
estimates the state of structural system and the unknown inputs based 
on an initial state and a sequence of measurements. No prior knowledge 
about the dynamical evolution of the unknown inputs is assumed to be 
available and no prior assumption is made. Numerical simulation examples 
are illustrated to show the effectiveness of the proposed filter in estimating 
both the states and the input excitations.

9803-65, Session 7B

Matrix factorization to time-frequency 
distribution for structural health 
monitoring
Chia-Ming Chang, National Taiwan Univ. (Taiwan); Shieh-
Kung Huang, National Ctr. for Research on Earthquake 
Engineering (Taiwan)

Structural health monitoring enables structural information to be acquired 
through sensing technology, and is of need to early detect problems and 
damages in structures. Health monitoring strategies are often realized 
through a combination of qualitative sensing systems and high-performance 
structural integrity assessment methods. Structural deviations can be then 
effectively identified by interpreting the raw sensor measurements using 
signal processing techniques. The objective of this study is to develop a 
new structural health monitoring method that applies a matrix factorization 
algorithm to a time-frequency representation of multi-channel signals 
measured from a structure. This method processes vibrational input and/
or output responses of structures to improve raw data quality, to estimate 
structural responses, to derive signal features, and to detect structural 
variations. For example, the proposed method can reduce the signal 
noise by utilizing first few principle vectors to reconstruct the measured 
signals. For frequency-domain responses, this method can smooth 
the phase to obtain a better input-output relationship of a structure. 
Additionally, the method removes abnormal signals in time series, allowing 
better understanding of structural behavior. Due to communication 
loss, this method is able to recover lost data from other channel 
measurements in a structure. Moreover, the proposed method transforms 
the signal components into a specific domain and then yield meaningful 
characteristics. All these features are numerically verified using experimental 
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data, and the proposed method permits more detailed investigation of 
detailed behavior in a structure.

9803-66, Session 7B

Extended Kalman filter based structural 
damage detection for MR damper 
controlled structures
Chenhao Jin, Shinae Jang, Xiaorong Sun, Univ. of 
Connecticut (United States); Zhaoshuo Jiang, San 
Francisco State Univ. (United States); Richard Christenson, 
Univ. of Connecticut (United States)

The Magneto-rheological (MR) dampers have been widely used in many 
building and bridge structures against earthquake and wind loadings due 
to its advantages including mechanical simplicity, high dynamic range, 
low power requirements, large force capacity, and robustness. However, 
research about structural damage detection methods for MR damper 
controlled structures is limited. This paper aims to develop a real-time 
structural damage detection method for MR damper controlled structures. 
A novel state space model of MR damper controlled structure is first built by 
combining the structure’s equation of motion and MR damper’s hyperbolic 
tangent model. In this way, the state parameters of both the structure 
and MR damper are added in the state vector of the state space model. 
Extended Kalman filter is then used to provide prediction for state variables 
from measurement data. The two techniques are synergistically combined to 
identify parameters and track the changes of both structure and MR damper 
in real time. The proposed method is tested using response data of a three-
floor MR damper controlled linear building structure under earthquake 
excitation. The testing results show that the adaptive extended Kalman 
filter based approach is capable to estimate not only structural parameters 
such as stiffness and damping of each floor, but also the parameters of MR 
damper, so that more insights and understanding of the damage can be 
obtained. The developed method also demonstrates high damage detection 
accuracy and light computation, as well as the potential to implement in a 
structural health monitoring system. 

9803-141, Session PTue

Application of 3D digital image correlation 
for validation and calibration of FEM 
model of self-supporting metal plates 
structures
Krzysztof Malowany, Warsaw Univ. of Technology (Poland); 
Artur Piekarczuk, Building Research Institute (Poland); 
Marcin Malesa, Malgorzata Kujawinska, Warsaw Univ. 
of Technology (Poland); Przemyslaw Wiech, Building 
Research Institute (Poland); Pawel Skrzypczak, Warsaw 
Univ. of Technology (Poland)

Many building structures due to complex geometry and nonlinear material 
properties are difficult to analyse with FEM method. A good example is self-
supporting metal plates structures. Considering uncommon geometry and 
material characteristic of the metal plate (due to plastic deformations, cross 
section of a trough, goffer pattern), therefore the local loss of stability can 
occur in unexpected regions. Therefore the hybrid experimental-numerical 
methodology of analysis and optimization of metal plates structures, has 
been developed. The methodology is based on three step validation and 
calibration of a numerical model with the use of Digital Image Correlation 
measurements, based on sequential measurements. At first, the tests have 
been carried on sections of arch, in order to find material properties and 
define shell element types for FEM analysis. As a next step, single segments 
structure strength tests have been carried on in order to investigate global 
stability and to verify material model derived from the first step. Finally, 

investigation of full-scale object in real-life environment is intended to give 
additional data concerning impact of structure foundation. We will present 
the results obtained in the first two steps of hybrid experimental-numerical 
methodology.

9803-143, Session PTue

Progressive collapse analysis using 
updated models for alternate path analysis 
after a blast
Edward Eskew, Shinae Jang, Univ. of Connecticut (United 
States)

Progressive collapse is of rising importance within the structural engineering 
community due to several recent cases. The alternate path method is a 
design technique from the department of defense (DOD) to determine the 
ability of a structure to sustain the loss of a critical element, or elements, 
and still resist progressive collapse. However, the alternate path method 
only considers the removal of the critical elements. In the event of a blast 
significant damage may occur to nearby members not included in the 
alternate path design scenarios. To achieve an accurate assessment of the 
current condition of the structure after a blast or other extreme event, it 
may be necessary to reduce the strength or remove additional elements 
beyond the critical members designated in the alternate path design 
method. In this paper, a rapid model updating technique utilizing vibration 
measurements is developed to update the structural model to represent 
the real-time condition of the structure after a blast occurs. Based upon 
the updated model, damaged elements will either have their strength 
reduced or, if a significant level of strength reduction is achieved, the 
element will be removed from the simulation. The alternate path analysis 
will then be performed, but only utilizing the updated structural model 
instead of numerous scenarios. After the analysis, the simulated response 
from the analysis will be compared to failure conditions to determine the 
buildings post-event condition. This paper will utilize numerical simulations 
of an ASCE benchmark structure, subjected to a damage, to validate the 
methodology.

9803-144, Session PTue

Study on seismic performance of shear 
frame structure system with metallic 
rubber dampers
Yagebai Zhao, Northeast Forestry Univ. (China); Suchao Li, 
Harbin Institute of Technology (China); Chenxi Mao, China 
Earthquake Administration (China)

In this study, the fabrication process of the Metallic Rubber (MR) were 
firstly proposed, and then the mechanical properties of stainless steel MR 
specimens with various nominal densities under compression and shear 
were tested. Secondly, the conceptual design and theoretical models were 
presented based on the new type of energy-dissipation coupling beam with 
MR dampers. After that, a 12-storey reinforced concrete coupled shear wall 
and a 18-storey reinforced concrete frame shear walls were selected for 
verifying the control effect of the MR dampers. The limbs of the coupling 
beams are split in the middle, and the dampers are installed between the 
two cantilevers’ ends. The relative flexural deformation of the wall limbs is 
transferred to the ends of coupling beams, and then to the MR dampers. 
Thirdly, a finite element model of above structures were built by using 
ABAQUS software. Parametric analysis on the nonlinear seismic response of 
coupling beam-shear wall with MR dampers were carried out. According to 
the damage index of the structure, the influences on the structure’s failure 
mode and the energy-consuming distribution with different parameters 
of MR damper were investigated. Results shows that MR damper can 
effectively control the failure mode of structure.
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9803-145, Session PTue

Corrosion monitoring along infrastructures 
using distributed fiber optic sensing
Khalil Alhandawi, Nader Vahdati, Oleg Shiryayev, Lydia 
Lawand, The Petroleum Institute (United Arab Emirates)

Inline Inspection tools (PIGs) are used for internal corrosion inspection of 
oil pipelines every 3-5 years. However, between inspection intervals, rapid 
corrosion may occur, potentially resulting in major accidents. The motivation 
behind this research project was to develop a safe distributed corrosion 
sensor placed inside oil pipelines continuously monitoring corrosion.

The intrinsically safe nature of light provided motivation for researching 
fiber optic sensors as a solution. The sensing fiber’s cladding features 
polymer plastic that is chemically sensitive to hydrocarbons within crude oil 
mixtures.

A layer of metal, used in the oil pipeline’s construction, is deposited on 
the polymer cladding, which upon corrosion, exposes the cladding to 
surrounding hydrocarbons. The hydrocarbon’s interaction with the cladding 
locally increases the cladding’s refractive index in the radial direction. Light 
intensity of a traveling pulse is reduced due to local reduction in the modal 
capacity which is interrogated by Optical Time Domain Reflectometery. 

Back-scattered light is captured in real-time while using time delay to 
resolve location, allowing real-time spatial monitoring of environmental 
internal corrosion within pipelines spanning large distances. A numerical 
boundary value problem is solved for the intensity distribution, given 
arbitrary refractive index profiles resulting from chemical perturbations. 
The numerical model was verified against step and graded index theoretical 
solutions. The power loss is translated into an attenuation coefficient 
characterizing the expected OTDR trace which was verified against similar 
experimental results from the literature. A laboratory scale experiment is 
being developed to assess the validity of the model and the practicality of 
the solution.

9803-146, Session PTue

Analysis of stability and slow-fast 
oscillations in space manipulator with time 
delay
Shanying Jiang, Shanghai Institute of Technology (China); 
Jian Xu, Tongji Univ. (China)

This research is a fundamental research in both theory and application, 
which concerns on the introduction of equivalent coupling delays in the 
angular displacement propagation of space manipulators. Three scientific 
problems are mainly studied in this research: (1) Modeling and dynamical 
analysis of slow-fast manipulator systems with coupling delay; (2) Effects 
of equivalent coupling delays on the stability of manipulators; (3) Control of 
dynamical slow-fast behaviors influenced by coupling strength and coupling 
delays. The purpose of this research is to gain a better understanding on the 
dynamics of a heterogeneous-coupled space manipulator system, exploring 
the relationship between parameters and slow-fast behaviors and proposing 
several applicable schemes on the improvements of mechanical and control 
designs. Stability theories on delay differential equations and the geometric 
singular perturbation method on slow-fast systems are to be adopted 
to illustrate the mechanism of complicated oscillations in the process of 
angular displacement propagation with coupled subsystems in different 
scales. With appropriate adjustments, the using or avoiding of slow-fast 
oscillations will be efficiently accomplished. In the words, this research helps 
to prove the extension of slow-fast systems methods into delay ones and 
provides some theoretical supports and technical guidance for engineering 
design and control of manipulators. It has both theoretical and engineering 
significance.

9803-147, Session PTue

Analysis of gyroscopic instability of 
free-yaw horizontal-axis wind turbine 
blades with complex geometric-inertial 
configurations
Antonio Velazquez, Ohio Univ. (United States); R. Andrew 
Swartz, Michigan Technological Univ. (United States); 
Jaime E. Acuña-Benavente, Ohio Univ. (United States)

Due to their aeroelastic behavior, tapered-swept blades offer the potential 
to optimize energy capture and decrease fatigue loads in horizontal-
axis wind turbines (HAWT’s). Nevertheless, modeling special complex 
geometries in rotary motion implies the contention of structural instability 
patterns that depend on the so-called gyroscopic forces the system is 
subjected to. HAWTs systems in a free movable yaw motion exhibit inertial 
properties along their principal axis of rotation that tend to resist any 
change in the direction of the angular moment (spinning mass gyro effect). 
When the inertia field is disturbed by externally induced variations that 
end up tilting the rotor angular moment (i.e. combined action of along- 
and across-wind gusts), instability forces emerge as the result of both 
excessive load burden and effective reduction of the structural damping. 
Modeling and characterizing this phenomenon by employing prototypes 
that are both geometrically and inertially unevenly distributed, demands 
a degree of mechanical introspection that has been modestly studied 
in the past. To alleviate the issue, a suitable evaluation of the collateral 
effects of the gyroscopic phenomenon was performed using Matlab(c) and 
ANSYS(c) software platforms, via complex-number eigen-dynamics and 
computational fluid dynamics (CFD) combined. For this aim, a numerical 
set of wind-turbine rotor blade models, assembled with geometric/
inertial tapered-swept gradient variations, were constructed to properly 
characterize the embedded effects of HAWTs at free-yaw motion. Lastly, 
a sensitivity analysis, a parametric assessment, and key recommendations 
were performed aiming to strengthen smart design practices, by 
accounting for the amplification or reduction of structural response 
indexes (e.g. displacements, overturning moments, base shears and torsion 
magnifications).

9803-148, Session PTue

Loading capacity of RC short columns 
confined with superelastic shape memory 
alloy wires
Hui Qian, Chenkai Hong, Xinjun Gao, Zhengzhou Univ. 
(China); Gangbing Song, Univ. of Houston (United States)

Superelastic Shape memory alloys have the ability to undergo large 
deformations, while reverting back to their undeformed shape by removal 
of load. The unique property enables their great potentials in seismic design 
and retrofit of structure members. In this paper, the loading capacity of 
reinforced concrete (RC) short columns confined with superelastic SMA 
wires was assessed. A total of eight SMA-confined damaged concrete 
short columns as well as one contrast column was tested under uniaxial 
compression. Influence of SMA amount and pre-stress level as well as 
reinforcing mode on axial carrying and deformation capacity of confined 
concrete columns were considered. In order to systematically analyze the 
axial properties of RC column reinforced with superelastic SMA wire, a 
three-dimensional finite element model was built by ABAQUS. The analysis 
focuses on the axial carrying capacity and deformation performance of 
concrete column reinforced with superelastic SMA under different loading 
conditions.Based on the experimental data and analysis result, it is found 
that the superelastic SMA wire can significantly increasing the axial 
mechanical capacity and deformation performance of concrete columns. 
Under the same loading condition, the ultimate bearing capacity of SMA-
confined concrete columns increases with the increasing of the amount of 
SMA wires. Moreover, the numerical results agree well with the experimental 
data. The results show the effectiveness of the superelastic SMAs in 
enhancing the loading capacity of reinforced RC short columns.
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9803-149, Session PTue

Highly sensitive ultraviolet sensors based 
on organic-transistor platform using 
Azobenzene-containing ion-gel films as 
gate dielectrics
Kang Eun Lee, Korea Institute of Materials Science (Korea, 
Republic of); Jea Uk Lee, Korea Institute of Materials 
Science (Korea, Republic of) and Korea Research Institute 
of Chemical Technology (Korea, Republic of); Dong Gi 
Seong, Moon-Kwang Um, Wonoh Lee, Korea Institute of 
Materials Science (Korea, Republic of)

There has been significant interest in developing new kinds of solution 
processible organic dielectric materials that can serve as gate insulators 
in organic thin-film transistors (OTFTs). Recently, several groups have 
demonstrated that ion-gel based on a mixture of an ionic liquid and a 
polymer can be used as gate dielectrics to obtain high capacitance and 
charge mobility in OFET devices. In this study, we presented a OFET device 
with azobenzene derivative /ion-gel blending film as the dielectric layer for 
the UV photosensor application. We tested the capacitance of the blending 
film. The blending film showed the reversible capacitance switching 
properties upon UV and visible light. The capacitance change is correlated 
to the trans to cis isomerization of the azobenzene derivatives and the 
alignment of the molecular dipoles in the film. We fabricated the blending 
film based OFET devices (top-gate, top-contact type) by simple method. 
The devices showed reversible photo-response upon alternating irradiation 
with UV and visible light.

9803-150, Session PTue

Acoustic metamaterial panels based on 
multi frequency vibration absorbers
Hongwei Sun, Jiangsu Automation Research Institute 
(China)

Presented here is a new metamaterial panel based on multi-frequency 
vibration absorbers for broadband vibration absorption. The proposed 
metamaterial panel consists of a uniform isotropic panel and small two-
mass spring-mass-damper sub systemsat many locations along the panel to 
act as multi-frequency vibration absorbers. The existence of two stopbands 
is demonstrated using a model based on averaging material properties 
over a cell length and a model based on finite element modeling and the 
Bloch–Floquet theory for periodic structures. For a finite metamaterial 
panel, because these two idealized models can not be used for finite panels 
and/or elasticwaves having short wavelengths, a finite-element method is 
used for detailed modeling and analysis. The concepts of negative effective 
mass and effective stiffness and how the spring-mass-damper subsystem 
creates two stopbands are explained in detail. For an incoming wave with a 
frequency in one of the two stopbands, the absorbers are excited to vibrate 
in their optical modes to create shear forces to straighten the panel and 
stop the wave propagation. For an incoming wave with a frequency outside 
of but between the two stopbands, it can be efficiently damped out by the 
damper with these cond mass of each absorber. Hence, the two stopbands 
are connected in to a wide stopband. Numerical examples validate the 
concept and show that the structures boundary conditions do not have 
significant influence on the absorption of high-frequency waves. However, 
for absorption of low- frequency waves, the structures boundary conditions 
and resonance frequencies and the location and spatial distribution of 
absorbers need to be considered in design, and it is better to use heavier 
masses for absorbers

9803-151, Session PTue

Strain monitoring of a composite wing
Joseph Strathman, Steve E. Watkins, Amardeep Kaur, 
David C. Macke Jr., Missouri Univ. of Science and 
Technology (United States)

An instrumented, carbon-fiber composite wing is described. The wing 
is designed to meet the requirements for a fixed-wing unmanned aerial 
vehicle (UAV) in autonomous, search-and-rescue applications. The UAV is 
a demonstration aircraft for educational systems development and it is a 
low-cost resource for a student design team. In particular, the wing design 
is intended to provide an enhanced load capacity sufficient for on-board 
electronics and search-and-rescue payload and to provide appropriate 
ruggedness for long-term use. The wing is 2.1 m long and is 50 cm at the 
widest point. The wing structure consists of a foam core covered with a 
carbon-fiber, laminate composite shell. A custom fabrication procedure was 
developed using a vacuum bag layup technique. Also, a carbon composite 
rod was incorporated as a wing spar. The approach is appropriate for 
low-cost student projects. To quantify the wing characteristics, Rayleigh-
scattering fiber-optic strain sensors were surface mounted to measure 
distributed strain, although the sensors could be embedded during the 
composite fabrication. These sensors (Luna) are based on Rayleigh 
scattering from local variations in the index of refraction and they are 
capable of spatial resolution on the order of millimeters. Strain along the 
leading edge was measured as a function of tip deflection. Monitoring 
results show the enhanced strength of the composite wing as compared 
to similar monokote-wrapped, wood-frame wing. The use of the Rayleigh-
scattering fiber-optic strain sensor system for distributed measurements is 
discussed. 

9803-152, Session PTue

Damage identification in highway bridges 
using distribution factors
Michael Gangone, The Univ. of Texas at Tyler (United 
States)

The U.S. infrastructure system is well behind the needs of the 21st century 
and in dire need of improvements. The American Society of Civil Engineers 
(ASCE) graded America’s Infrastructure as a “D+” in its recent 2013 Report 
Card. Bridges are a major component of the infrastructure system and were 
awarded a “C+”. Nearly 25 percent of the nation’s bridges are categorized 
as deficient by the Federal Highway Administration (FWHA). Most bridges 
were designed with an expected service life of roughly 50 years and today 
the average age of a bridge is 42 years. Finding alternative methods of 
condition assessment which captures the true performance of the bridge is 
of high importance. This paper discusses the monitoring of three multi-
girder/stringer bridges at different ages of service life. Strain measurements 
were used to calculate the load distribution factor under controlled 
loading conditions from a fully loaded H-Truck. A sensitivity analysis was 
completed on one particular data set to determine how effective it is to use 
the distribution factor measurement as a damage indicator. The analysis 
indicates, based on this data set, that this load testing parameter may be an 
effective measure for indicating damage. Lastly, this paper also discusses 
some of the challenges and lessons learned in field testing.

9803-153, Session PTue

Multi-metric strain estimation at 
unmeasured locations of plate structures 
using augmented Kalman filter
Dyan Melvin, Hongki Jo, Babak Khodabandeloo, The Univ. 
of Arizona (United States)
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A gusset plate is a structural element that is commonly used to provide 
moment connections between steel members. Despite their importance, 
gusset plates can be poorly understood making them susceptible to failure. 
A well-known example is the catastrophic collapse of the I-35W Bridge 
in Minneapolis, MN on August 1, 2007 caused by a gusset plate failure. To 
prevent this type of failure it is necessary to better predict and understand 
the stress and strain distribution in the plate. This work approaches the 
problem by using a numerical model combined with a linear recursive state 
estimation algorithm, known as the Kalman Filter, to update the model-
based prediction with real time measurements taken on the structure. 
The finite element model was developed using the Mindlin plate theory 
which incorporates bending and shear deformations of the plate in the 
out-of-plane direction. The strain responses are estimated throughout the 
plate, including arbitrary locations, using limited sensor information and 
in the presence of noise. The results show how the different combinations 
of sensor data impact strain estimation accuracy under various loading 
conditions. The different combinations considered are: strain only, 
acceleration only, and acceleration and strain. The simulations demonstrate 
that the most accurate estimations are provided with the multi-metric 
combination of acceleration and strain. This opens future paths of 
development for force estimation, finding stress concentrations and buckling 
prediction in plate elements and potential expansion to shell elements.

9803-155, Session PTue

A smart-hose for concrete displacing 
booms
Francesco Ripamonti, Giuseppe Bucca, Ferruccio Resta, 
Politecnico di Milano (Italy)

During the last years, continuum robots have been used in many 
applications such as the exploration of unknown areas, the medical surgery 
and the manipulation of dangerous products. They are smart structures 
with continuous curving, similar to a worm or an elephant trunk. A very 
high number of sub-actuated degrees of freedom (dof) characterizes 
them. For this reason, they need a robust control system, which aims at 
both positioning the robot and suppressing the self- or externally-induced 
vibrations.

The idea, proposed in this paper, is to adopt such continuum robots on 
a construction machine for the concrete distribution. In particular, the 
end-effector of these machines, practically a reinforced rubber hose, is 
replaced by the robotic smart solution. This way the working operations 
can be carried out in more precise and safe conditions. In this work, a 
scaled structure and its actuation system are described in detail, and a 
corresponding numerical model has been created. Particular attention has 
been paid to the development and testing of a control strategy able to 
reduce vibrations induced by the pumping procedure.

9803-156, Session PTue

Vehicle monitoring system using RF 
transmission incorporating FSK technique
Abhishek P. Chowdhuri, Avirup Roy, Mayukh Sinha, 
Anurag Chaudhuri, B.P. Poddar Institute of Management & 
Technology (India)

Numerous cases of vehicle theft have been reported over the world. In 
developed countries they have CCTV cameras to locate the whereabouts 
of stolen cars but this process is time consuming and requires continuous 
surveillance by an officer. A frequency transmitter has been fitted in the 
vehicle in which the details of the vehicle is embedded; and the receivers are 
placed at signaling junctions which in turn monitors each vehicle. Our aim is 
to achieve moderate range transmission and since the data is very small low 
data rate won’t harm so the technique of Frequency Shift Keying is used. 
Initial antenna gain is taken as 2.13 dB with Rxs= -109 dBm and required 
Txp = 7 dBm considering Free State Loss to be 72 dB and a Fade Margin of 
30 dB. IC eRIC9, RF Transceiver is used to modulate and demodulate the 

signal operating at 315 & 915 MHz which was obtained by converting the 
input text signal to ASCII and then to binary. The above conversion is done 
with microcontrollers. This process is reversed in the receiver section and 
the information is send to the database. A database is created for each 
vehicle and in it average life expectancy of the vehicle is entered and is 
updated after each servicing so that it’s easier to keep track of defaulters 
thus helping to reduce any avoidable mishaps. It is tested successfully for a 
distance of 100 metres.

9803-157, Session PTue

Simultaneous sensing of film thickness and 
temperature using an InSb Hall element 
driven by time-division
Jun-ichiro Yuji, Tohru Ueda, Kumamoto National College of 
Technology (Japan)

Thickness measurement of coating film is required for non-destructive 
soundness evaluation of iron bridges, coating film inspection, quality 
control, and so on. Although many kinds of film thickness meters have been 
developed for industrial fields recent years, most of these meters have to 
add temperature compensation function using an extra temperature sensor 
to suppress variation in thickness incident to variation in environmental 
temperature.

We reports on a unique sensing method to apply an InSb Hall effect 
element, which is generally used as magnetic sensors, to simultaneous 
sensing device of film thickness on a ferromagnetic material and 
temperature. This trial thickness-temperature sensor consists of an InSb Hall 
element and a permanent magnet. Here, thickness of film is detected by 
magnetic flux density change, and temperature is also detected using the 
temperature dependency of the Hall element. 

The temperature characteristic of an InSb Hall element depends on the drive 
circuit to generate the Hall voltage. Therefore, we driven the Hall element 
using two kinds of drive circuits, that is, constant voltage source and 
constant current source by time-division. Since the two output Hall voltages 
include two mixed input parameters (film thickness and temperature), two 
inverse transform functions are needed to separate the input parameters 
from the output voltages. It was possible to detect the film thickness and 
the temperature simultaneously by obtaining two kinds of Hall output 
voltages. Therefore, it is useful to apply this sensing method to a new 
thickness-temperature sensor composed of a monomaterial sensing device. 

9803-158, Session PTue

Emergency response system using opto-
electronic impact sensors and MEMS
Avirup Roy, Abhishek P. Chowdhuri, Mayukh Sinha, 
Anurag Chaudhuri, B.P. Poddar Institute of Management & 
Technology (India)

A huge number of deaths occur every year on Indian roads. Studies 
have shown that 10 minutes reduction of medical-response time can be 
statistically associated with an average deaths reduction to one-third. The 
present project mainly focuses on an emergency mobile response device 
which can alert nearby hospitals of an accident that has occurred in their 
vicinity. The device takes two inputs one from MEMS; and the other from 
impact sensors fitted all around the vehicle. Low-cost impact sensors 
which use piezo-electronic devices for shock and vibration detection, a 
low-cost alternative for solid-state general-purpose impact sensing has 
been used here. This particular sensors are implemented using a LM-555 
and a dual-LED and photo-transistor opto-coupler in an eight-pin plastic 
dual link package IC(TLP621-2). If both the inputs are high it sends a signal 
to a mobile device on the car which has prior information of the number 
of passengers. It pinpoints the location of the crash via GPS module 
(NEO6MV2 NEO-6M) programmed with the microcontroller and sends 
the information to the nearest hospital via web server to send immediate 
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response team. The system also warns the driver if he/she is found to be 
over speeding data of this can be collected from the MEMS and fed into 
the microcontroller. These sensors have been fitted on 2 different cars for 
experimental purpose and it successfully executes the algorithm and sends 
data to a computer device fitted in a dummy-hospital within an area of 
20kilometres radius.

9803-159, Session PTue

Modeling of PZT-induced Lamb wave 
propagation in structures by using a novel 
two-layer spectral finite element
Xiaotong Liu, Li Zhou, Nanjing Univ. of Aeronautics and 
Astronautics (China)

This paper presents a novel two-layer spectral finite element model, 
consisting of PZT wafer and host structure, to simulate PZT-induced 
Lamb wave propagation in beam-like and plate-like structures. Based 
on the idea of equal displacement on the interface between PZT wafer 
and host structure, the one-dimensional spectral beam element of PZT-
host beam and two-dimensional spectral plate element of PZT-host plate 
are considered as one hybrid element, respectively. A novel approach is 
proposed by taking the coupling effect of piezoelectric transducers in 
the thickness direction into account. The dynamic equation of the two-
layer spectral element is derived from Hamilton’s principle. Validity of the 
developed spectral finite element is verified through numerical simulation. 
The result indicates that, compared with the conventional finite element 
method (FEM) based on elasticity, the proposed spectral finite element 
is proved to have a high accuracy in modeling Lamb wave propagation, 
meanwhile, significantly improve the calculation efficiency.

9803-160, Session PTue

Crane hoisting monitoring using 
smartphone
Xuefeng Zhao, Bo Jiao, Yang Zhang, Sunde Gao, Yan Yu, 
Dalian Univ. of Technology (China)

In recent years, smartphone develops very fast, and it has been the 
most popular tool in daily life of the public. Smart phones, with powerful 
operating systems, data storage and processing function, varieties of 
high-performance sensors and easily data transmission when connected 
to network, are the good choice for structures status monitoring in some 
occasion. One kind of hoisting monitoring method was proposed in this 
paper based on smartphone and Monitoring App developed. Firstly, one 
monitoring App was designed and developed, which can monitor the 
acceleration and inclination information using MEMS sensors embedded in 
smartphone. Secondly, typical operation status model of crane hoisting was 
studied. Then one validation test of hoisting was designed and conducted 
to monitor the acceleration and inclination of different elements during the 
operation procedure of one crane. The test results show the feasibility of the 
crane hoisting safety monitoring method using smartphone.

9803-161, Session PTue

Development of three-axis inkjet printer 
for gear sensors
Daisuke Iba, Ricardo Rodriguez Lopez, Takahiro Kamimoto, 
Morimasa Nakamura, Ichiro Moriwaki, Kyoto Institute of 
Technology (Japan)

Nowadays, every machine is capable of measuring in real time the physical 
conditions, for instance, acceleration, deformation, temperature, etc., of 
the mechanism, and this measured parameters can be used to modify 

the desired conditions for the machinery operation or to detect failure for 
an appropriate maintenance, performance and most important, safety. 
However, some measurements cannot be done with conventional techniques 
or with the actual range of sensor devices, due to space limitation, 
geometric complexity, environment conditions, moving parts, high rotating 
speed mechanical parts and more. Specifically, gears have the geometric 
complexity, and rotate at high speed in the gearbox, and hence it appears 
that it is difficult to measure the condition of gears. Indeed, methods for 
achieving data acquisition of gear condition, such as sticking strain gages 
at the root of gears or installation accelerometers on gears for vibration 
measurement, have been studied, but these measurements are limited in 
large size and to application of experiment. 

This paper attempts to create new sensors for gears, which are not under 
the same constraint as ordinary sensors. We intend to develop a new 
method to print sensors on the surface of gears by using conductive ink, for 
instance, polymer or water based ink with silver nanoparticles which form 
an interconnected 3D structure. This printing method offers the possibility 
to print out high conductive traces and patterns onto a flexible substrate 
cheaply and fast. However, a typical printing machine is only capable of 
printing in two-dimensional plane. For more complex shapes, the print head 
should be introduced onto numerically-controlled multi-axis machineries.

In this research, more specifically, we will focus on the development of 
printed sensors for gears, to measure vibration, deformation and relative 
motion. For this purpose, we will study the property of conductive ink 
and substrates to print on, and then develop a new system to print with 
conductive ink on gears (by using a CNC machinery and printer head). 
After that, we will develop and evaluate new sensors by using conductive 
ink, and design electronic circuitry needed for a proper measurement and 
telecommunication. Finally, we will implement the circuitry and sensor 
system onto gears, verify that our sensor system is able to achieving data 
acquisition during gear operating tests.

In this paper, we start with an explanation of fabrication procedure of a 
printed strain sensor for gears. Next, we show the developed three-axis CNC 
machinery with an inkjet head, i.e., the three-axis printer and an evaluation 
method for printed strain sensors by the developed printer is introduced.

9803-162, Session PTue

Large band high sensitivity motion 
measurement and control of spacecrafts 
and satellites
Fabrizio Barone, Gerardo Giordano, Fausto Acernese, 
Rocco Romano, Univ. degli Studi di Salerno (Italy)

This paper describes a new mechanical application of the Watt-linkage for 
the development and implementation of mono-axial sensors aimed to low 
frequency motion measurement and control of spacecrafts and satellites. 
The basic component of these sensors is the one dimensional UNISA Folded 
Pendulum mechanical sensor, developed for ground-based applications, 
whose unique features are due to a very effective optimization of the effects 
of gravitational force on the folded pendulum mechanical components, 
that allowed the design and implementation of Folded Pendulum sensors 
compact, scalable, tunable (resonance frequency < 100 mHz), with large 
band, high quality factor, with good immunity to environmental noises and 
sensitivity, guaranteed by an integrated laser optical readout, and fully 
adaptable to the specific requirements of the application. In this paper we 
show how to extend the application of ground-based Folded Pendulum also 
to space, in absence of gravity, still keeping all the above interesting features 
and characteristics that make this class of sensors very effective in terms 
of large band, especially in the low frequency, sensitivity and long term 
reliability. Preliminary measurements on a prototype confirm the feasibility, 
showing also that very good performances can be relatively easily obtained.

Conference 9803: Sensors and Smart Structures  
Technologies for Civil, Mechanical, and Aerospace Systems



  +1 360 676 3290 · help@spie.org 127Return to Contents

9803-163, Session PTue

An enhanced probabilistic reconstruction 
algorithm for composites
Hu Sun, Beijing Aeronautical Science and Technology 
Research Institute of COMAC (China)

Probability-based damage imaging algorithms have been extensively 
studied in the guided wave-based structural health monitoring during 
the past decades. Generally, there are two types of methods for damage 
imaging. One type is based on time of flight (tof) of guided wave, which 
is used to identify damage by converting from time domain to space 
domain according to group velocity of guided waves. Another is based on 
sensing path, which firstly calculate signal difference for each path between 
acquired signals before and after damage, predict damage occurrence 
probability for each structure point according to distance between point and 
path, and image damage by the sum of sensing paths. Tof-based algorithms 
depend on accurate wave velocity, which is not suitable for complex 
structures. Sensing path-based algorithms have an advantage for complex 
structures because they do not need detail interpret of guided waves. 
However, this advantage transfers into its shortcoming about detection 
accuracy for sparse sensor network. This paper combines mechanism of 
guided wave into sensing path-based algorithm and gives an enhanced 
sensing path-based probabilistic reconstruction algorithm for composites, 
which can identify damage with high accuracy for complex structures with 
sparse sensor network. In the process of calculating damage occurrence 
probability at a certain point, the local signal difference instead of global 
one is used comparing to the conventional sensing path-based algorithm. 
An experiment was conducted to verify the effectiveness of the enhanced 
algorithm.

9803-164, Session PTue

Analysis of longitudinal seismic response 
of bridge with magneto-rheological 
elastomeric bearings
Rui Li, Chongqing Univ. of Posts and Telecommunications 
(China)

As the weakest part in the bridge system, traditional bridge bearing is 
incapable of isolating the impact load such as earthquake. A magneto-
rheological elastomeric bearing (MRB) with adjustable stiffness and 
damping parameters is designed, tested and modeled. The developed 
Bouc-wen model is adopted to represent the constitutive relation and force-
displacement behavior of an MRB. Then, the lead rubber bearing (LRB), 
passive MRB and controllable MRB are modeled by finite element method 
(FEM). Furthermore, two typical seismic waves are adopted as inputs for the 
isolation system of bridge seismic response. The experiments are carried out 
to investigate the different response along the bridge with on-off controlled 
MRBs. The results show that the isolating performance of MRB is similar 
to that of traditional LRB, which ensures the fail-safe capability of bridge 
with MRBs under seismic excitation. In addition, the controllable bridge 
with MRBs demonstrated the advantage of isolating capacity and energy 
dissipation, because it restrains the acceleration peak of bridge beam by 
33.3%, and the displacement of bearing decrease by 34.1%. The shear force 
of the pier top is also alleviated.

9803-165, Session PTue

Multiple damage identification and 
imaging in an aluminum plate using 
effective Lamb wave response automatic 
extraction technology
Qinghua Ouyang, Li Zhou, Xiaotong Liu, Nanjing Univ. of 
Aeronautics and Astronautics (China)

This research proposed a multiple damage identification and imaging 
method in an aluminum plate based on effective Lamb wave response 
automatic extraction technology. In this method, the detected key area 
in the structure is divided into a number of subregions, and then, the 
effective response signals including the structural damage information 
are automatically extracted from the entire Lamb wave responses which 
are received by the piezoelectric sensors; Further, the damage indexes of 
every subregion based on the correlation coefficient are calculated using 
the effective response signals; Finally, the damage identification and 
imaging are performed using the reconstruction algorithm for probabilistic 
inspection of damage(RAPID) technique. The experimental research was 
conducted using an aluminum plate. The experimental results show that 
the method proposed in this research can quickly and effectively identify 
the single damage or multiple damages and image the damages clearly in 
detected area.

9803-166, Session PTue

Development of a numerical model for 
vehicle-bridge interaction analysis of 
railway bridges
Hee Ju Kim, Korea Institute of Civil Engineering and 
Building Technology (Korea, Republic of); Eun Sang Cho, 
Hyundai Engineering Co., Ltd. (Korea, Republic of); Junsu 
Ham, Inha Univ. (Korea, Republic of); Gi Tae Park, Tae 
Heon Kim, Korea Institute of Civil Engineering and Building 
Technology (Korea, Republic of)

In the field of civil engineering, analyzing dynamic response was main 
concern for a long time. These analysis methods can be divided into moving 
load analysis method and moving mass analysis method, and formulating 
each an equation of motion has recently been studied after dividing vehicles 
and bridges. In this study, the numerical method is presented, which can 
consider the various train types and can solve the equations of motion for 
a vehicle-bridge interaction analysis by non-iteration procedure through 
formulating the coupled equations of motion. Also, 3 dimensional accurate 
numerical models were developed by Saemaul PMC trains and diesel 
Mugunghwa trains in order to analyze dynamic response characteristics of 
conventional bridges by various vehicles in preparation for increasing the 
speed of conventional train. The equations of motion for the conventional 
trains are derived, and the numerical models of the conventional trains are 
idealized by a set of linear springs and dashpots with 18 degrees of freedom. 
The bridge models are simplified by the 3 dimensional space frame element 
which is based on the Euler-Bernoulli theory. The rail irregularities of vertical 
and lateral directions are generated by the PSD functions of the Federal 
Railroad Administration (FRA).

9803-167, Session PTue

A transducer layer for damage detection in 
carbon fiber composites
Mohammad S. Salmanpour, Zahra Sharif Khodaei, 
Mohammad H. Aliabadi, Imperial College London (United 
Kingdom)

There has been a large increase in the use Carbon fibre reinforced polymer 
(CFRP) composites for aerospace applications. The stringent certification 
requirements on damage tolerance are a major factor in preventing the 
greater adoption of composites. Barely visible impact damage (BVID) 
is a damage type of huge concern, guided wave (GW) structural health 
monitoring (SHM) is ideally suited for their detection. In contrast to standard 
non-destructive testing methods, SHM methods offer in-situ diagnostics 
with minimal intrusion to the operation schedule.

With a network of attached transducers it is possible to interrogate large 
areas. The prelude to this is a time consuming, labour intensive and often 
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inconsistent process of positioning and fixing transducers to the structure. 
This is unsuited to the time constraint nature of aircraft manufacturing. Also 
given that modern aircraft are in service for considerable durations and 
often change operators, SHM systems need to be flexible to suit changing 
requirements. This highlights the need for development of a cradle-to-grave 
SHM system.

This paper shows application of a cradle to grave transducer layer for 
damage detection in a CFRP composite structure. The prefabricated 
transducer layer can be integrated onto a structure with minimal impact 
on the manufacturing process. The layer is a self-contained unit with the 
required wiring, once operational, faulty transducers can be replaced with 
relative ease, without the need for milling. Additional transducer can be 
added or network layout modified if operational requirements change. The 
transducer layer was demonstrated by detecting actual impact induced 
delamination (BVID) on a composite panel.

9803-169, Session PTue

The state of the art on innovative 
monitoring system in Korea
Kitae Park, Tae Heon Kim, Hee Ju Kim, Byungchul 
Kim, Korea Institute of Civil Engineering and Building 
Technology (Korea, Republic of)

Damage to infrastructure is a real concern at present, caused primarily 
by worldwide climate anomalies, global warming, and natural disasters. 
Korea has begun research to develop a high precision patch/implant 
system using new IT techniques since 2011 and technologies which must 
be developed for this research are those which measure and evaluate 
the soundness and safety of structures based on the measurements of 
an attached sensor. During the research period since 2011, fire detection 
system by using SMA(Shape Memory Alloy), wireless sensor capsule 
implants along with various sensor technologies, stress sensing and 
structural condition evaluation algorithm have been developed effectively 
for network technologies as prototype version. Similarly high precision 
image processing for automatic crack extraction have been developed along 
with radiation sensor application technologies, combined management/
control technologies for developed systems, and practical technologies for 
building and large scale structure. In this paper, brief summary of developed 
techniques for structural health monitoring are discussed.

9803-170, Session PTue

Monitoring global climate change using 
LARES and other geodetic satellites
Antonio Paolozzi, Sapienza Univ. di Roma (Italy) and 
Centro Fermi (Italy); Claudio Paris, Centro Fermi (Italy); 
Erricos C. Pavlis, Univ. of Maryland, Baltimore County 
(United States); Giampiero Sindoni, Cristian Vendittozzi, 
Sapienza Univ. di Roma (Italy); Ignazio Ciufolini, Univ. del 
Salento (Italy)

The Earth Orientation Parameters (EOP), i.e. the spin axis of the Earth, are 
influenced by the mass redistribution inside and on the surface of the Earth. 
On the Earth surface, global ice melting, sea level change and atmospheric 
circulation are the prime contributors. Recent studies have unraveled the 
majority of the mysteries behind the Chandler wobble, the annual motion 
and the secular motion of the pole. The differences from the motion of a 
pole for a rigid Earth is indeed due to the mass redistribution and transfer 
of angular momentum among the atmosphere, the oceans and solid Earth. 
The technique of laser ranging and the use of laser ranged satellites such as 
LARES along with other techniques such Very Long Baseline Interferometry 
(VLBI) allow to measure the EOP with accuracies at the level of ~200 µas 
which correspond to few millimeters at the Earth’s surface, while the use 
of Global Navigation Satellite System data can reach an accuracy even 
below 100 µas. At these unprecedented high levels of accuracy, even tiny 

anomalous behavior in EOP can be observed and thus correlated to global 
environmental changes such as ice melting on Greenland and the polar 
caps, and extreme events that involve strong ocean-atmosphere coupling 
interactions such as the El Niño. The contribution of LARES satellite in this 
area is outlined in this paper.

9803-171, Session PTue

Lifelog-based lighting design for biofied 
building
Fumika Kake, Akira Mita, Keio Univ. (Japan)

A design tool is proposed for Lighting Equipment that reflects histories of 
residents’ past life and environmental factors, using a genetic mechanism. 
This research is a part, Biofied Building, which proposes building control 
systems learnt from living organisms.

Conventional architectural design mainly relies on the intuition and 
experience of designers. It is thus difficult for residents, who have no 
expert knowledge, to tell their designer their real needs. If we can extract 
preferences and demands of each resident from lifelog and reflect 
the information in next design, we will convert the living space more 
comfortable.

An evolutionally adaptation mechanism is proposed in this research to 
extract the information from lifelog.The behavior of residents characterizes 
the living space and describes them as the genes. The lifelog of lighting 
equipment is also collected. Then the lifelog is converted into the genetic 
information and stored. When residents renovate their house, the superior 
genes picked up from the stored genetic information are reflected in design. 
In this way a system generating the design candidates from lifelog of the 
residents is developed.

Simulations to verify the versatility of the system were conducted for several 
rooms. In the simulations, the preferred lighting conditions relevant to the 
residents’ behavior were obtained from the experiments. In the experiment, 
the wireless LED light bulbs, HUE which has all shades of white and every 
colors in the spectrum, was used. Consequently it was confirmed that 
the versatility designs according to the differences among environments, 
locations, and individuals was possible.

9803-172, Session PTue

Experimental characterization of an 
adaptive aileron: lab tests and FE 
correlation
Gianluca Amendola, Ignazio Dimino, Ctr. Italiano Ricerche 
Aerospaziali (Italy); Francesco Amoroso, Rosario Pecora, 
Univ. degli Studi di Napoli Federico II (Italy)

Like any other technology, morphing, has to demonstrate system level 
performance benefits prior to implementation onto a real aircraft. The 
current status of morphing structures research efforts (as the ones, 
sponsored by the European Union) involves the design of several 
subsystems which have to be individually tested in order to consolidate 
their general performance in view of the final integration into a fliable 
device. This requires a fundamental understanding of the interaction 
between aerodynamic, structure and control systems. Important worldwide 
research collaborations were born in order to exchange acquired experience 
and better investigate innovative technologies devoted to morphing 
structures. The “Adaptive Aileron” project represents a joint cooperation 
between Canadian and Italian research centers and leading industries. In 
this framework, an overview of the design, manufacturing and testing of a 
variable camber aileron for a regional aircraft is presented. The key enabling 
technology for the presented morphing aileron is the actuation structural 
system, integrating a suitable motor and a load-bearing architecture. 
The paper describes the lab test campaign of the developed device. The 
implementation of a distributed actuation system, enables the actual 
tendency of the aeronautical research to move toward the use of electrical 
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power to supply non-propulsive systems. Previous aileron design features 
are validated by targeted experimental tests, aimed at demonstrating its 
adaptive capability and its robustness under representative static loads, 
and, at characterizing its dynamic behavior for further advanced aeroelastic 
analyses. Obtained results showed a satisfactory correlation with respect 
to numerical output thus proving the goodness of the followed design 
approach.

9803-174, Session PTue

Two-mode-fiber-based Brillouin sensor for 
simultaneous measurement of temperature 
and bending distribution
Kwang-Yong Song, Yong Hyun Kim, Chung-Ang Univ. 
(Korea, Republic of); Kwanil Lee, Korea Institute of Science 
and Technology (Korea, Republic of)

In a two-mode fiber (TMF) two spatial modes - LP01 and LP11 modes 
- can be guided and propagated with different optical properties from 
conventional single-mode fiber (SMF). Stimulated Brillouin scattering 
(SBS) is a nonlinear scattering process of an optical wave by an acoustic 
wave in an optical fiber which has been practically applied for distributed 
temperature and strain measurement. In a TMF the SBS can take place in 
three different ways which are the LP01-LP01, the LP11-LP11 (intramodal 
SBS) and the LP11-LP11 modes (intermodal SBS), respectively. In this paper 
we present the experimental results of Brillouin optical time-domain analysis 
(BOTDA) based on an elliptic-core TMF. The LP01 and LP11 modes are 
selectively launched, counter-propagated, and monitored in the TMF by a 
mode selective coupler (MSC) that exclusively couples the LP01 mode of 
the SMF with the LP11 mode of the TMF. The Brillouin frequency and gain 
coefficient are characterized, and the temperature and strain sensitivities 
are evaluated for the intermodal and intramodal SBS. In particular the 
intermodal SBS shows the Brillouin gain of ~ 60% of the intramodal SBS 
between LP01-LP01 modes, and the strain and temperature sensitivities 
of 0.047 MHz/ue and 1.07 MHz/oC, respectively, which are nearly equal to 
the results (0.047 MHz/ue and 1.08 MHz/oC) of the intramodal SBS. The 
wavelength-dependent bending loss is also evaluated for each mode, and 
the preliminary results of simultaneous measurement of temperature and 
bending distribution is demonstrated based on the trace analysis of the LP01 
and LP11 mode in the TMF.

9803-175, Session PTue

Detection of flaws on surface of civil 
infrastructures and their profiling using 
imaging system with laser displacement 
sensor
Paritosh Giri, Sergey Kharkovsky, Western Sydney Univ. 
(Australia)

Civil infrastructures such as buildings, bridges, roads and pipelines are the 
integral part of people’s lives and their failure can have large public safety 
and economic consequences. Early detection of flaws in civil infrastructures 
and their appropriate retrofitting will aid in preventing this failure. Flaws 
such as cracks and impact damages initially occur on the surface and 
propagate inside the materials causing further degradation. There is a need 
to develop systems that can detect these surface flaws. Developing a system 
with one sensing technique which can detect the flaws is a challenging task 
since infrastructures are made up of diverse materials such as concrete, 
metal, plastics, composite and timber that have different electrical and 
mechanical properties. It is also desired that non-plain surfaces with 
complex profiles can be interrogated and surface flaws can be detected. 
We have proposed an imaging system capable of interrogating structures 
with complex surface profiles for the purpose of detection and evaluation of 
surface flaws such as cracks and impact damages using laser displacement 
sensor (LDS). The developed system consists of LDS mounted on the 

scanner which is able to perform raster scan over the specimen under test. 
The reading of displacement from the sensor head to the laser spot on the 
surface of the test material is then used to generate images which can be 
used to detect the surface flaws. The proof of concept is given by testing 
specimens made of metal, concrete and plastics with complex surface 
profiles. 

9803-176, Session PTue

Dynamic behavior of longitudinally 
polarized Functionally Graded 
Piezoelectric (FGP) structures with 
temperature dependent properties
Ramkumar Kandasamy, Fangsen Cui, A*STAR Institute of 
High Performance Computing (Singapore)

The application of a piezoelectric material at elevated temperatures 
presents many challenges, such as phase transitions, which in general 
lead to instability of the properties with temperature. In the present work, 
the dynamic behavior of longitudinally polarized functionally graded 
piezoelectric (FGP) cylinders under thermal environment is studied by 
finite element method (FEM). The material properties like piezoelectric, 
elastic and permittivity are assumed to be temperature dependent, and 
vary continuously through the thickness based on a power law distribution 
in terms of the volume fraction of the constituents. Four-parameter power 
law distribution is used to grade the volume fraction of the constituents 
comprised of PZT-5A and PZT-5H. With high-temperature specified on the 
outer surface of the FGP cylinder and ambient temperature specified on 
the inner surface, 1D heat conduction equation along the thickness of the 
cylinder is used to obtain the temperature distribution. The free vibration 
and forced vibration analysis are then carried out on the material properties 
with temperature distribution. 

Parametric studies are performed after validation. We investigate the effects 
of various boundary conditions, geometric parameters and the material 
power law index on the dynamic behavior of FGP cylinders subjected to 
thermal pre-stress. This study may help in the design of FGP cylinders which 
are operated in thermal environment.

9803-177, Session PTue

Experimental study of frost heaving force 
based on transient shock response using 
piezoceramic sensors
Ruolin Wang, Tongxiao Peng, Wuhan Univ. (China); Ming L. 
Wang, Northeastern Univ. (United States)

In seasonally frozen soil regions, the frost heaving problem made it difficult 
to monitor or evaluate the pile safety for long term. So far, no mature tool 
can be utilized to monitor the frost heaving force, which was unevenly 
distributed along the pile. In this paper, a piezoceramic sensing based 
transient excitation response approach was proposed to monitor the frost 
heaving force in real time. Freeze-thaw cycles can result in great changes of 
soil microstructure and induce engineering properties variation, as well as 
the frost heaving force. So, four freeze-thaw cycles were tested to study its 
effect. In the experiment, transient horizontal shock on the top of the pile 
will be detected by 6 PZT sensors glued on the pile. The signal data received 
by the 6 PZT sensors can be used to illustrate the frost heaving force 
distribution along the pile. Moisture content is one of the important reasons 
that cause the variation of frozen soil mechanical properties. Three different 
moisture content (6%, 12%, 18%) testing soil samples were used to study 
the variance of the frost heaving force. An energy indicator was developed 
to quantitatively evaluate the frost heaving force applied on the pile. The 
experimental results showed that the proposed method was effective in 
monitoring the uneven distribution of frost heaving force along the pile.
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9803-178, Session PTue

Proposal of honeycomb-based deployable 
breakwater
Hiroshi Asanuma, Shinya Okabe, Chiba Univ. (Japan)

This paper describes development of a smart breakwater or river bank 
using honeycomb-like structure to be adaptive to change of water level. 
A designed cell is deformed using a tensile test machine, and the results 
show that the honeycomb cell can deploy up to double of is original 
height without plastic deformation and the deformation is reproducible. 
It is stacked up to twelve layers and similar performance can be found. In 
addition, a six-layer deployable model is prepared and it became clear that 
the model can change its height in proportion to the water height in the 
experimental range and successfully block the water.

9803-179, Session PTue

A fluidic micro-strip based high-pressure 
sensor with low temperature crosstalk
Wenge Zhu, Clemson Univ. (United States); Jie Huang, 
Missouri Univ. of Science and Technology (United States); 
Baokai Cheng, Hai Xiao, Clemson Univ. (United States)

High-pressure sensors have attracted more and more interests in recent 
years, especially in applications under harsh environments, such as down-
hole sensing, advanced energy systems, and underwater interrogation. Due 
to the harsh environments, the sensors should meet special requirements, 
including high robustness, long-term stability, high temperature survivability, 
and resistance to corrosive/erosive environments, etc. In addition, another 
essential requirement is multiplexing, where multiple sensors could be 
installed onto a single structure for easy monitoring and interrogation. 
However, the currently available sensors that meet all the requirements are 
limited. There is a continuing need for the development of new sensing 
technologies exhibiting potential advantages in these special applications. 

In this paper, we present a fluidic micro-strip based sensor for high pressure 
measurement with low temperature crosstalk. The structure of the sensor is 
similar to the traditional thermometer, consists of a tube and a liquid-filled 
reservoir. After surface coating by conducted metal, the tube functions 
as a micro-strip line. When the applied pressure squeezes the reservoir, 
the liquid level of the tube would ascend. We use FDR method on the 
micro-strip to get the liquid level information and accordingly calculate 
the applied pressure. We adjust the volume and material of the liquid in 
the reservoir to optimally reduce the temperature crosstalk. The pressure 
sensitivity would be 1 psi with a measurement range of up to 2000 psi. 
The temperature cross-sensitivity would be lower than 10 psi after proper 
calibration. Due to the easy assembly and passive structure, multiple sensors 
could be potentially installed onto a single microwave waveguide for quasi-
distributed pressure mapping in harsh environment.

9803-181, Session PTue

Wireless sensor node for detection of 
freight train derailment
Andrea Costa, Damiano Milani, Ferruccio Resta, Gisella 
Tomasini, Politecnico di Milano (Italy)

The derailment risk is one of the most important topic for railway vehicles 
safety. In these last years, a number of accidents are occurred especially on 
freight trains due to a deterioration of the running conditions that, in the 
worst cases, have led to the vehicle derailment. 

The target of the research activity presented in this paper is to design, 
to realize and to test an autonomous sensor node able to measure the 
accelerations in correspondence of the axle box. In fact, recent researches 
have shown that it is possible to identify the derailment conditions by 

observing the variations in the spectra of the box accelerations, around the 
frequencies associated to the wheel revolution and its multiples. 

The sensor node, to be used as monitoring and control system, embeds 
inside an accelerometer for the measurement, a microprocessor which 
elaborate the data, a transmission system, based on a transceiver with MiWi 
protocol (IEEE 802.15.4), a piezoelectric bimorph energy harvester which 
recovers the vibrational energy in correspondence of the axle box combined 
with an optional battery pack and an integrated circuit for managing the 
power distribution to each component of the node.

The sensor node was developed for this specific application in three steps: 

• design of the sensor node, starting from an available piezoelectric energy 
harvester model;

• set up of the energy recovery subsystem by laboratory tests, on a shaker, 
using as input real measured axle box accelerations;

• final verification of the node and, especially, of the transmission system, by 
field tests on freight trains.

9803-183, Session PTue

Adhesive bond failure monitoring with 
triboluminescent optical fiber sensor
Md Abu S. Shohag, High Performance Materials Institute 
(United States); Emily Hammel, High Performance 
Materials Institute (United States) and Florida State Univ. 
(United States); David O. Olawale, High Performance 
Materials Institute (United States) and Nanotechnology 
Patronas Group Inc. (United States); Okenwa O. Okoli, 
Florida State Univ. (United States)

One of the most severe damage modes on modern wind turbine is the 
failure of the adhesive joints in the trailing edge of the large composite 
blades. The geometrical shape of the blade and current manufacturing 
techniques make the trailing edge of the wind turbine blade more 
sensitive to damage. Failure to timely detect this damage type may result 
into catastrophic failures, expensive system downtime and high repair 
cost. A novel sensing system called the In-situ Triboluminescent Optical 
Fiber (ITOF) sensor has been proposed for monitoring the initiation and 
propagation of disbonds in composite adhesive joints. The ITOF sensor 
combines the triboluminescent property of ZnS:Mn with the many desirable 
features of optical fiber to provide in-situ and distributed damage sensing 
in large composite structures like the wind blade. Unlike other sensor 
systems, the ITOF sensor does not require a power source at the sensing 
location or for transmitting damage-induced signals to the hub of the wind 
turbine. Composite parts will be fabricated and the ITOF integrated within 
the bondline to provide in-situ and real time damage sensing. Samples of 
the fabricated composite parts with integrated ITOF will be subjected to 
tensile and flexural loads, and the response from the integrated sensors will 
be monitored and analyzed to characterize the performance of the ITOF 
sensor as a debonding damage monitoring system. In addition, C-scan and 
scanning electron microscopy will be employed to gain greater insights into 
the damage propagation behavior and the signals received from the ITOF 
sensors.

9803-184, Session PTue

Preparation of polyaniline/multi-carbon 
nanotubes composite films/discs and 
characterization of their damping and 
strain sensing properties
Weiwei Lin, Cesar Levy, Yonatan Rotenberg, Kevin P. Ward, 
Florida International Univ. (United States)

Polyaniline (PANI) / Multi-carbon nanotubes (MWCNT) composite films/
discs were made by Frits compression method. 65 lbs and 75 lbs force which 
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were applied to the sample measured by FlexiForce adapter. The free end 
vibration test results showed that the double sided attachment has higher 
values than single side’s attachment. Also, damping ratios are higher when 
the PANI/MWCNT sensor is placed at the clamped end. The strain sensing 
properties of PANI/MWCNT sensors were compared with the conventional 
foil strain gauge. The loading cycle tests results showed that though there 
appears to be residual strain in PANI/MWCNT sensor after the load is 
removed, both PANI/MWCNT and the foil strain gauge react linearly when 
re-engaged. The dynamic sensing test results showed that over the range of 
10-1000 Hz, the PANI/MWCNT composite sensor was consistently superior 
for sensing purposes.

9803-185, Session PTue

Stereovision-based vibration monitoring 
test of a masonry building model
Baohua Shan, Harbin Institute of Technology (China); Yunli 
Gao, Dalian Nationalities Univ. (China); Yu Shen, China 
Southwest Architectural Design and Research Institute 
Corp. Ltd. (China)

To monitor three-dimensional deformations of structural vibration response, 
a 3D deformation measurement method based on stereovision is proposed 
in paper. The world coordinate system is established on structural surface, 
and 3D displacement equations of structural vibration response are acquired 
through coordinate transformation. The algorithms of edge detection, 
center fitting and matching constraint are developed for circular sign, and 
the structural vibration analysis software is compiled on the base of above 
imaging processing algorithms with MATLAB. A shaking table test of a 
masonry building model under Taft and El Centro earthquake at different 
acceleration peak is performed in lab, 3D displacement time histories of the 
model are acquired by the integrated stereovision measurement system. In-
plane displacement curves obtained by two methods show good agreement 
in paper, this suggests that the proposed method is valid for monitoring 
structural vibration response. Out-of-plane displacement curves indicate 
that a masonry building model twists under earthquake wave, and twist 
response accelerates with the peak acceleration increase of earthquake 
wave, this verifies that the proposed method is reliable and useful for 
monitoring 3D deformations of vibration response.

9803-186, Session PTue

Active vertical tail buffeting suppression 
based on macro fiber composites
Chengzhe Zou, Bin Li, Li Liang, Wei Wang, Northwestern 
Polytechnical Univ. (China)

Aerodynamic buffet is unsteady airflow exerting forces onto a surface, which 
can lead to premature fatigue damage of aircraft vertical tail structures, 
especially for aircrafts with twin vertical tails at high angles of attack. In this 
work, Macro Fiber Composite (MFC), which can provide strain actuation, 
was used as the actuator for the buffet-induced vibration control, and the 
positioning of the MFC patches was led by the strain energy distribution 
on the ver-tical tail. Positive Position Feedback (PPF) control algorithm 
has been widely used for its robustness and simplicity in practice, and 
consequently it was developed to suppress the buf-fet responses of first 
bending and torsional mode of vertical tail. However, its performance is 
usually attenuated by the phase contributions from non-collocated sensor/
actuator configura-tion and plants. The phase lag between the input and 
output signals of the control system was identified experimentally, and 
the phase compensation was considered in the PPF control algorithm. 
The simulation results of the amplitude frequency of the closed-loop 
system showed that the buffet response was alleviated notably around the 
concerned bandwidth. Then the wind tunnel experiment was conducted to 
verify the effectiveness of MFC actuators and compensated PPF, and the 
Root Mean Square (RMS) of the acceleration response was reduced 43.4%, 
28.4% and 39.5%, respectively, under three different buffeting conditions.

9803-187, Session PTue

Highly sensitive full-field strain sensor by 
mechano-luminescent materials
Ali Imani Azad, Jiahua Zhu, Gun-Jin Yun, The Univ. of 
Akron (United States)

In this paper, a method for increasing sensitivity of Mechano-Luminescence 
(ML) strain sensor was investigated by enhancing interface bonds between 
polymer resin and ML particles, varying stiffness of the polymer resin and 
conditions of manufacturing. The ML strain sensing method has a distinct 
advantage of its facet-free full-field strain sensing capability with pixel-level 
resolution. However, due to its relatively low sensitivity, ML strain sensor 
has limitations in measuring practical ranges of both strain and strain rate 
experienced by real-life structures under ordinary service conditions. To 
overcome the challenge, first, surfaces of ML particles were modified by 
adding different amount of 3-aminopropyl-triethoxysilane (APTES). Strong 
interfacial bonding between ML and polymer resin could be achieved by 
the reactive APTES with one end bonded to ML particle surface and the 
other end bonded to polymer chain. Second, stiffness of the polymer resin 
was varied by choosing polymer resin having different properties. Third, 
interfacial strength was studied by choosing different curing temperature 
and curing time. Effects of concentrations of the additive, the stiffness of the 
polymer resins, and manufacturing conditions (e.g. curing temperature and 
time) to the sensitivity were evaluated. According to the investigation, the 
most effective method for manufacturing highly sensitive ML strain sensor 
was proposed and the proposed method for ML sensor appears to have a 
clear advantage of high sensitivity in response to small and practical strain 
range (0.0001 - 0.0005). Higher sensitivity could be observed through full-
field strain measurement tests on uniaxial tensile specimen with notches.

9803-188, Session PTue

Dof-based submatrix scaling factors for 
damage detection in reinforced concrete 
bridges
Kyeongtaek Park, Marco Torbol, Ulsan National Institute of 
Science and Technology (Korea, Republic of)

This study focuses on the system identification and the damage detection 
of reinforced concrete bridges using neural network algorithm, eigenvalue 
analysis and parallel computing. First, autoregressive coefficients (ARCs) of 
both temporal output and forced input of the real structure are computed. 
The ARCs are used for the eigen-system realization algorithm (ERA) to 
obtain the modal parameters of the structure. Second, the ARCs are utilized 
as the input variable of the neural network algorithm while the outputs 
are the submatrix scaling factors that contain information about the 
degeneration of each element and each mode within the element. However, 
the neural network algorithm requires training to output reliable results. 
The training is the most challenging task of this study and finite element 
analysis is used to compute the modal parameters of the model built around 
the neural network outputs. The model is compared with the ERA results 
to update the neural network coefficients. Due to the scale of the neural 
network used parallel computing is necessary to reduce the computational 
time to a reasonable amount.

9803-67, Session 8A

Ultrasound generation from an optical 
fiber sidewall
Jingcheng Zhou, Nan Wu, Siwen Bi, Xingwei Wang, Univ. 
of Massachusetts Lowell (United States)

Ultrasound generation from an optical fiber, based on the photoacoustic 
principle, could have broad applications, such as ultrasound nondestructive 
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test (NDT) and biomedical ultrasound imaging. There are many advantages 
of these fiber-optic ultrasonic transducers, such as small size, light weight, 
ease of use, and immunity to electromagnetic interference. This paper will 
demonstrate a novel structure which the ultrasound signal is generated on 
the sidewall of the fiber. Two different structures of this fiber-optic sidewall 
ultrasonic transducer are discussed. One is that the photoabsorptive 
material is directly coated on the sidewall of the optical fiber. Another is that 
the photoabsorptive material is directly coated on the aluminum plate and 
the sidewall fiber is buried in the material. By using this novel structure, we 
can effectively generate ultrasound signal at multiple, particular locations 
along one fiber. 

9803-68, Session 8A

Load and crack monitoring using signal 
evaluation of piezo sensors and fiber optic 
sensor based structural health monitoring
Muneesh Maheshwari, Venu G. M. Anaamdas, John H. L. 
Pang, Swee C. Tjin, Anand Asundi, Nanyang Technological 
Univ. (Singapore)

Structures such as mechanical-blades, shafts and aero-wings have to be 
monitored regularly for variations in strain due to cracks and damages. This 
article thus focuses on measurement of increased strain due to cracks or 
damages in a fixed-fixed beam under same loading conditions using fiber 
optic sensors. Two fiber optic sensors namely, Fiber optic polarimetric 
sensor (FOPS) and fiber Bragg grating (FBG) sensor are bonded to the 
specimen. FOPS is used for global strain measurement while FBG is used for 
local strain measurement. Both FOPS and FBG show significant increment 
in the strain in case of damages in the specimen. Also, at the center of 
the specimen, piezoelectric wafer active sensor (PWAS) is attached. This 
uses electro-mechanical impedance signature variations due to damage 
happening in the specimen. Thus, these multiple smart materials together 
successfully monitor the health of the specimen.

9803-69, Session 8B

Artificial hair sensor designs for flight 
control studies of UAVs with different 
scales
Weihua Su, The Univ. of Alabama (United States); Gregory 
W. Reich, Air Force Research Lab. (United States)

Artificial hair sensors (AHS) have been developed in Air Force Research 
Laboratory (AFRL). The carbon nanotube (CNT) forest grown along the 
artificial hair can be deformed due to the aerodynamic loads applied on the 
hair. This deformation causes voltage and current changes in the attached 
circuit, which can be used to quantify the flow speed, dynamic pressure, and 
aerodynamic loads on the surface where the AHS is placed. Significant work 
regarding the design, manufacturing, calibration, and measurement of AHSs 
has been done in AFRL. One critical issue is that current AHS design in AFRL 
is based on a micro-sized UAV, and as such the resulting AHS is sensitive in 
that UAV’s nominal flight condition (speed). The active, or operating, region 
of the AHS concept is highly dependent on the geometry and properties 
of the hair, pore, and CNT region. The proposed paper aims at expanding 
the flow measurement concept using AHSs to UAVs at different dimensions 
by properly sizing the parameters of AHSs according to the nominal flight 
conditions of different UAVs. In this work, the hair, made of glass fiber, 
will be modeled as a cantilever beam with elastic foundation (CNT forest), 
subject to external distributed aerodynamic forces. Hair length, diameter, 
and CNT length will be properly scaled by keeping the strain of the CNT 
constant for different AHS designs. Numerical studies will demonstrate 
the feasibility of the scaling methodology by designing AHSs for UAVs 
with different dimensions and flight conditions, starting from a common 
AHS design. The sensitive measurement range of the new AHSs will also 
be checked to ensure they work properly in the corresponding flight 

conditions. The whole study will facilitate in building a fly-by-feel simulation 
environment for autonomous vehicles.

9803-70, Session 8B

Automated UAV deployment and control 
of mobile wireless sensing networks for 
infrastructure monitoring applications
Mitsuhito Hirose, Jerome P. Lynch, Univ. of Michigan 
(United States)

The objective of this project is to advance an automated UAV platform 
for wireless structural health monitoring. One of the challenges for 
automated mobile sensor deployment into civil infrastructure is a GPS-
denied environment such as under bridges and inside buildings. In order to 
localize a UAV in such challenging operational environment, a powerful new 
air-based robotic platforms is designed that integrate various modalities 
of sensors including a camera, inertial measurement unit, and a sonar 
to implement vision and marker based localization methods. The UAV 
works as a mobile base station of a wireless sensor network that deploys 
wireless sensors in desired locations relying only on on-board sensors. A 
portable wireless sensor platform is proposed for the rapid, reconfigurable 
site installation by the UAV system. At the core of the proposed wireless 
prototype is the low cost, low power, and high performance Martlet wireless 
sensor node developed at University of Michigan. The IEEE 802.15.4 wireless 
transceiver will be integrated to open a direct line of communication 
between the UAV and wireless sensors. After the data collection, the UAV 
queries each wireless sensors for its measured time-histories data. The data 
received by the UAV is stored in its large hard drive and processed with an 
on-board single board computer. The experimental results show the validity 
of automated deployment of wireless sensors by a mobile UAV.

9803-71, Session 9A

Ultrasonic temperature measurements with 
fiber optic system
Siwen Bi, Nan Wu, Jingcheng Zhou, Univ. of Massachusetts 
Lowell (United States); Tong Ma, Yuqian Liu, Chengyu Cao, 
Univ. of Connecticut (United States); Xingwei Wang, Univ. 
of Massachusetts Lowell (United States)

Ultrasonic temperature measurements have been developed and widely 
applied in non-contact temperature tests in many industries. However, 
using optical fibers to build ultrasound generators are novel. This paper 
reports this new fiber optic ultrasonic system based on the generator 
of gold nanoparticles/polydimethylsiloxane (PDMS) composites. The 
optical acoustic system was designed to test the change of temperature 
on the aluminum plate and the temperature of the torch in the air. This 
paper explores the relationship between the ultrasonic transmission and 
the change of temperature. From the experimental results, the trend of 
ultrasonic speed was different in the aluminum plate and air with the change 
of temperature. Since the system can measure the average temperature of 
the transmission path, it will have significant influence on simulating the 
temperature distribution.

9803-72, Session 9A

Monitoring cure properties of out-of-
autoclave BMI composites using IFPI 
sensor
Amardeep Kaur, Sudharshan Anandan, Missouri Univ. 
of Science and Technology (United States); Lei Yuan, 
Clemson Univ. (United States); Steve E. Watkins, Missouri 
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Univ. of Science and Technology (United States); Hai 
Xiao, Clemson Univ. (United States); K. Chandrashekhara, 
Missouri Univ. of Science and Technology (United States)

A non-destructive technique for inspection of a Bismaleimide (BMI) 
composite is presented using an optical fiber sensor. High performance 
BMI composites are used for Aerospace application for their mechanical 
strength. They are also used as an alternative to toughened epoxy resins. 
A femtosecond-laser-inscribed Intrinsic Fabry-Perot Interferometer (IFPI) 
sensor is used to perform real time cure monitoring of a BMI composite. 
The composite is cured using the out-of-autoclave (OOA) process. The IFPI 
sensor was used for in-situ monitoring; different curing stages are analyzed 
throughout the curing process. Temperature-induced-strain was measured 
to analyze the cure properties. The IFPI structure comprises of two 
reflecting mirrors inscribed on the core of the fiber using a femtosecond-
laser manufacturing process. The manufacturing process makes the sensor 
thermally stable and robust for embedded applications. The sensor can 
withstand very high temperatures of up to 850ºC.

9803-73, Session 9A

Characterization of embedded fiber optic 
strain sensors into metallic structures via 
ultrasonic additive manufacturing
John J. Schomer, Adam J. Hehr, Marcelo J. Dapino, The 
Ohio State Univ. (United States)

Fiber Bragg Grating (FBG) sensors measure deviation in a reflected 
wavelength of light to measure in-situ strain. These sensors are immune 
to electromagnetic interference, and the inclusion of multiple FBGs on the 
same fiber allows for a seamlessly integrated sensing network. FBGs are 
attractive for embedded sensing in aerospace applications due to their 
small noninvasive size and prospect of constant, real-time nondestructive 
evaluation. In this study, FBG sensors are embedded in aluminum 6061 via 
ultrasonic additive manufacturing (UAM), a rapid prototyping process that 
uses high power ultrasonic vibrations to weld similar and dissimilar metal 
foils together near room temperature. Fiber optic sensors were built into 
the metallic structure by removing material with the integrated CNC stage 
of the UAM process. An interface with the surrounding metal matrix is then 
formed by consolidating over the fiber with welded foil. The FBG sensors are 
characterized in terms of birefringence losses, post embedding strain shifts, 
consolidation quality, and strain sensing performance. Embedded sensors 
are compared against an exterior surface mounted foil strain gage at both 
room and elevated temperatures using cyclic tensile and cantilever bending 
tests. 

9803-74, Session 9A

Metal-core piezoelectric fiber based smart 
layer for damage detection using sparse 
virtual element boundary measurement
Chao Zhang, Nanjing Univ. of Aeronautics and 
Astronautics (China); Li Cheng, The Hong Kong 
Polytechnic Univ. (Hong Kong, China); Jinhao Qiu, Nanjing 
Univ. of Aeronautics and Astronautics (China); Hao Xu, The 
Hong Kong Polytechnic Univ. (Hong Kong, China)

Metal-core Piezoelectric Fiber (MPF) was shown to have great potential to 
be a structurally integrated sensor for structural health monitoring (SHM) 
applications. Compared with conventional strain gages, MPF is more suitable 
for high frequency strain measurement and can create direct conversion 
of mechanical energy into electric energy without the need for complex 
signal conditioners or gage bridges. In this paper, MPF-based smart layer 
is developed as an embedded network of distributed strain sensors that 
can be surface-mounted on a thin-walled structure. Each pair of adjacent 

MPFs divides the entire structure into several “virtual elements”. By exciting 
the structure at the natural frequency of the “virtual element”, a “weak” 
formulation of the previously developed Pseudo-excitation (PE) approach 
based on sparse virtual element boundary measurement (VEBM) is 
proposed to detect the damage in this paper. To validate the effectiveness 
of the VEBM approach, experiments are conducted to locate a small crack 
in a cantilever beam by using both MPF-based smart layer and a Laser 
Scanning Vibrometer (LSV). Results demonstrated that the proposed 
VEBM approach not only inherits the enhanced noise immunity capability 
of the “weak” formulation of the PE approach, but also allows a significant 
reduction in the number of measurement points as compared to the original 
version of the PE approach.

9803-75, Session 9A

Guided wave-based pipe damage 
inspection by fiber optic sensor
Wensong Zhou, Hui Li, Yongkang Dong, Harbin Institute of 
Technology (China)

Fiber optic sensors (FOS) have been proven that they have the potential 
to detect high-frequency ultrasonic signals, in structural health monitoring 
field which refers to generally acoustic emission signals from active 
structural damages and guided waves excited by ultrasonic actuators and 
propagating in waveguide. In this work, FOS based on Mach-Zehnder (M-Z) 
interferometer is proposed to detect guided waves propagating in the pipe, 
which is common structural component in aerospace, mechanical or civil 
structures, by winding along the circumferential direction. The guided waves 
in pipe are more complicated comparing with those in plate-like structures, 
therefore by the combined analysis of the characteristics of guided waves 
propagating axial direction (L, F and T modes) and the working principle 
of M-Z interferometer, the sensitivity of ultrasonic FOS are investigated 
theoretically at first. Subsequently, finite element analysis is conducted to 
explore the displacement and strain distributions and their effects to the 
responses of FOS. Furthermore, a series of experiments are conducted in a 
metal pipe to demonstrate the guided wave sensing and damage inspection 
performances, including impact loading identification and guided waves 
reflected from the crack. Among of them, the guided waves in pipe are 
generated by piezoelectric wafer array around the pipe. Different turns 
of FOS, excitation pattern (axisymmetric and asymmetric) and excitation 
frequencies are investigated in detail. Results indicate the FOS has potential 
for providing quantitative estimation of damage in the pipe structures.

9803-76, Session 9B

Diagnostic framework for model 
inadequacy in structural identification 
(St-ID) by likelihood-free Bayesian 
computation
Hyung-Jo Jung, Seung-Seop Jin, KAIST (Korea, Republic 
of)

Continued advances in both sensing and computational technologies have 
stimulated the development of structural identification (St-ID) to make 
a linkage of the numerical model to the measurement. In order to use 
the numerical model for tasks ranging from the condition assessment to 
scientific research, models should be sound and validated. For this purpose, 
Bayesian inference has been widely investigated. The likelihood function in 
Bayesian inference plays a central role in summarizing the overall residuals 
between model predictions and corresponding measurements. The classical 
likelihood function is commonly assumed to be the independent identically 
distributed Gaussian residuals with the zero mean and homogeneous 
variance, since it is statistically convenient. However, this assumption 
is often not borne out of the probabilistic properties of the residuals. If 
there is the non-classical residual property such as a systematic bias, a 
heterogeneous variance and an autocorrelation at different parts of the 
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residuals, the classical likelihood leads to an un-desired posterior density 
with a systematic bias or an over/underestimated dispersion. Besides, 
it also lacks the power to diagnose this model inadequacy in the error 
model assumption. With the inadequate likelihood and model deficiency, 
the parameter estimation, uncertainty quantification and prediction are 
questionable. In this context, we propose a diagnostic framework for the 
model inadequacy in St-ID. To this end, we introduce Approximate Bayesian 
computation (ABC) as a vehicle for the diagnostic model inadequacy. 
ABC relaxes the need for an explicit likelihood by analyzing the behavior 
similarities between model predictions and measurements. We evaluate and 
demonstrate the proposed framework to show the diagnostic performance 
for the model inadequacy by a lab-scaled structure.

9803-77, Session 9B

Cyclo-non-cyclo-stationary stochastic 
subspace identification method for 
rotating machinery and spinning structures
Antonio Velazquez, Ohio Univ. (United States); R. Andrew 
Swartz, Michigan Technological Univ. (United States)

Economical maintenance and operation are crucial issues for spinning 
structures and rotating machinery built on blade elements, especially large 
complex-shaped slender beams (e.g., wind turbines). Structural health 
monitoring (SHM) methods represent promising instruments to promote 
reliability and optimum performance from the mechanical dynamics of 
these whirling structures. However, data-driven SHM techniques have not 
been completely perfected for spinning systems of large size, specially the 
ones that depend on mechanistic models a priori. In this sense, frequency 
response functions are popular but difficult to realize autonomously for 
structures of high order configurations (i.e. tapered-swept blades). Instead, 
time -domain techniques have demonstrated powerful practicability for 
real-time solutions from both standpoints: embedding programming 
and low-order computational effort. Customarily, non-cyclo stationary 
and time-varying effects are often neglected or dismissed to simplify the 
analysis, such is not the case for sinusoidally-spectral load-dependent 
structures containing spinning multi-bodies (i.e. rotor blade systems under 
the wind action). Transformations of the cyclic and non-cyclic effects on 
the vibrational data can be applied to isolate inertial quantities attained 
to the structure that set apart from rotation-generated (typically non-
stationary) external forces. After applying these transformations, structural 
identification can be carried out by adopting cyclo and non-cyclo stationary 
techniques via data-correlated stochastic Eigensystem realizations and 
Linear-Parameter Time-Varying Stochastic Subspace ID. The paper is 
focused on the exploration of a periodic-non-periodic or cyclo-non-
cyclo stationary subspace identification method specialized for spinning 
multi-blade systems. Structural response is performed for a stationary-
non-stationary ambient excitation produced by Gaussian - white - noise 
grounded within the operative range bandwidth, and weighted out for the 
uncertainty of environmental conditions.

9803-78, Session 9B

Experimental model updating with 
frequency response function
Yu Hong, Southwest Jiaotong Univ. (China) and Georgia 
Institute of Technology (United States); Xi Liu, Xinjun 
Dong, Yang Wang, Georgia Institute of Technology (United 
States); Qianhui Pu, Southwest Jiaotong Univ. (China)

In order to obtain a finite element (FE) model that can more accurately 
describe structural behavior, experimental data measured from the actual 
structure is usually used to update the FE model, which is termed as FE 
model updating. In this paper, a frequency response functions (FRF) based 
model updating approach is presented. The approach intends to minimize 
the difference between the analytical and experimental FRFs. In practice, 

experimental FRFs can be obtained by measuring the excitations to the 
structure and the corresponding structural responses. In this study, the FRF 
model updating method is validated through laboratory experiments on a 
four-story shear-frame structure. To obtain the experimental FRFs, shake 
table tests and impact hammer tests are performed. The proposed FRF 
model updating is shown to successfully update the stiffness, mass and 
damping parameters of the four-story structure. 

9803-79, Session 9B

A hybrid method for damage detection 
and quantification in advanced X-COR 
composite structures
Rajesh Kumar Neerukatti, Abhishek Rajadas, Arizona State 
Univ. (United States); Luke Borkowski, United Technologies 
Research Ctr. (United States); Aditi Chattopadhyay, 
Arizona State Univ. (United States); Daniel Huff, The 
Boeing Co. (United States)

Advanced foam core carbon fiber reinforced polymer (FCCFRP) composites 
are being used in a number of aerospace applications. However, the 
presence of damage, due to manufacturing induced defects, impact 
events or other loading conditions, can lead to structural degradation and 
failure. In this paper, we develop a hybrid structural health monitoring 
(SHM) approach that combines a numerical wave propagation model 
with experimental data to detect different types of damages such as 
delamination and foam-core separation in FCCFRP composite structures. 
A recently developed local interaction simulation approach (LISA) – sharp 
interface model (SIM) for wave propagation will be further extended to 
study the Lamb wave propagation and extract associated Lamb wave 
features such as time of flight, relative amplitude and presence of mode 
conversions. Experiments will be performed on healthy and damaged 
X-COR FCCFRP composite structures instrumented with macro fiber 
composites to validate the proposed methodology. Advanced time-
frequency based signal processing algorithms will be used to analyze the 
Lamb wave signals and features, obtained from both numerical model and 
experiments, to accurately detect, localize and quantify damage in these 
complex heterogeneous materials.

9803-80, Session 9B

Formula for the arc length of a superhelix
Sungyeop Lim, Soonhung Han, KAIST (Korea, Republic of)

A superhelix is a 3-dimensional space curve that can be defined either as a 
helix that is coiled around another helix or as a helix whose axis is bent into 
another helix. It is well known that this particular geometric shape can be 
found in the phenomenon called supercoiling, where two or more elastic 
slender bodies under twist gets released from the twist by being intertwined 
with one another. A rope is a good example of supercoiling.

However, there are more reasons a superhelix deserves attention. It is 
often assumed that the longitudinal lines within a bending beam bend to 
form circular arcs, but it only holds in the 2-dimensional perspective. If we 
take the 3-dimensional perspective with the Frenet-Serret formulas, the 
neutral axis of the beam is regarded as a helix, and the other longitudinal 
lines within the beam will bent to form superhelices even when the beam 
is not twisted at all. Considering that every beam in reality is virtually 
3-dimensional, it would be much more accurate and geometrically 
consistent if we model the beam using superhelices instead of conventional 
circular arcs.

Oddly enough, superhelix has been immensely underrated in part because 
of its complexity, and in part for the lack of an analytical formula for its own 
arc length. In this work, we aim to derive an analytical formula for the arc 
length of a superhelix. The final expression of the arc length will be given in 
terms of the elliptic integrals.
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9803-81, Session 10A

Experimental, analytical, and numerical 
analyses of multifunctional skins for 
morphing wing applications
Sebastian M. Geier, Markus Kintscher, Peter Wierach, Hans 
Peter Monner, Martin Wiedemann, Deutsches Zentrum für 
Luft- und Raumfahrt e.V. (Germany)

As a consequence of operational efficiency with respect of rising energy 
costs future transport systems need to adapt themselves. Especially in 
aircraft design the limits of lightweight construction, reduced aerodynamic 
drag and optimized propulsion are pushed further and further. The first two 
aspects are a focus of the Institute of Composite Structures and Adaptive 
Systems of the German Aerospace Center (DLR). By using a morphing 
leading edge great economic advantages are expected. As a result of a 
gapless surfaces longer areas of laminar flow along the aircraft’s wings can 
be achieved. Instead of focusing on the kinematics, which are published in a 
great varieties, this paper emphasises the major challenge: qualification of 
a material-mix which meets the compromise of needed stiffness, flexibility 
and multifunctionality. Moreover functions such as erosion shielding, 
impact safety and lighting protection are needed to accomplish the flight 
worthiness requirements which are set by the European Aviation Safety 
Authority (EASA) to prepare the path for higher technology readiness levels.

As a result of several national and European projects DLR developed a 
gapless smart droop nose concept, which functionality was successfully 
demonstrated using a two-dimensional 6 meters in span prototype in 
wind tunnel tests. The main structure is made of commercial available and 
certified glass-fiber reinforced plastics (GFRP, Hexcel Hexply 913).

The following paper presents four-point bending tests to characterise the 
composite with its integrated functions. Experimental test are conducted 
in order to prove the integrity of material interfaces, function during 
loading and aging/fatigue issues. Furthermore the bending test is modelled 
analytically and numerically via finite element method (FEM) to understand 
and predict the effects of additional layers within a composite lay-up in 
terms of shifting the neutral axis.

It is shown that only by adding functional layers the requirements can be 
satisfied. Although the layers have multifunctional properties the total 
thickness of the composite skin increases by more than 100% having 
tremendous impact on the maximum flexural strain of the outer surface. 
Only because the GFRP provides elastic strain up to 2% no failure appears 
so far. The results of the four-point bending experiment, analytical bending 
model and numerical FEM model fit well, so that predictions of failure and 
further structural optimisation can be performed.

9803-82, Session 10A

Estimation of morphing airfoil shape and 
aerodynamic load using artificial hair 
sensors
Nathan S. Butler, Weihua Su, The Univ. of Alabama (United 
States); Kaman S. Thapa Magar, Wright State Research 
Institute (United States); Gregory W. Reich, Air Force 
Research Lab. (United States)

An active area of research in adaptive structures focuses on the use 
of continuous wing shape changing methods as a means of replacing 
conventional discrete control surfaces and increasing aerodynamic 
efficiency. Although many shape-changing methods have been used since 
the beginning of heavier-than-air flight, the concept of performing camber 
actuation on a fully-deformable airfoil has not been widely applied. A 
fundamental problem of applying this concept to real-world scenarios is 
the fact that camber actuation is a continuous, time-dependent process. 
Therefore, if camber actuation is to be used in a closed-loop feedback 
system, one must be able to determine the instantaneous airfoil shape 
as well as the aerodynamic loads at all times. One approach is to utilize 

a new type of Artificial Hair Sensors (AHS) developed at the Air Force 
Research Laboratory (AFRL) to determine the flow conditions surrounding 
deformable airfoils. In this work, the AHS measurement data will be 
simulated by using the flow solver XFoil, with the assumption that perfect 
data with no noise can be collected from the AHS measurements. Such 
measurements will then be used in an Artificial Neural Network (ANN) 
based process to approximate the instantaneous airfoil camber shape, 
lift and moment coefficients at a given angle of attack. Additionally, an 
aerodynamic formulation based on the finite-state inflow theory has been 
developed to calculate the aerodynamic loads on thin airfoils with arbitrary 
camber deformations. Various aerodynamic properties approximated from 
the AHS/ANN system will be compared with the results of the finite-state 
inflow aerodynamic formulation in order to validate the approximation 
approach.

9803-83, Session 10A

Numerical design of an adaptive aileron
Gianluca Amendola, Ignazio Dimino, Antonio Concilio, Ctr. 
Italiano Ricerche Aerospaziali (Italy); Marco Magnifico, 
Rosario Pecora, Univ. degli Studi di Napoli Federico II 
(Italy)

The study herein described is aimed at investigating the feasibility of a 
high TRL device for an innovative full-scale camber morphing device. In the 
framework of the “Adaptive Aileron” project, an international cooperation 
between Italy and Canada, this goal was carried out with the integration 
of different morphing concepts in a wing-tip prototype. Specifically the 
objective of the Italian team, was addressed to design a complex structure 
actuation system, devoted to accomplish morphing requirements. The 
advanced technology inserted and demonstrated at full scale level, when 
brought to maturity, will enable step-changes in environmental and 
economic performance and will bring crucial competitiveness benefits in 
the international aeronautic scenario. Such breakthrough technologies 
are very attractive for aircraft aerodynamic performance as they ensure 
adaptation to the flight conditions. It was widely demonstrated, as in 
recent European projects such as Clean Sky JTI and SARISTU, that wing 
trailing edge morphing may lead to significant drag reduction (up to 6%) 
in off-design flight points by adapting chord-wise camber variations in 
cruise to compensate A/C weight reduction following fuel consumption. 
Those researches focused on the flap region as the most immediate solution 
to implement structural adaptations. However, it is of interest to extend 
that capability to the aileron region, but preserving its main functionality 
in controlling aircraft directional stability. In fact, the external region of 
the wing seems to be the most effective in producing “lift over drag” 
improvements by morphing. Thus, the objective of the presented research 
is to achieve a certain drag reduction in off-design flight points by adapting 
wing shape and lift distribution following static deflections. In perspective, 
the developed device could also be used as a load alleviation system to 
reduce gust effects, augmenting its frequency bandwidth. In this paper, 
the preliminary design of the adaptive aileron is first presented, assessed 
on the base of the external aerodynamic loads. The primary structure is 
made of 5 segmented ribs, distributed along 4 bays, each splitted into three 
consecutive parts, connected with spanwise stringers. The aileron shape 
modification is then implemented by means of an actuation system, based 
on a classical quick-return mechanism, opportunely suited for the presented 
application. Finite element analyses were assessed for properly sizing the 
load-bearing structure and actuation systems and for characterizing their 
dynamic behavior. Obtained results are reported and widely discussed.
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9803-84, Session 10A

Effects of geometric nonlinearities 
of shape memory alloy springs on 
the aeroelastic behavior of a typical 
aeroelastic section
Vagner C. Sousa, Carlos De Marqui Jr., Univ. de São Paulo 
(Brazil); Mohammad H. Elahinia, The Univ. of Toledo 
(United States)

The effects of the pseudoelastic hysteresis of shape memory alloy (SMA) 
springs with different geometries on the aeroelastic behavior of a two-
degree-of-freedom typical section are investigated in this work. The ratio 
of the spring coil diameter to the wire diameter (spring index) is changed, 
yielding diversified levels of nonlinearity of the mechanical response of the 
SMA springs and, consequently, changing the aeroelastic behavior of the 
typical section. A classical phenomenological model for SMAs under uniaxial 
loading is modified with the pure shear assumption to model SMA helical 
springs. The SMA model is modified to represent distributions of shear 
strain, shear stress and martensitic fraction across the cross-sectional area 
of the coiled SMA wire. The aeroelastic model of the typical section with 
SMAs is cast into state-space along with a two-state unsteady aerodynamic 
model. The resulting equations are solved over time with a Runge-Kutta 
scheme. The axial deflections of the SMA springs are determined from 
the typical section pitch displacement and then a linear distribution of 
shear strain along the SMA wire radius is obtained. The corresponding 
distributions of nonlinear shear stress and martensitic fraction are solved 
iteratively and the affected martensite-dependent parameters updated. It 
is shown that the hysteretic damping can decrease the oscillations of the 
airfoil at the flutter boundary and also transform unstable flutter oscillations 
of the post-flutter regime into stable limit-cycle oscillations. Overall, the 
aeroelastic behavior of the typical section with SMAs undergoing phase 
transformation is sensitive to the geometric nonlinearities related to 
different spring indices.

9803-85, Session 10B

Performance and robustness of hybrid 
model predictive control for controllable 
dampers in building models
Erik A. Johnson, Wael M. Elhaddad, Elham Hemmet Abiri, 
The Univ. of Southern California (United States)

A variety of strategies have been developed over the past few decades 
to determine commands to controllable damping devices to mitigate the 
response of structures and mechanical systems to natural hazards and 
other excitations. These “smart” damping devices produce forces through 
passive means but have properties that can be controlled in real time, 
based on sensor measurements of structural response across the structure, 
to dramatically reduce structural motion by exploiting more than the 
local “information” that is available to purely passive devices. A common 
strategy is to design optimal forces using active control strategies and try 
to reproduce those forces with the smart damper. However, these design 
forces, for some structures and performance objectives, may achieve high 
performance by selectively adding energy, which cannot be replicated by 
a controllable damping device, causing the smart damper performance to 
fall far short of the active system. The authors have recently demonstrated 
that a model predictive control strategy using hybrid system models 
combing mixed continuous and, to capture the switching behavior between 
dissipative and non-dissipative forces, binary states can provide reductions 
in structural response on the order of 50% relative to the conventional 
clipped-optimal strategy. This paper explores the robustness of this 
newly proposed control strategy through evaluating controllable damper 
performance when the structure model differs significantly from the nominal 
one used to design the damping strategy. Application to a two-degree-of-
freedom structure model confirms the robustness of the proposed strategy. 
Further, evidence of alternate linear strategies with significant performance 
improvements are discussed.

9803-86, Session 10B

Feature extraction of far-field ground 
motions using wavelet packet transform: 
early warning indices for long-period 
sensitivity facilities
Shieh-Kung Huang, National Ctr. for Research on 
Earthquake Engineering (Taiwan) and National Taiwan 
Univ. (Taiwan); Chin-Hsiung Loh, Chin-Tsun Chen, National 
Taiwan Univ. (Taiwan)

Seismic records collected from earthquake with large magnitude and far 
distant may contain long period seismic waves which have small amplitude 
but with dominant period up to 10 sec. For a general situation, the long 
period seismic waves will not endanger the safety of the structural system 
or cause any uncomfortable for human activity. On the contrary, for those 
far distant earthquakes, this kind of seismic waves may cause a glitch or, 
furthermore, breakdown to some important facilities (such as the precision 
facilities in high tech Fab) and eventually damage the interests of company 
if the amplitude becomes significant. The previous study showed that the 
features such as time-variant dominant frequencies extracted using moving 
window singular spectrum analysis (MWSSA) and amplitude characteristics 
of long-period waves identified from slope change of ground motion Arias 
Intensity can efficiently indicate the damage severity to the precision 
facilities. In this study, a 1/2 scale specimen is designed and constructed to 
simulate the dynamic characteristics of general wafer scanner in high tech 
Fab. Several seismic ground motion data are collected from broadband 
seismometer network located in Taiwan (with epicenter distance over 1000 
km) and regenerated via shaking table. By exciting scaled specimen with 
the long period seismic waves, the response of general wafer scanner is first 
reproduced to verify and validate the features introduced in the previous 
study; then, the magnetorheological damper (MR damper) is mounted 
to protect from critical response which probably leads a mechanical 
breakdown. Comparison and discussion on the recorded response of scaled 
specimen with and without MR damper are also presented in this study.

9803-87, Session 10B

Structural control using Bayesian dynamic 
network
Jinkyoo Park, Stanford Univ. (United States); Yang Wang, 
Georgia Institute of Technology (United States); Kincho H. 
Law, Stanford Univ. (United States)

This paper describes the use of a Dynamic Bayesian Network (DBN) to 
derive an optimum control strategy for a structure. Excessive vibration 
of a structure induced by external excitations, i.e., wind or earthquake, 
can possibly cause damage to structural components or even a 
catastrophic failure of the entire structure. Among various approaches for 
attenuating vibration, this paper focuses on an active control approach 
that compensates the external force by applying counteracting forces 
through active actuators. For this approach, it is paramount to develop an 
efficient method of determining the optimum control forces that will be 
employed by the actuators depending on the current state of the structure. 
Conventionally, the structural control problem is formulated in a Linear 
Quadratic Gaussian (LQG) problem, and the solution is provided in term of 
feedback control policy, i.e., Linear Quadratic Regulator (LQG). Although 
its rigorousness and efficiency, LQR control strategy is difficult to apply to 
controlling a large scale structure with a large number of actuators due to 
difficulty in collecting state information without latency.

In this study, we formulate the structural control problem using DBN. In 
DBN, the state of the target structure, control inputs, external excitation and 
measured responses are treated as random variables, whose relationships 
are described conditional probability distributions. Particularly, Linear 
Gaussian Bayesian network composing of state transition and observation 
models is employed. The dynamic behavior of a structure is described by 
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the joint distribution among all the random variables, from which marginal 
or conditional distribution on certain variables can be computed using 
either analytical or particle filtering inference methods. We use the inference 
procedure to determine the optimum control forces given the current 
observations on the structure, aiming to regulate the vibration level over the 
future. This approach enables the probabilistic formulation of decentralized 
control, in which the control force for an actuator is determined using only 
the observable local state information while treating unobserved state as 
random variables. Using numerical simulations for a five-stories building, 
we show how the inference mechanism in DBN can determine the optimum 
control forces that can effectively suppress the vibration on the target 
structure. 

9803-88, Session 10B

Optimization of sensors position for fault 
tolerant independent modal space control 
of vibrating structures
Ilmas Bayati, Gabriele Cazzulani, Simone Cinquemani, 
Politecnico di Milano (Italy)

The modal space control technique can be profitably used to suppress 
vibration in flexible structures by increasing the damping of the modes 
involved, without changing the corresponding natural frequencies and 
modal shapes. Reducing vibration means reducing the associated noise 
and enhancing the performance of the system and its fatigue durability. 
The main limitations of this approach are related to spillover effects due to 
the dynamics of unmodeled modes. Authors’ previous work investigates 
analytically how spillover effects are closely related to the number and the 
position of the sensors and actuators involved, in addition to the reduced 
model adopted to synthesize the control itself. In that work [1], genetic 
algorithm was implemented for optimizing the number and the position 
of sensors and actuators, leading to a minimization of the control spillover 
effects, through proper objective functions. However, this approach is 
not robust in case of fault of sensors or actuators, which can lead the 
controlled system far from an optimal condition or even potentially causing 
instabilities. In this scenario, the present work aims at enhancing the 
optimization algorithm to deal also with the minimization of the negative 
influence brought about sensors or actuators’ fault in the overall control. 
Numerical simulations support theoretical aspect concerning the choice of 
the objective functions in the optimization algorithm.

9803-89, Session 11A

Impacts of non-uniform structural 
vibration on through-substrate ultrasonic 
event reporting in structural health 
monitoring
Saptarshi Das, Bo Dong, Subir Biswas, Michigan State Univ. 
(United States)

This paper develops an energy-aware ultrasonic sensor network architecture 
using a Pulse Switching approach for light-weight, through-substrate 
operation in Structural Health Monitoring applications. Pulse Switching 
protocols employ single pulses instead of multi-bit packets for information 
delivery. Such an approach allows energy-light event monitoring when 
the sensing requirements are binary; i.e. where the transmitted event 
information is only a single bit (YES / NO) based on evaluation of structural 
characteristics. The proposed architecture is unique in that the ultrasonic 
pulses are sent through the substrate of the structure itself, thus avoiding 
the need for separate transmission media such as Radio Frequency. Such 
a through-substrate approach makes the architecture highly scalable 
for large structures. The paper presents a simulation based architectural 
study of the Energy Aware Through-Substrate Pulse Switching protocol 
performance for structural monitoring when operated using energy 
harvested from intermittent vibrations in the structure itself. The paper 

incorporates a novel energy harvesting model for simulating memory-less 
vibration patterns using exponentially distributed random processes at 
different networked nodes placed inside a rectangular plate structure and 
the corresponding harvested energy profiles. The vibration profiles are a 
function of the position of the node on the plate and hence variable. This 
leads to interesting dynamics in the energy aware protocol operation which 
have been explored in the current paper setting. Moreover, the paper also 
discusses improvements in the Energy Aware Pulse Switching scheme viz. 
selection of dynamic routing schemes based on neighbor node energy, 
which help to preserve energy neutral operation in the network for the 
longest possible period without sacrificing on delivery delay performance or 
reliable event delivery. Through simulations, it is shown that the proposed 
Energy Aware Pulse Switching protocol mechanisms can offer a robust 
through-substrate network that can be reliably used for structural health 
monitoring using vibration harvested energy.

9803-90, Session 11A

Regularized discriminant analysis for 
multi-sensor decision fusion and damage 
detection with Lamb waves
Spandan Mishra, O. Arda Vanli, Fred W. Huffer, Sungmoon 
Jung, Florida State Univ. (United States)

Most state-of–the-art Lamb-wave structural health monitoring algorithms 
apply a feature extraction step before feeding the data into a damage 
detection algorithm. This intermediate feature extraction step usually leads 
to significant loss in the information present in the signal. This step cannot 
be avoided because it is computationally expensive to apply damage 
detection algorithms directly to the raw sensing data and it is not feasible 
to collect large enough training sample required to estimate the covariance 
matrix of the data.

In this study we propose a regularized linear discriminant analysis approach 
for damage detection which does not require an intermediate feature 
extraction step and therefore more efficient in handling data with high-
dimensionality. A robust discriminant model is obtained by shrinking of 
the covariance matrix to a diagonal matrix and thresholding redundant 
predictors without hurting the predictive power of the model. The shrinking 
and threshold parameters of the discriminant function (decision boundary) 
are estimated to minimize the classification error. Furthermore, it is shown 
how the damage classification achieved by the proposed method can 
be extended to multiple sensors by following a Bayesian decision-fusion 
formulation. The detection probability of each sensor is used as a prior 
condition to estimate the posterior detection probability of the entire 
network and the posterior detection probability is used as a quantitative 
basis to make the final decision about the damage. 

We demonstrated the applicability of the approach on both simulated 
data and real sensor data. The simulation study showed that a regularized 
discriminant analysis approach can reduce classification error compared 
to the dimension reduction based two-stage approaches. From the real 
experiment data we found that false alarm of the network decreases with 
the increase in number of sensors and using the posterior probabilities 
instead of simply fusing the decisions of individual sensors enhances the 
classification accuracy. For future work we will focus on expanding this 
algorithm to distinguish between different types of damages. 

9803-91, Session 11A

Damage identification for H beams using 
PZT with optimized sensing arrangement
Fan Wu, Yang Song, Shanghai Jiao Tong Univ. (China)

H beam is widely used in civil engineering for its lightweight, stability 
and flexibility. The condition of H beams directly affects the safety of the 
structures. 

This study proposed an active sensing system using PZT and guided wave 
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technique to realize the real-time monitoring of the H beams. In the test, 
PZT transducers were attached on the surface of flange of the H beam to 
submit five-cycle Hanning-windowed tone burst wave signals as actuators 
or to receive guided stress wave signals as sensors. Optimized frequency 
was selected based on the distance of stress wave propagation. Different 
PZT actuator and sensor arrangement corresponding to the damage on 
the H beam was explored. Results show that both the reflection method 
and time reversal method (TRM) with the optimization arrangement could 
identify and allocate damage effectively. Further, TRM using baseline 
could provide more clear damage information. And the damage location 
could be easily identified by the peak-to-peak time of the wave. Damage 
identification criteria are put forward based on above analysis.

The proposed method could be used for SHM of H beams by providing 
damage information with reliability and efficiency. And the active sensing 
system could be used for early warnings of the monitoring structure. 

9803-92, Session 11A

Damage sensitivity investigations of EMI 
technique on different materials through 
coupled field analysis
Bhrigu Joshi, The Northcap Univ. (India); Sailesh Adhikari, 
Indian Institute of Technology Delhi (India); Shashank 
Srivastava, Indira Gandhi National Open Univ. (India); 
Suresh Bhalla, Indian Institute of Technology Delhi (India)

This paper presents a comparative study through the piezoelectric coupled 
field analysis mode of finite element method on detection of damages 
of varying magnitude encompassing three different types of structural 
materials, using piezo impedance sensors. An aluminum block, a concrete 
block and a steel block of dimensions 48?48?10 mm were modelled in finite 
element software ANSYS. A PZT patch of 10?10?0.3 mm was also included 
in the model as surface bonding on the block. Coupled field analysis was 
performed to obtain the admittance signatures of the piezo sensor in the 
frequency range of 0-250 kHz.. The root mean square deviation (RMSD) 
index was employed to quantify the degree of variation of the signatures. It 
was found that concrete exhibited deviation in the signatures only with the 
change of damping values only but the other two material showed variation 
in the signatures with density and elasticity values in small portion of the 
specimen. The comparative study shows that the PZT patches are the more 
sensitive to damage detection in materials with low damping coefficients 
and the sensitivity typically decreases with increase in the damping 
coefficient. 

9803-93, Session 11A

Disbond identification in a honeycomb 
composite sandwich structure using 
ultrasonic guided wave and embedded 
piezoelectric sensors
Shirsendu Sikdar, Sauvik Banerjee, Indian Institute of 
Technology Bombay (India)

The honeycomb composite sandwich structure (HCSS) is a novel material 
which has been adopted globally as a lightweight construction material 
for major structural components in aerospace, marine and automotive 
industries. Disbond between the composite skins and honeycomb core 
may occur due to the aging, repeated loadings and foreign object impacts 
and compromises the structural safety and integrity. The disbond effects 
in a HCSS are studied by three-dimensional (3D) finite element simulations 
of HCSS for with and without disbond. Significant amplification of a GW 
mode in the received signal is noticed due to the presence of disbond. The 
numerical results are successfully validated by laboratory experiments, 
using guided wave and embedded piezoelectric transducer network. Based 
on the change in amplitude, the disbond location and size is identified 

by using a probability based disbond detection algorithm to the received 
signal. A probability based damage detection algorithm, based on the 
change in amplitude phenomenon of the received signal is applied for the 
identification of the disbond location in HCSS. Finally, a damage index 
(DI) map is plotted using an image fusion technic, which exhibits that, the 
proposed method can provide quantitative information about the exact 
location and size of disbond in the HCSS.

9803-94, Session 11A

Nonlinear ultrasonic fatigue crack 
detection using a single piezoelectric 
transducer under temperature variation
Yun-kyu An, Dong Jun Lee, Sejong Univ. (Korea, Republic 
of)

This paper proposes a new nonlinear ultrasonic technique for fatigue crack 
detection using a single piezoelectric transducer (PZT). The proposed 
technique identifies a fatigue crack using linear (?) and nonlinear (?) 
parameters obtained from only a single PZT mounted on a target structure. 
? is sensitive to temperature variation, but insensitive to the existence of the 
fatigue crack. On the other hand, ? is highly affected by both temperature 
variation and fatigue crack. Based on the different physical characteristics 
of ? and ?, a fatigue crack-induced feature is able to be effectively 
differentiated from the inherent nonlinearity of a target structure and 
data acquisition system even under temperature variation. The proposed 
technique requires much simpler test setup and less processing costs than 
the existing nonlinear ultrasonic techniques. To validate the proposed 
technique, a real fatigue crack is created and tested in an aluminum 
plate under varying temperature conditions. The experimental results 
demonstrate that the fatigue crack is successfully detected without false 
alarms.

9803-95, Session 11A

The application of symbolic dynamics 
time series analysis for assessing barely 
visible indentation damage in composite 
sandwich structures using ultrasonic 
guided waves
Samir Mustapha, Mohammad Ali Fakih, American Univ. of 
Beirut (Lebanon); Mehrisadat Makki Alamdari, National 
ICT Australia (Australia); Lin Ye, The Univ. of Sydney 
(Australia)

This study aims to detect and localize barely visible indentation damage 
(BVID) in composite sandwich structure using ultrasonic guided waves. 
A quasi-static loading was gradually applied on the specimen and the 
resulting dent size varied between 0.5 mm to 2.7 mm.

A damage index (DI) was established based on the symbolic time 
series analysis (STSA), it was defined as the ratio between the norms of 
symbol vectors before and after damage has occurred. The STSA method 
transforms the time series data to symbol sequences (symbol space) using a 
set number of partitions. The number of partitions selected was determined 
based on the maximum Shannon’s entropy approach. Furthermore, an 
imaging algorithm was developed and used in conjunction with the DI to 
perform the fusion of the data collected from the sensor network. 

The effects of the excitation frequency and the number of partitions on 
the resolution of the prediction was investigated. The adopted approach 
showed a high sensitivity to a very small change of 0.5 mm on the surface 
panel after a quasi-static loading of 3 mm indentation. Furthermore, the 
ability of the method to detect progressive damage was demonstrated. 

The predicted of the location of the smallest impact was precisely predicted 
when compared to the actual location with a resulting error of less than 10%. 
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The results obtained demonstrates that STSA has a great potential to be 
used in detecting small defects such as BVID.

9803-96, Session 11A

Online damage detection in metallic 
isotropic cylindrical shells using guided 
wave modes by pitch catch and time 
reversal methods
Jayesh Prabhakaran, Christudas R. Bijudas, Indian Institute 
of Space Science and Technology (India)

Online damage detection and structural health monitoring (SHM) of 
Aerospace structures is having great scientific and economical importance; 
since operational costs can be considerably reduced by introducing 
condition based structural maintenance in these structures instead of 
routine preventive maintenance. Active structural health monitoring using 
guided wave modes are gaining importance after the introduction of light 
weight and less costly piezoelectric wafer transducers (PWT). Multiple 
research papers are generated worldwide on the use of guided wave modes 
for active defect detection in plate like structures. Since so many aerospace 
and civil structures are cylindrical in shape (propellant tanks, protective 
shrouds, Heat shields, oil pipe lines etc.), studies on the use of guided 
wave modes for SHM of cylindrical shells is gaining importance. Studies on 
the use of guided wave modes for SHM of cylindrical shells and pipes are 
done by a few authors by pulse echo method. In this article, the methods 
to generate different guided wave modes in metallic isotropic cylindrical 
shells, dispersion characteristics of wave modes in cylindrical shells, their 
interaction with different types of defects, dispersion characteristics 
in presence of defects etc. are studied. Moreover the structural health 
monitoring of cylindrical shells using the time reversibility concept adopted 
from guided Lamb wave is also studied. Numerical modeling of propagation 
of guided wave modes in plates and cylindrical shells are done using 3D 
finite element methods and comparisons are made. Experimental evaluation 
on propagation of guided waves in cylindrical shells is carried out. 
Dispersion characteristics of guided wave modes in cylindrical shells and the 
signature of guided wave modes for different type of defects are studied 
by numerical modeling and experiments. Dispersion characteristics plot of 
guided wave modes in cylindrical shell type structure is generated using 
spectral finite element method (SFEM). A scheme was worked out which 
can predict the in-use damage detection and its propagation, which can 
be used for condition based structural maintenance of civil and aerospace 
structures. A comparison between the numerical modeling and experimental 
studies are done and damage indices based on time reversed reconstruction 
are given for different damage types and configurations. 

9803-97, Session 11B

High-pressure sensor using piezoelectric 
bending resonators
Xiaoqi Bao, Stewart Sherrit, Nobuyuki Takano, Jet 
Propulsion Lab. (United States)

A novel design of pressure sensor based on piezoelectric bending resonator 
is described in this paper. The resonator is isolated from and mechanically 
coupled to the surrounding fluid using a sealed enclosure. The pressure 
applied to the enclosure induces a compressive stress to the resonator and 
reduces its resonance frequency. In principle the mechanism allows for 
achieving large resonance frequency shifts close to 100% of the resonance 
frequency. A high-pressure sensor based on the mechanism was designed 
for down-hole pressure monitoring in oil wells. The sensor is potentially 
remotely-readable through sending an electromagnetic signal down the 
waveguide formed by the pipes in the oil well. The details of the pressure 
transducer design and verification by FE analysis and initial test results of a 
preliminary prototype will be presented. 

9803-99, Session 11B

Model calibration for a soft elastomeric 
capacitor sensor considering slippage 
under fatigue cracks
Xiangxiong Kong, Jian Li, Caroline R. Bennett, The Univ. of 
Kansas (United States); Simon Laflamme, Iowa State Univ. 
of Science and Technology (United States)

A newly-developed soft elastomeric capacitor (SEC) strain sensor has 
shown great promise in fatigue crack monitoring. The SEC has high levels 
of ductility and hence does not break under excessive strain when the 
substrate cracks, due to slippage and de-bonding between the sensor and 
epoxy. The actual strain experienced by the SEC depends on the amount 
of slippage, which is difficult to simulate numerically, making it challenging 
to accurately predict the capacitance of the SEC near the crack. In this 
paper, a two-step approach is proposed to simulate the capacitance 
response of the SEC. First, an FE model of the specimen is analyzed 
under cyclic loading while the cracking process is simulated based on an 
element removal technique. Second, a rectangular boundary is defined 
near the crack region having the same length as the crack but variable 
width subject to calibration. The SEC outside the boundary is assumed to 
have perfect bond with the specimen, while that inside the boundary is 
assumed to deform freely due to slippage. A second FE model is therefore 
established to simulate the response of the SEC within the boundary 
subject to displacements at the boundary from the first FE model. The 
total capacitance is obtained by combining the capacitance inside and 
outside the boundary. The width of the boundary is then calibrated based 
on experimental data from a test of a compact tension specimen. The 
calibrated model allows more accurate numerical simulation of the SEC 
sensor when applied to large scale structures.

9803-100, Session 11B

A novel class of MEMS accelerometers for 
very high-G munitions environment
Jahangir Rastegar, Dake Feng, Omnitek Partners, LLC 
(United States)

The state of the art in shock resistant MEMS accelerometer design is to 
reduce the size of the proof mass, thereby reducing the generated forces 
and moments due to shock loading. Physical stops are also provided to limit 
proof mass motion to prevent damage to its various moving components. 
The reduction of the proof mass size reduces the sensor sensitivity. In 
addition, to increase the sensor dynamic response, proof mass motion 
needs to be minimally damped, resulting in a significant sensor settling time 
after experiencing a high acceleration level such as those experienced by 
gun-fired munitions during firing. The settling time is particularly important 
for accelerometers that are used in gun-fired munitions and mortars for 
navigation and guidance. 

This paper describes the development of a novel class of accelerometers 
that are provided with the means of locking the sensor proof mass in its 
“null” position when subjected to acceleration levels above those that 
are intended to sense during its normal operation, thereby protecting the 
moving parts of the accelerometer during very high shock loading events. In 
munitions applications, the proof mass is thereby locked in its null position 
during the firing and released during the flight to begin to measure flight 
acceleration with minimal settling time. The paper describes details of the 
design and operation of an accelerometer developed for high precision 
measuring of accelerations of up to 20 Gs but that can survive accelerations 
of up to 100,000 Gs. Prototyping of the accelerometers and results of their 
testing are presented. The application of the developed technology to other 
types of inertial sensors and devices is discussed.
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9803-101, Session 11B

Triaxial tunable mechanical monolithic 
sensors for large band low frequency 
monitoring and characterization of sites 
and structures
Fabrizio Barone, Gerardo Giordano, Fausto Acernese, 
Rocco Romano, Univ. degli Studi di Salerno (Italy)

This paper describes the application of the UNISA monolithic Folded 
Pendulum, optimized for low frequency characterization of sites (including 
underground sites) and structures as inertial sensor (seismometer). 
Typical applications of this class of monolithic sensors are in the field of 
earthquake engineering, geophysics, civil engineering, and, in general, 
in all applications requiring large band-low frequency performances 
coupled with high sensitivities. The main characteristics of UNISA sensors 
are symmetry, high output sensitivity, compactness, lightness, scalability, 
tunability, large measurement band, high sensitivity, low thermal noise and 
very good immunity to environmental noises. In the paper it is shown that 
the measured sensitivity is in very good agreement with the theoretical 
one, while long term measurements in selected underground sites show the 
quality of the sensor.

9803-102, Session 11B

A piezoelectric shear stress sensor for 
wind tunnel flow measurement
Taeyang Kim, Aditya Saini, Jinwook Kim, Ashok 
Gopalarathnam, Yong Zhu, North Carolina State Univ. 
(United States); Frank L. Palmieri, Christopher J. Wohl, 
NASA Langley Research Ctr. (United States); Xiaoning 
Jiang, North Carolina State Univ. (United States)

The measurement of wall shear stress due to flow over solid surfaces is 
important for design considerations in the field of fluid mechanics and 
aerodynamics. In this paper, a piezoelectric sensor with a floating element 
was developed for shear stress measurement. Considering the limitations 
of the indirect methods, which strongly depend on empirical laws, direct 
methods represent a more accurate approach to measure the shear stress 
in complex flows. The piezoelectric sensor was designed to detect the 
pure shear stress suppressing effects of normal stress generated from 
the vortex lift-up by applying opposite poling vectors to the piezoelectric 
elements. To prevent errors due to misalignment of the floating element 
with the airfoil, several considerations in design were tested; a protective 
housing structure was adopted, gap size between the floating element and 
housing was precisely controlled, and the lip size of the floating element 
was intentionally minimized. The sensor was first calibrated in the lab by 
applying shear forces and it showed high sensitivity to shear stress (85-90 
pC/Pa) due to the high piezoelectric coefficients of PMN-33%PT (d31 = -1330 
pC/N). The sensor also showed almost no sensitivity to normal stress (less 
than 1 pC/Pa) because of the electromechanical symmetry of the device. 
The usable frequency range of the sensor is 0-800 Hz. For future work, this 
sensor can be flush mounted on an airfoil model for subsonic wind tunnel 
flow measurements.

9803-103, Session 11B

Autonomous stress imaging cores: from 
concept to reality
Stephen P. van der Velden, Nik Rajic, Chris Brooks, Steve C. 
Galea, Defence Science and Technology Group (Australia)

The advent of miniature microbolometer cores provides an opportunity to 
explore a new structural health monitoring modality based on thermoelastic 

stress analysis, a powerful full-field stress measurement technique that for 
nearly three decades has relied on cooled photon detector technology, a 
dependence that has severely limited its use beyond the laboratory. Recent 
work has shown that low-cost microbolometers are a viable alternative and 
can achieve stress sensitivities that are comparable to and occasionally 
better than cooled detectors. This has allowed for a considerable expansion 
in the role of thermoelastic stress analysis in industry, including significantly 
to airframe full-scale fatigue testing. Its recent successful demonstration 
in a complex full-scale airframe test environment gives cause for optimism 
that a more ambitious application as a structural health monitoring modality 
for operational structures may be possible. Although the hurdles are 
significant, preliminary work on the fundamental system level challenges 
has progressed to a point that has enabled the feasibility of the concept to 
be conclusively established. This paper presents an overview of the design, 
development and validation of an autonomous miniature microbolometer 
based thermoelastic stress imaging core that is the first of its kind. The 
device is shown to be able to furnish high resolution stress imagery 
to sensitivity levels approaching 1 MPa, from a system package that is 
approximately the size of a ‘D’ cell battery and 1/3 the weight.

9803-104, Session 11B

MEMS sensor based magnetic field sensor 
using ferrofluid
Bharathkumar Hegde, Dinesh N. S., Indian Institute of 
Science (India)

In this paper, we present a magnetic field sensor system using ferrofluid. A 
MEMS pressure sensor is used to sense the magnetic pressure experienced 
by ferrofluid under the influence of external DC magnetic field. The pressure 
measured is then related to the applied magnetic field through calibration. A 
compact design is implemented and experiments are conducted. Theoretical 
values are calculated based on the relation between magnetic force of 
ferrofluid and applied magnetic field. The sensor system is characterized for 
different magnetic flux values at different axial distances. The experimental 
results compare well with the theoretical values.

9803-105, Session 12A

Experimental studies on fatigue behavior 
of Macro Fiber Composite (MFC) under 
mechanical loading
Akash Pandey, Arockiarajan Arunachalakasi, Indian 
Institute of Technology Madras (India)

Macro fiber Composite (MFC) finds its application in active control, vibration 
control and sensing elements. MFC can be laminated to surfaces or 
embedded in the structures to be used as an actuator and sensors. Due to 
its attractive properties and applications, it may be subjected to continuous 
loading, which leads to the deterioration of the properties. This study is 
focused on the fatigue lifetime of MFC under tensile and compressive 
loading at room temperature. Experiments were performed using 4 point 
bending setup, with MFC pasted at the center of the mild steel beam, to 
maintain constant bending stress along MFC. MFC is pasted using vacuum 
bagging technique. Sinusoidal loading is given to sample while maintaining 
R=0.13 (for tensile testing) and R=10(for compressive testing). For d31 and 
d33 type of MFC, test was conducted for the strain values of 727 ?strain, 
1400 ?strain, 1700 ?strain and 1900 ?strain for fatigue under tensile loading. 
For fatigue under compressive loading, both d33 and d31, was subjected 
to minimum strain of -2000 ?strain. Decrease in the slope of dielectric 
displacement (D) vs. strain is the measure for the degradation. 10 percent 
decrease in the slope is set as the failure criteria. Life cycle of both d33 and 
d31 is almost same at all loading conditions. Experimental results show that 
MFC is very reliable below 1700 ?strain (R=0.13) at the room temperature.
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9803-106, Session 12A

Nondestructive testing and hardness 
measurement based on contact resonance 
of piezoelectric cantilevers
Faxin Li, Ji Fu, Peking Univ. (China)

A suitable defect identification parameter is very important in the field of 
nondestructive testing (NDT). In this work, we proposed a NDT method 
which detects the sample’s local contact stiffness (LCS) based on the 
contact resonance of a piezoelectric cantilever. Firstly, through finite 
element analysis we showed that LCS is quite sensitive to typical defects 
including debonding, voids, cracks and inclusions, making it a good 
identification parameter. Secondly, a homemade NDT system containing a 
piezoelectric unimorph cantilever was assembled to detect the sample’s LCS 
by tracking the contact resonance frequency (CRF) of the cantilever-sample 
system based on strain signals. Testing results indicated that this NDT 
system could detect the above mentioned defects efficiently. The cantilever-
stiffness dependent detection sensitivity was specially investigated and the 
stiffer cantilevers were found to be more sensitive to small defects. Then, a 
piezoelectric bimorph cantilever was fabricated and the electromechanical 
impedance, other than the strain signals, was measured to track the CRF 
of the cantilever-system. The LCS is then derived by using the equivalent-
circuit model. The electromechanical impedance based NDT system is more 
compact and can be further developed to be a portable device. Finally, a 
Vicker indenter is fabricated onto the bimorph tip and the contact area 
is derived from the measured LCS. Thus the NDT system turns to be a 
hardness tester without any optical devices. It is very useful for in-situ 
testing or testing on inner surfaces where conventional hardness tester is 
not applicable.

9803-107, Session 12B

Practical application of RINO, a 
smartphone-based dynamic displacement 
sensing application, for wind tunnel tests
Seung-Woo Lee, TESolution Co. Ltd. (Korea, Republic of); 
Kyle P. Knez, Jae-Hong Min, Nikolas J. Gelo, Jong-Hyun 
Jeong, Hongki Jo, The Univ. of Arizona (United States)

Measurement of static and dynamic displacement is particular important 
both for field tests and for laboratory tests. However, current Structural 
Health Monitoring (SHM) technologies rarely support displacement 
monitoring, primarily due to the difficulty in measuring absolute 
displacement. On the other hand, Laser displacement sensors or optical 
position sensors are usually used in laboratory tests such as wind tunnel 
tests. These commercial displacement sensors show good performance 
in accuracy and speed, but have some difficulties in its use, such as high 
costs and restricted usage to cope with various measuring situations. 
Computer vision-based methods have received broad interests in measuring 
static and dynamic displacements of structures due to various merits 
of the methods. These vision-based measuring systems are available at 
relatively low cost, combining a video camera, an optical zoom lens, lighting 
lamps and a precision target attached to the location of interest on the 
structure. In the previous study, RINO (Real-time Image-processing for 
Non-contact mOnitoring), a non-contact dynamic displacement monitoring 
iOS application, was developed both for field tests and for laboratory 
tests. The newly developed smartphone application allows measuring 
absolute dynamic displacements in real time using state-of-art smartphone 
technologies, such as high-performance graphics processing unit (GPU), in 
addition to already powerful CPU and memories, embedded high-speed/
resolution camera, and open-source computer vision libraries. In this study, 
the practical applicability of RINO in wind tunnel tests is validated, showing 
comparable results with those of conventional displacement sensors. In 
addition, the applicability of RINO in various test conditions is reviewed.

9803-108, Session 12B

Hyperspectral range imaging for 
transportation systems evaluation
Raj Bridgelall, James B. Rafert, North Dakota State 
Univ. (United States); Donald K. Atwood, Michigan Tech 
Research Institute (United States); Denver Tolliver, North 
Dakota State Univ. (United States)

Transportation agencies allocate significant resources towards the 
inspections of critical infrastructure such as roadways and railways to 
identify and forecast maintenance needs. Nevertheless, cost and practical 
limitations prevent the scaling of current inspection methods that are 
mainly ground-based. Therefore, agencies inspect relatively small portions 
of the network and consequently cannot discover many high-risk defect 
formations. Remote sensing techniques offer the potential for more 
rapid and extensive non-destructive evaluation of the transportation 
infrastructure. However, optical occlusions and limitations in the spatial 
resolution of typical airborne and spaceborne platforms constrain 
their applicability. An ability to remove these constraints would enable 
the application of passive range imaging and digital photogrammetry 
techniques to estimate the dimensions of three-dimensional structures 
and anomalies directly from sequences of two-dimensional images. This 
research proposes the design of a multiresolution plenoptic swarm sensing 
method to capture images with centimeter-scale spatial resolution, large 
swaths, and polarization diversity. The light field solution incorporates a 
flight-synchronized fleet of unmanned aircraft systems equipped with full-
frame hyperspectral cameras. This augmentation will enable the fusion of 
structure-from-motion and hyperspectral image classification to improve 
the speed and accuracy of estimating infrastructure fault dimensions and 
risk levels. This study produced a taxonomy of the specific roadway and 
railway defects, distress symptoms, and other anomalies that the plenoptic 
swarm sensor can identify and characterize. An assessment of results from 
adjacent fields that have combined hyperspectral imaging and ranging 
techniques from static platforms at close distances provides validation 
for the anticipated precision achievable with the dynamic sensor fusion 
approach. 

9803-109, Session 13A

Energy harvesting from hydraulic lines 
using piezoelectric cylinders
Aditya Nanda, M. Amin Karami, Univ. at Buffalo (United 
States)

This paper investigates energy harvesting from the flow of a fluid using a 
cylinder composed of Piezoelectric material. The use of cylindrical pipes to 
transport fluids is a very commonly encountered scenario in engineering 
practice. In most cases, hydraulic flow in a pipeline is dynamic with pressure 
and velocity of the fluid fluctuating with time. This variation in pressure can 
be utilized to harvest energy using Piezoelectric materials. Electric energy 
thereby harvested can be used to power sensors and small actuators. The 
sensors may have applications in measuring the parameters of the flow 
(measuring fluid pressure, for instance) or obtaining information about the 
“health” (Cylic stress fatigue) of the cylinder. 

In this paper, we consider a cylinder composed of PZT and the governing 
equations of motion are obtained using Hamilton’s Principle. The equations 
relate the displacements along radial, circumferential and longitudinal 
coordinate axes of the cylinder to the voltage across the surface of the PZT. 
Modal analysis is used to obtain the transduction transfer function relating 
the fluid pressure on the cylinder to the induced voltage. Applied pressure 
and the induced electric field are assumed to be normal to the surface of 
the cylinder and shear forces resulting from friction are ignored . Further, 
pressure profiles commonly encountered in engineering are then used to 
predict and quantify the electric energy that can be harvested. We conclude 
by reviewing possible applications for the research. 
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9803-110, Session 13A

Corrosion monitoring using high-frequency 
guided waves
Paul Fromme, Univ. College London (United Kingdom)

Corrosion can develop due to adverse environmental conditions during the 
life cycle of a range of industrial structures, e.g., offshore oil platforms, ships, 
and desalination plants. Both pitting corrosion and generalized corrosion 
leading to wall thickness loss can cause the reduction of the strength and 
thus degradation of the structural integrity. The monitoring of corrosion 
damage in difficult to access areas can be achieved using high frequency 
guided waves propagating along the structure from accessible areas. Using 
standard ultrasonic transducers with single sided access to the structure, 
guided wave modes were selectively generated that penetrate through the 
complete thickness of the structure. The wave propagation and interference 
of the different guided wave modes depends on the thickness of the 
structure. Laboratory experiments were conducted and the wall thickness 
reduced by consecutive milling of the steel structure. Further measurements 
were conducted using accelerated corrosion in a salt water bath and the 
damage severity monitored. From the measured signal change due to the 
wave mode interference the wall thickness reduction was monitored. Good 
agreement with theoretical predictions was achieved. The high frequency 
guided waves have the potential for corrosion damage monitoring at critical 
and difficult to access locations from a stand-off distance.

9803-111, Session 13A

Visualization of hidden disbonding in 
spent nuclear fuel storage systems using 
air-coupled ultrasonics
Homin Song, John S. Popovics, Univ. of Illinois (United 
States)

The long-term structural health of spent nuclear fuel storage systems has 
gained significance owing to the safety issues associated with residual 
radioactivity of spent nuclear fuels and the current unavailability of a 
national final disposal system. To ensure the long-term performance of 
spent fuel storage systems and public safety, early detection of defects 
and deterioration in spent fuel storage systems is critical. Steel-clad 
concrete storage systems pose special challenge, as internal corrosion-
induced thinning of the steel liner is difficult to determine with existing 
nondestructive evaluation methods applied at the outer surface. This paper 
studies an air-coupled ultrasonic scanning approach for nondestructive 
evaluation of the interface between concrete and a steel liner from the outer 
(steel) surface. Air-coupled methods are desired so that rapid scanning 
deployment to large structure is possible. First, the noncontact ultrasonic 
scanning system is described, where an air-coupled ultrasonic sender 
generates guided plate (Lamb) waves in the steel cladding and an array 
of small air-coupled ultrasonic receivers measure the corresponding wave 
response. A signal processing technique is used to isolate and visualize 
the behavior of the fundamental symmetric Lamb wave (S0) mode, as 
this mode is sensitive to the bond condition with the underlying concrete 
substrate. The proposed method is verified by a series of experiments 
performed on a laboratory-scale specimen, where artificial disbonding 
defects between the steel and concrete are included. The experimental 
results demonstrate that hidden disbonding can be successfully visualized 
with fully air-coupled ultrasonic measurements.

9803-112, Session 13A

Experimental investigations on seismic 
damage detection of high concrete dams 
with embedded PZT sensor network
Xin Feng, Yu Zhang, Dalian Univ. of Technology (China); 

Shuang Hou, South China Univ. of Technology (China); 
Tong Zhu, Jing Zhou, Dalian Univ. of Technology (China)

Several large-scale hydro projects are under construction in the southwest 
of China. Most of them adopt the high concrete dams with over 200-m 
high. However, earthquakes are frequent and have high intensities in the 
area. Accordingly, seismic safety of high concrete dams has been a very 
important concern for the projects. The seismic damage detection is one 
of the critical issues for seismic safety assessment of high concrete dam 
in the strong earthquake event. In this paper, a PZT sensor network based 
approach was presented for detecting the seismic damage in the high 
concrete dams. According to the analysis of the seismic failure modes, 
the topology of embedded PZT sensor network was proposed for the 
purpose of the seismic damage detection. The PZT sensor network has 
two functions: (1) monitoring the dynamic stresses in the dam during the 
earthquake; and (2) performing the wave propagation analysis before and 
after the earthquake. The dynamic stress is used to detect the occurrence of 
the damage while the wave propagation analysis is adopted to determine 
the regions of the seismic damages in the dam. A damage index matrix 
is presented to evaluate the damage states in the dam. To investigate the 
feasibility of the proposed method, a reduced scale model test was carried 
out in the lab. The rupture experiments of the model dam were performed 
on the shaking table. The experimental investigations involved in performing 
the measurements of the embedded PZT sensor networks in the model 
dam. The results demonstrate that the embedded PZT sensor network is 
possible to detect the seismic damages in the model dam. However further 
research is necessary in order to examine the efficiency of the proposed 
approach at the large scale or prototype levels.

9803-113, Session 13B

Analysis and characterization of 
structurally embedded vascular antennas 
using liquid metals
Jeffrey W. Baur, Air Force Research Lab. (United States); 
Robyn L. Bradford, Geoffrey J. Frank, Univ. of Dayton 
Research Institute (United States); Darren J. Hartl, Air 
Force Research Lab. (United States); Gregory Huff, Hong 
Pan, Lisa Smith, Texas A&M Univ. (United States)

Over the past decade, a large body of research associated with the addition 
of microvascular networks to structural composites has been generated. 
The engineering goal is most often the extension of structural utility to 
include extended functionalities such as self-healing or improved thermal 
management and resilience. More recently, efforts to design reconfigurable 
embedded electronics via the incorporation of non-toxic liquid metals have 
been initiated. A wide range of planar antenna configurations are possible, 
and the trade-offs between structural effects, other system costs, and 
increased flexibility in transmitting and receiving frequencies are being 
explored. This work describes for the first time the design of a bowtie-
like tunable liquid metal-based antenna for integration into a structural 
composite for electromagnetic use. The design of both the solid/fluid feed 
structure and fluid transmission lines are described and analysis results 
regarding the structural consequences of the vascular network and the 
RF performance of the antenna are provided. Fabrication methods for the 
structurally embedded vascular antenna are explained and as-fabricated 
components are described. Challenges associated with both fabrication 
and system implementation and testing are elucidated. Results from 
preliminary RF testing indicate that response tuning is feasible in these 
novel multifunctional composites.

Conference 9803: Sensors and Smart Structures  
Technologies for Civil, Mechanical, and Aerospace Systems



  +1 360 676 3290 · help@spie.org 143Return to Contents

9803-114, Session 13B

Characterization of hydrophobic 
nanoporous particle liquids for energy 
absorption
Yi Hsu, Yingtao Y. Liu, The Univ. of Oklahoma (United 
States)

Recently, the development of hydrophobic nanoporous technologies 
has drawn increased attention, especially for the applications of energy 
absorption and impact protection. Although significant amount of 
research has been conducted to synthesis and characterize materials to 
protect structures from impact damage, the tradition methods focused 
on converting kinetic energy to other forms, such as heat and cell bulking. 
Due to their high energy absorption efficiency, hydrophobic nanoporous 
particle liquids are one of the most attractive impact mitigation materials. 
When impacted, such particles directly trap liquid molecules inside the non-
wetting surface of nanopores in the particles. The captured impact energy is 
simply stored temporarily and isolated from the original energy transmission 
path. 

In this paper we will investigate the energy absorption efficiency of multiple 
nanoporous particles and liquids. Inorganic particles, including carbon 
nanotubes, nanoporous silica, and nanoporous silicon will be characterized 
using X-ray powder diffraction measurement, Raman spectroscopy, and 
scanning electron microscopy. Nanoporous particle liquids will be prepared 
by dispersing the studied materials in deionized water. Energy absorption 
efficiency of these liquids will be experimentally characterized using an 
Instron mechanical testing frame and in-house develop stainless steel 
hydraulic cylinder system. Small molecule promoters, such as ethanol, will 
be introduced to the nanoporous particle liquids. Their effects on the energy 
absorption efficiency will also be studied in this paper. 

9803-115, Session 13B

Dynamic monitoring of compliant bodies 
impacting the water surface through local 
strain measurements
Filippo Ubertini, Univ. degli Studi di Perugia (Italy); Chiara 
Biscarini, UNESCO Chair Water Resources Management 
and Culture (Italy) and Univ. per Stranieri di Perugia (Italy); 
Elio Jannelli, Univ. degli Studi di Napoli Parthenope (Italy); 
Riccardo Panciroli, Univ. degli Studi Niccolò Cusano (Italy); 
Stefano Ubertini, Univ. degli Studi della Tuscia (Italy)

Fluid structure interaction in water entry problems has received 
considerable attention in the last decade, thanks to the wide range of 
applications in ocean engineering, naval architecture and aerospace.

In particular, the structure impacting on the water generally produces 
large impulsive loadings, thus inducing high vibrations and local structural 
deformation. Therefore, the understanding and the experimental 
characterization of the evolution of such loading is crucial for the design 
of marine vessels, aircraft fuselages in sea landing, solid rocket boosters 
and more. To this aim we developed an experimental methodology to 
reconstruct the deformed shape of compliant bodies entering the water 
free surface, starting from a finite number of local strain measurements. 
The sensing devices are fiber Bragg gratings, which allow a fairly high 
acquisition frequency.

The paper discusses the potential applications of the proposed 
methodology for: 1) impulsive load estimation; 2) real-time damage 
detection and structural health monitoring (SHM); 3) fatigue assessment.

More in details, we propose to distinguish between monitoring sensors, 
used to reconstruct the shape, and control sensors, used to measure the 
deviation between the predicted deformation and the actual one. Given 
that the estimation of the deformed shape of the vessel is based on the 
assumption that the structure is in the undamaged healthy state, such a 

deviation can be regarded as a possible damage indicator. Furthermore, the 
stress distribution on the structure is readily obtained from a limited number 
of sensing devices thus allowing a fatigue analysis through cycles counting 
in the whole vessel.

9803-116, Session 13B

Fundamental study on smart wave 
mitigation structure using array of rods
Hiroshi Asanuma, Shinya Okabe, Chiba Univ. (Japan)

This paper describes energy reduction of water current by flowing into 
arrays of rods as a new smart wave mitigation structure. This structure is 
based on tsunami mitigation coastal forest effective to reduce tsunami 
disaster. As natural forests have many problems such as low fraction of 
trees, low visibility of ocean waves, low strength, long time to grow, and 
so on. To cope with these problems, a new wave mitigation structure has 
been proposed, which are intended to have better capability of high wave 
or tsunami mitigation than actual ones by optimizing various parameters 
such as configuration, density and material. In this study, the effect of type 
of material was compared as a function of number of rows. Furthermore, 
structural vibrations were measured by using acceleration sensors. 
According to the results, reduction rate of the flow velocity increases with 
increasing number of rows for each material, and that of cylinders having 
lower Young’s modulus is generally higher than that of cylinders having 
higher Young’s modulus. This tendency is considered to be caused due to 
easiness of vibration.

9803-117, Session 14A

Structural integrated sensor and actuator 
systems for active flow control
Christian Behr, Martin Schwerter, Technische Univ. 
Braunschweig (Germany); Peter Wierach, Deutsches 
Zentrum für Luft- und Raumfahrt e.V. (Germany); Michael 
Sinapius, Technische Univ. Braunschweig (Germany)

An adaptive flow separation control system is designed and implemented 
as an essential part of a novel high-lift device for future aircraft. The system 
consists of MEMS pressure sensors to determine the flow conditions and 
adaptive lips to regulate the mass flow and the velocity of a wall near 
stream over the internally blown Coanda flap. By the oscillating lip the mass 
flow in the blowing slot changes dynamically, consequently the momentum 
exchange of the boundary layer over a high lift flap required mass flow can 
be reduced. These new compact and highly integrated systems provide 
a real-time monitoring and manipulation of the flow conditions. In this 
context the integration of pressure sensors into flow sensing airfoils of 
composite material is investigated. Mechanical and electrical properties 
of the integrated sensors are investigated under mechanical loads during 
tensile tests. The Sensors contain a reference pressure chamber isolated 
to the ambient by a deformable membrane with integrated piezoresistors 
connected as a Wheatstone bridge, which gives voltage signals depending 
on the ambient pressure. The composite material in which the sensors 
are embedded consists of 22 individual layers of unidirectional glass fiber 
reinforced plastic (GFRP) prepreg. The results of the experiments are used 
for adapting the design of the sensors and the layout of the laminate to 
ensure an optimized force flow in highly loaded structures primarily for 
future aeronautical applications. It can be shown that the pressure sensor 
withstands the embedding process into fiber composites with full functional 
capability and predictable behavior under stress.
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9803-118, Session 14A

Micro acoustic resonant chambers for 
heating/agitating/mixing
Stewart Sherrit, Nobuyuki Takano, Aaron C. Noell, Anita 
M. Fisher, Frank Grunthaner, Jet Propulsion Lab. (United 
States)

A variety of applications require the mixing and/or heating of a slurry 
made from a powder/fluid mixture. One of these applications, Sub Critical 
Water Extraction (SCWE), is a process where water and an environmental 
powder sample (sieved soil, drill cuttings, etc.) are heated in a sealed 
chamber to temperatures greater than 200 degrees Celsius by allowing 
the pressure to increase, but without reaching the critical point of water. 
At these temperatures, the ability of water to extract organics from solid 
particulate increases drastically. This paper describes the modeling and 
experimentation on the use of an acoustic resonant chamber [A.C. Noell et 
al. 2014, 2015] to excite a fluid- solid fines mixture in different frequency 
regimes to accomplish a variety of sample processing tasks. Driving the 
acoustic resonant chamber at lower frequencies can create circulation 
patterns in the fluid and mixes the liquid and fines, while driving the 
chamber at higher frequencies one can agitate the fluid and powder. There 
are two excitation regimes. The first is where the ultrasound helps to levitate 
the particulate sample in the slurry/colloid. The particle levitation force 
depends on the relative densities and compressibility’s of the particulate 
and fluid and on the kinetic and potential energy densities associated 
with the velocity and pressure fields [Glynne-Jones, Boltryk and Hill 2012]. 
The second regime is driven at high power in resonance where the solid/
fines region is part of an acoustic resonance chamber and has the highest 
loss. In this regime, heat is pumped into the solution/fines mix and rapidly 
heats the sample. We have modeled the piezoelectric transducer/chamber/ 
sample using Mason’s equivalent circuit. In order to assess the validity of the 
model we have built and tested a variety of chambers. This papers describes 
the experimental results in general agreement with the theory and the 
limitations of the modeling. 

A.C. Noell, M. C. Lee, A. M. Stockton, N. Takano, D. Elleman, J. Hasenoehrl, 
S. Sherrit, F. Grunthaner, (2014) “Astrobionibbler: Microfluidic Subcritical 
Water Extraction Of Organics From Planetary Samples “, 2nd International 
Conference on MicroFluidic Handling Systems October 8-10, University of 
Freiburg, Germany

A.C. Noell, A.M. Fisher, N. Takano, M. C. Lee, J. Hasenoehrl, S. Sherrit, 
F. Grunthaner, (2015) “Astrobionibbler: Microfluidic Subcritical Water 
Extraction Of Organics on Mars”, #7389, Astrobiology Science Conference 
June 15 – 19, Chicago, IL.

Glynne-Jones, Peter, Boltryk, Rosemary J. and Hill, Martyn, 2012, ” 
Acoustofluidics 9: Modeling and applications of planar resonant devices for 
acoustic particle manipulation”, Lab Chip, 2012, 12, 1417

9803-119, Session 14A

Nonlinear adaptive piezoelectric circuit for 
stiffness control
Tarcisio M. Silva, Carlos De Marqui Jr., Univ. de São Paulo 
(Brazil)

Piezoelectric materials have received great attention in the last years due 
to their sensing and actuation capabilities as well as ease of application in 
vibration control problems. Passives and actives techniques are constantly 
referred to in the literature for vibration control. However, passive 
techniques have a limited performance and the effective bandwidth of 
such systems is quite small. On the other hand, active techniques require 
significant computational capabilities, external power sources and complex 
control laws that can comprise some practical applications. To overcome 
the drawbacks of passive and active techniques, authors have focused 
on the nonlinear treatment on the output voltage of the piezoelectric 
material. The nonlinear treatment significantly enhances the performance 
of the piezoelectric device while keeping the device simple. A particular 

nonlinear technique is the SSSC (Synchronized Switch Stiffness Control) 
case. The principle of this technique is to modify (increasing or decreasing) 
the stiffness of the structure, thus ensuring that the structure is excited 
out of its resonance frequency and preventing large displacements to take 
place. The use of the SSSC technique has already been reported in the 
literature. However, few works show a circuitry that reproduces the SSSC 
technique. Therefore, the aim of this paper is to present a novel SSSC 
semi-active piezoelectric circuit and to establish its theoretical model. Two 
piezoceramic patches (one as sensor and one as the stiffness actuator) and 
two symmetrical voltage sources are required. Experimental and numerical 
results show the SSSC technique allows controlling the stiffness in a wide 
range of frequencies

9803-120, Session 14A

A small-scale study of magneto-
rheological track vibration isolation system
Rui Li, Chongqing Univ. (China); Wenjun Mu, Chongqing 
Univ. of Posts and Telecommunications (China); Luyang 
Zhang, Chongqing Univ. (China)

A magneto-rheological elastomeric bearing (MRB) is proposed to improve 
the vibration isolation performance of a floating slab track system. 
However, it’s difficult to carry out the test for the full-scale track vibration 
isolation system in the laboratory. In this paper, the research is based on 
scale analysis of the floating slab track system, from the point view of 
the dimensionless of the dynamic characteristics of physical quantity, 
to establish a small scale test bench system for the MRBs. A small scale 
MRB with squeeze mode using magneto-rheological grease is designed 
and its performance is tested by MTS. The major parameters of a small 
scale test bench are obtained according to the similarity theory .The force 
transmissibility ratio and the relative acceleration transmissibility ratio are 
selected as evaluation index of system similarity. Dynamics of these two 
similarity systems are calculated by MATLAB experiment. Simulation results 
show that the dynamics of the prototype and scale models have good 
similarity. Further, a test bench is built according to the small-scale model 
parameter analysis. The experiment shows that the bench testing results are 
consistency with that of theoretical model in evaluating the vibration force 
and acceleration. Therefore, the small-scale study of magneto-rheological 
track vibration isolation system based on similarity theory reveals the 
isolation performance of a real slab track prototype system.

9803-121, Session 14A

An SMA-based redundant actuation 
locking device for rotary feed structure 
using self-locking principle
Xiaoyu Qin, Xiaojun Yan, Xiaoyong Zhang, Dianyin Hu, 
BeiHang Univ. (China); Weibing Wang, Lianghai Li, Beijing 
Research Institute of Telemetry (China)

Rotary feed structure is an essential component of a space-borne 
microwave radiometer to ensure that the antenna subsystem on the 
radiometer can collect the incoming radiation periodically. The feed 
structure is incompletely constrained to make sure that it can rotate freely 
after being launched into space. To avoid damage caused by vibration 
and shock in the launch stage, the feed structure must be temporarily 
constrained using a so-called locking device. Motived by this issue, this 
paper aims to develop a locking device to lock the feed structure during 
the launch stage, and release it in the scheduled orbit. This locking device 
employs two redundant shape memory alloy wires as the actuating 
elements, and uses a self-locking structure to achieve the locking function. 
To ensure a large enough clearance between the locking arm of the locking 
device and the edge of the feed structure, a step structure are employed to 
amplify the clearance without raising the demand for the output stroke of 
the SMA wire. To validate the proposed SMA locking device, four prototypes 

Conference 9803: Sensors and Smart Structures  
Technologies for Civil, Mechanical, and Aerospace Systems



  +1 360 676 3290 · help@spie.org 145Return to Contents

are fabricated and tested. The result shows that 1) the device can sustain a 
load up to 1700N without loosening thanks to the outstanding self-locking 
performance; 2) The release property is very sensitive to the input current. 
With a current ranging from 2.5A to 4A, the release time and energy 
consumption decreases from 15.8s to 3.9s and 140J to 93J, respectively; 3) 
The device can work properly if the ambient temperature is below 92?.

9803-122, Session 14B

A water quality monitoring and level 
control system based on wireless sensor 
networks
Ali Abou-Elnour, Hyder Khaleeq, Ajman Univ. of Science & 
Technology (United Arab Emirates)

Fresh water is one of our most vital resources, and when our water is 
polluted it is not only devastating to the environment, but also to human 
health. Water quality deterioration in distribution systems, mainly caused 
by inadequate operation, maintenance and water quality control, has 
been linked to a significant proportion of the burden of waterborne and 
water-related illness. Stresses on distribution system caused by rapid 
urbanization, population growth and aging infrastructure further exacerbate 
the problems. Water quality is a general term that refers to a general 
description about the properties of a water body. Commonly, water quality 
is assessed through the use of many different parameters such as PH, 
conductivity etc. For each parameter, the quality of the water is generally 
reported with reference to a specific standard. Often, standards are set by 
governing organizations, such as the ‘WHO’ World Health Organization. 
The aim of the project is to facilitate the municipal authorities in monitoring 
and collecting the water quality data in real time environment with a 
cost effective solution. Our prototype system consists of the automatic 
water tank level control system, and the wireless transmitter and receiver 
system, and the water quality monitoring system. The automatic water level 
control system uses two magnetic reed level switches. When level is low 
in the tank the pump will start automatically and stops when level is high. 
The other systems parts are the hardware water quality sensing circuits, 
the wireless transmitter and receiver, the hardware interface circuit, and 
the monitoring and control software environment. The hardware sensor 
circuits will generate the calibrated output voltages which are proportional 
(correlated) to the variations in the measured physical quantities. This 
data are transmitted wirelessly through our designed wireless transmitter/
receiver and encoder/decoder circuits. The function of the interfacing 
hardware is to latch the data received from the receiver to the computer 
for further data recording, processing, and analysis. Our designed hardware 
circuits are interfaced with our computer using standard data acquisition 
card (DAQ). After the DAQ latches the measured signal in a suitable form 
to the computer, an efficient software program will be implemented to 
monitor, record, and display the data in a form that can be easily accessed 
by the interested users. To fulfill all users’ needs, LabVIEW programming 
environment is used to create our program that will continuously accept 
transmitted data from our real time wireless based monitoring system. 
LabVIEW is standard, user friendly, and moreover allows the user to send 
setup and operating commands to the wireless transceiver while allowing 
various types of data to be logged. Data files can be output in any format, 
like MS Excel and text file compatible format, for direct handling by users 
who do not have advanced programming skills. It has to be mentioned 
that based on the user’s requirements, and based on the advantages of the 
used wireless sensor network and motoring programming environment, the 
capability of our proposed system can be further enhanced to handle more 
input and outputs, to recorded additional files or display additional graphs, 
and to publish the recorded water quality data for interested mentors and 
researchers. 

9803-123, Session 14B

An investigation on wireless sensors for 
asset management and health monitoring 
of civil structures
Mustafa O. Furkan, Qiang Mao, John DeVitis, Drexel 
Univ. (United States); Paul Sumitro, SmartSensys (United 
States); Matteo Mazzotti, A. Emin Aktan, Franklin L. Moon, 
Ivan Bartoli, Drexel Univ. (United States); Fred Faridazar, 
Federal Highway Administration (United States)

Application of wireless sensors and sensor networks for Structural Health 
Monitoring (SHM) has been investigated for a long time. Key limitations for 
practical use are energy requirements, connectivity, and integration into 
old systems. Current sensors and sensor networks mainly rely on wired 
connectivity for communication and an external power source for energy. 
With wired sensors, the need for extensive cabling throughout a structure, 
long installation process, and maintenance increase the total cost of SHM 
systems. On the other hand, battery power of current wireless sensors either 
requires replacement (that is undesirable for a bridge owner) or can be used 
only once, if battery power is not replaceable. 

This paper presents a suite of wireless sensors that are low-cost, 
maintenance free, rugged, and have long service life. The majority of the 
sensors considered are designed by transforming existing proven and 
robust wired sensors, into wireless units. In this study, the wireless sensors 
were tested in the laboratory conditions and compared to wired sensors for 
evaluation and calibration. The results mostly show satisfactory performance 
of the wireless units. Power consumption of the wireless sensors varies 
according to the sampling rate that is dependent upon the SHM application 
of interest. This work is part of a broader FHWA sponsored project intended 
to ultimately validate a wireless sensing system on a real, operating 
structure to account for all the uncertainties, environmental conditions and 
operational variability that are encountered in the field.

9803-124, Session 14B

A hybrid system identification 
methodology for wireless structural health 
monitoring systems
Kosmas Dragos, Kay Smarsly, Bauhaus Univ. Weimar 
(Germany)

System identification has been employed in numerous structural health 
monitoring (SHM) applications. Following the growing trend towards the 
use of wireless technologies in SHM, many system identification methods 
have been successfully implemented in wireless SHM systems. However, 
conventional system identification methods usually rely on centralized 
collecting and processing of structural response data, which introduces 
a significant communication bottleneck in wireless sensor networks. 
Considering the merits of decentralization in wireless SHM systems, this 
paper presents a novel, decentralized system identification methodology 
suitable for wireless sensor networks. The proposed methodology facilitates 
automated on-board calculations of structural parameters following the 
basic principles of structural dynamics. More specifically, a numerical 
model of the monitored structure is embedded into the wireless sensor 
nodes in a distributed manner, i.e. a submodel of the entire model is 
embedded into each sensor node corresponding to the substructure the 
sensor node is “responsible” for. The parameters of each submodel are 
estimated by solving the equations of dynamic equilibrium directly on the 
sensor nodes, using collected acceleration response data. The proposed 
methodology is validated through simulations on a finite element model 
of a four-story frame structure. The purpose of the validation tests is to 
investigate the effects of measurement interference factors, such as noise, 
on the accuracy of the results. Further validation tests are conducted on a 
four-story laboratory frame structure to demonstrate the applicability of the 
methodology using experimental data. Finally, test results are discussed and 
an outlook on future research directions is provided.
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9803-125, Session 14B

Design of external sensors board based on 
Bluetooth interface of smart phones for 
structural health monitoring system
Yan Yu, Xuefeng Zhao, Yaping Zhou, Jinping Ou, Dalian 
Univ. of Technology (China)

As an important part of new information technology, the Internet of 
Things(IoT) is based on intelligent perception, recognition technology, 
ubiquitous computing, ubiquitous network integration, and it is known as 
the third wave of the development of information industry in the world after 
the computer and the Internet. And Smart Phones are the general term for 
a class of mobile phones with a separate operating system and operation 
memory, in which the third-party service programs including software, 
games, navigation, et.al, can be installed. Smart Phones, with not only 
sensors but also actuators, are widely used in the IoT world. As the current 
hot issues in the engineering area, Structural health monitoring (SHM) is 
also facing new problems about design ideas in the IoT environment. The 
development of IoT, wireless sensor network and mobile communication 
technology, provides a good technical platform for SHM. Based on these 
facts, This paper introduces a kind of new idea for Structural Health 
Monitoring using Smart Phones Technique. The system is described in detail, 
and the external sensor board based on Bluetooth interface is designed, The 
test based on Smart Phones are finished to validate the implementation and 
feasibility. The research is preliminary and more tests need to be carried out 
before it can be of practical use. 

9803-126, Session 14B

A wirelessly programmable actuation 
and sensing system for structural health 
monitoring
James Long, Oral Buyukozturk, Massachusetts Institute of 
Technology (United States)

Vibrations caused by ambient excitation sources are inherently uncertain. 
The use of actuation devices like shakers or transducers can reduce 
uncertainty and improve the signal to noise ratio, facilitating better 
monitoring and damage detection of structures. However, these devices 
tend to be either expensive, in the case of transducers, or obtrusive in the 
case of large shakers. This paper proposes the use of small, actuatable 
spring mass devices, capable of imparting a local impulse, as part of a 
wireless sensor network. These devices are controlled by the nodes in the 
wireless network.

The paper contains three main parts. First, details of the design and 
fabrication of the actuatable spring mass devices are provided. Power 
consumption is considered and evaluated, and the potential to power 
these devices with small-scale solar cells, or through mechanical vibration 
harvesting is also discussed. Second, the node-level, and wireless network 
level software developed is presented: This software system allows the 
devices to be triggered remotely (via the internet) by python command, 
while simultaneously triggering collection and processing of acceleration 
signals on the wireless sensor node. Data resulting from this process is 
then returned via the internet to the user. Lastly, experimental verification 
of the whole system is provided. A steel frame structure is instrumented 
with wireless sensor nodes, and the actuatable devices. Using data from 
this structure, an investigation is conducted into the reliability of the 
software system, and the usefulness of local impulse excitations for damage 
detection purposes.

9803-127, Session 15A

A guided ultrasonic imaging approach 
in isotropic plate structures using edge 
reflections
Arvin Ebrahimkhanlou, Salvatore Salamone, The Univ. of 
Texas at Austin (United States)

This paper presents a data processing approach to reduce the minimum 
number of sensors required for acoustic emission (AE) source localization 
in isotropic plate structures. Traditional triangulation approach requires at 
least three sensors to locate an AE source on an isotropic plate, which is 
practically often achieved with at least four sensors to ensure accuracy. The 
traditional method relies only on the first arrival of the emitted ultrasonic 
waves and considers reflected waves from boundaries and geometric 
features as noise. However, this assumption makes triangulation applicable 
only for the events happened inside the convex area surrounded by the 
sensors while events close to the edges and corners might even be of more 
interest. The proposed method leverages reflected waves coming from 
boundaries to reduce the minimum number of required sensors to only one 
sensor and expands the monitoring area to the entire under investigation 
plate. Narrow band filters are used to identify the reflected waves hidden 
among dispersed tails of the first arrivals and other reflections. Time of flight 
(TOF) of the identified reflections are served as input to an optimization 
algorithm to localize the source. A Bayesian framework is used to quantify 
the uncertainty in localization based on the uncertainty associated with 
each TOF measurement. The approach is validated using standard pencil 
lead break test on an Aluminum plate, and estimated locations are verified 
with the actual ones.

9803-128, Session 15A

Microcrack modeling and simulation for 
nonlinear wave modulation
SangEon Lee, Su Yeong Jin, Jung-Wuk Hong, KAIST 
(Korea, Republic of)

We present a technique for the microcrack modeling in the finite element 
framework, and numerically investigate the occurrence of the nonlinear 
wave modulation. Typically, fatigue cracks are initiated and developed when 
structures are exposed to repeated loading, and the crack widths of the 
fatigue cracks are extremely small in the early development stage. As the 
fatigue cracks grow by combining and coalescing, the overall size increases. 
Enlarged crack undermines the safety of the structure. Therefore, fatigue 
crack detection is very important to ensure the integrity of structures. 
Although the nonlinear ultrasonic wave modulation technique has been 
widely used due to its high detecting sensitivity, the basic principle has not 
been clearly explained yet. In order to reveal the mechanism of the nonlinear 
wave modulation, the movements of the crack surfaces are calculated 
through numerical simulations. Depending on the shapes of the crack 
surfaces, intensity of the wave modulation would be different. In this study, 
we investigate the variation of the crack widths due to fatigue failure using 
microscopic photos of real fatigue cracks, and model the cracks realistically. 
Other external conditions to have modulated responses are investigated by 
examining the boundary conditions and excitations.

9803-129, Session 15A

Compensating temperature-induced 
ultrasonic phase and amplitude changes
Peng Gong, Carnegie Mellon Univ. (United States); Thomas 
R. Hay, TechKnowServ Corp. (United States); David W. 
Greve, Carnegie Mellon Univ. (United States); Warren R. 
Junker, Consultant (United States); Irving J. Oppenheim, 
Carnegie Mellon Univ. (United States)
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In ultrasonic structural health monitoring (SHM), environmental and 
operational conditions, especially temperature, can significantly affect 
the propagation of ultrasonic waves and thus cause difficulties for the 
SHM system to detect damage. Typically, the temperature effects are 
compensated using optimal baseline selection (OBS) or baseline signal 
stretch (BSS). The BSS method does the compensation by adjusting 
phase shifts caused by the temperature, but it does not compensate the 
ultrasonic signal amplitude changes caused by the temperature. In this 
paper, we develop a new temperature compensation strategy to consider 
both phase shifts and amplitude changes. In this strategy, BSS is first used 
to compensate the phase shifts and to quantify the temperature effects by 
stretching factors. Based on stretching factors, empirical adjusting factors 
for a damage indicator are applied to compensate for the temperature 
induced amplitude changes. The empirical adjusting factors can be trained 
from the baseline data with temperature variations but without damage. In 
our experimental work, we applied this temperature compensation strategy 
for the volume loss damage detection of a thick wall aluminum tube with 
multiple damage levels and temperature variations. The experimental results 
showed this new temperature compensation strategy had much better 
performance than the BSS method.

9803-130, Session 15A

Reconstruction of acoustic sources in 
heterogeneous elastic solids
Chanseok Jeong, Stephen Lloyd, The Catholic Univ. of 
America (United States)

This paper discusses a novel, robust, computational framework for 
reconstructing spatial and temporal profiles of acoustic sources by using 
sparsely measured wave responses. This method can be scalable to a broad 
range of acoustic-source inversion (ASI) problems for heterogeneous, 
complex-shaped coupled dynamic systems. Sources could be either moving 
vibrational tractions and/or impacts on surfaces or vibrational forces in 
hosting media. We use the finite element method (FEM) to obtain wave 
solutions because of its flexibility and robustness for heterogeneous coupled 
media. To reconstruct acoustic source profiles without a-priori knowledge 
of sources, we will employ high-resolution discretization of source functions 
in space and time. Because of such dense discretization, the order of 
magnitude of number of inversion parameters could range from millions 
to billions. To resolve such large-scale inverse problems, a novel adjoint-
gradient-based source-inversion approach is used in high-performance 
computing (HPC) platforms. 

Numerical experiments prove the robustness of this method by 
reconstructing spatial and temporal profiles of multiple dynamic moving 
body forces in a one-dimensional heterogeneous solid bar. The sources 
create stress waves propagating through the bar. Guessed source functions 
are spatially discretized by using linear shape functions with an element size 
of 1m at discrete times with a time step of 0.001s. Thus, the total number 
of control parameters is half a million in this example (i.e., 1000 (in space) 
by 500 (in time)). The convergence toward the target in the numerical 
example is excellent, reconstructing the spatial and temporal footprints of 
the sources. 

9803-131, Session 15A

Enhanced nonlinear crack-wave 
interactions for damage detection in 
composite laminates
Lukasz J. Pieczonka, Kajetan Dziedziech, Andrzej P. 
Klepka, Piotr Kijanka, Wieslaw J. Staszewski, AGH Univ. of 
Science and Technology (Poland)

The paper demonstrates damage detection technique that combines 
guided waves propagation with structural vibrations. The combination of 
these two wave fields allows to obtain an efficient baseline-free nonlinear 

damage detection technique. Low-frequency vibrations are used to 
perturb damage and high-frequency guided waves are used to probe 
the change. Measurements are taken at two different deformation states 
in order to extract the change between them. It is demonstrated that a 
proper synchronization of the interrogating high-frequency guided waves 
with the low-frequency vibrations allows to detect impact damage in 
a laminated composite plate. Proposed technique does not require the 
knowledge of baseline data acquired in an undamaged state and is robust 
against temperature variations. The paper describes the proposed damage 
detection technique and presents experimental measurements that were 
performed to detect impact damage in a carbon fiber reinforced composite 
laminate. 

9803-132, Session 15A

Wide-band elasto-acoustic cloaking in 
homogeneous media
Hannah R. Chang, Matteo Carrara, Massimo Ruzzene, 
Georgia Institute of Technology (United States)

One of the main challenges in acoustic cloaking applications is to direct 
acoustic waves along curved paths. It is well known that this critical feature 
can be addressed by employing metamaterials, through which waves 
directionality can be achieved by spatially varying the material properties 
encountered by the propagating wave front. In this work we prove the 
generation of Lamb-wave based elasto-acoustic cloaking in homogeneous 
media (i) without shaping the media’s material properties, and (ii) without 
need of individually control and phase each individual source. The elasto-
acoustic energy is generated by properly arranged elasto-acoustic sources, 
and it flows through a two-dimensional curved path on the hosting plate 
leaving a low-energy region in the middle, thus exhibiting the capability of 
(i) circumventing objects, and (ii) spatial cloaking. The path along which 
the elasto-acoustic sources are placed is designed by following purely 
geometrical considerations. The cloaking concept performance is firstly 
investigated through analytical simulations that predict the wavefield 
generated by an array of point sources and estimate the cloaking effect on 
the plate. Numerical FE simulations are then performed through Comsol 
Multiphysics to verify the shading capabilities of the proposed configuration, 
as well as its broadband characteristics. Eventually, experimental evidence 
of the cloaking phenomenon is presented by employing small PZT disks as 
acoustic sources hosted by an aluminum plate. Given the promising results, 
we believe that the demonstrated cloaking phenomenon and self-bending 
of wave beams have potential applications in elasto-acoustic isolation. 

9803-133, Session 15A

Ultrasonic guided wave detection of 
scatterers on large “clad steel” plates
Peng Gong, Carnegie Mellon Univ. (United States); Joel B. 
Harley, The Univ. of Utah (United States); Mario Bergés, 
Carnegie Mellon Univ. (United States); Warren R. Junker, 
Consultant (United States); David W. Greve, Irving J. 
Oppenheim, Carnegie Mellon Univ. (United States)

“Clad steel” refers to a thick carbon steel structural plate bonded to a 
corrosion resistant alloy (CRA) plate, such as stainless steel or titanium, and 
is widely used in industry to construct pressure vessels. The CRA resists 
the chemically aggressive environment on the interior, but cannot prevent 
the development of corrosion losses and cracks that limit the continued 
safe operation of such vessels. At present there are no practical methods to 
detect such defects from the exposed outer surface of the thick carbon steel 
plate, often necessitating removing such vessels from service and inspecting 
them visually from the interior. 

In previous research, sponsored by industry to detect and localize damage 
in pressurized piping systems under operational and environmental changes, 
we investigated a number of data-driven signal processing methods to 
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extract damage information from ultrasonic guided wave pitch-catch 
records. We now apply those methods to relatively large clad steel plate 
specimens. We study a sparse array of wafer-type ultrasonic transducers 
adhered to the carbon steel surface, attempting to localize mass scatterers 
grease-coupled to the stainless steel surface. We discuss conditions under 
which localization is achieved by relatively simple first-arrival methods, and 
other conditions for which data-driven methods are needed; we also discuss 
observations of plate-like mode properties implied by these results. 

9803-134, Session 15B

Planar waveguide Bragg grating sensors 
for composite monitoring
Nuria Teigell Beneitez, Jeroen Missinne, Yuting Shi, 
Gabriele Chiesura, Geert Luyckx, Joris Degrieck, Geert Van 
Steenberge, Univ. Gent (Belgium)

Composite materials are used in a wide array of application markets such as 
aviation, automotive, construction materials, etc. by virtue of their strength, 
stiffness and lightness. After a fixed service life, composite structures are 
replaced without knowing their remaining structural condition. Adding 
sensing intelligence to these structures could overcome this issue and could 
be used to re-certify and extend the life-time of structures, during which the 
sensors are used to continuously monitor the structure; also it significantly 
reduces the use of raw materials and energy. Optical based sensors offer 
numerous advantages i.e. integrability, high sensitivity, compactness and 
electromagnetic immunity. Most sensors integrated in composites are 
based on silica fibers with Bragg gratings; however, polymers represent 
an interesting alternative. They have high values of the thermo-optic and 
photo-elastic coefficients and allow larger elongations leading to higher 
sensitivities and larger strain ranges respectively. Additionally, they offer 
a more cost-effective batch process (mass-production compatible) and 
potential integration with other components, such as light sources and 
detectors. We present a comparison between Ormocer®-based and epoxy-
based polymer waveguide Bragg grating based sensors. The Bragg gratings 
are patterned in the under-cladding by nano-imprinting lithography and the 
waveguide cores are defined on top prior to depositing the upper-cladding. 
Both polymers were screened for their compatibility with composite 
production processes and for their sensitivity to measure temperature 
and stress. After extensive testing, Ormocer®-based sensors were found to 
exhibit a very high sensitivity for temperature sensing, while the epoxy-
based sensors were more compatible with the epoxy-based composite 
production process.

9803-135, Session 15B

Sensitivity of contact-free fiber Bragg 
grating sensor to ultrasonic Lamb wave
Junghyun Wee, Kara J. Peters, Brian Wells, Philip Bradford, 
North Carolina State Univ. (United States)

Networks of fiber Bragg grating (FBG) sensors have served as structural 
health monitoring (SHM) systems for large-scale structures based on 
the collection of ultrasonic waves. As structural Lamb waves are of low 
amplitude, their demodulation requires high signal-to-noise ratios. Previous 
researchers have demonstrated the potential of FBG to detect Lamb waves 
without mounting the FBG itself, but instead attaching the optical fiber at 
a different location. This paper investigates the measurement sensitivity of 
FBG sensors for different wave pathways through the structure and optical 
fiber. The radial distance between wave source and FBG was constant, while 
the adhesive bond locations in-between were varied, ultimately bonding 
FBG itself. The bond location affected the final wave signal amplitude 
arriving at FBG, with a 93% increase for bond location furthest away from 
FBG as compared to adhering the FBG directly. We also study the mode 
coupling of symmetric and antisymmetric plate Lamb waves both into 
longitudinal and flexural traveling waves in optical fiber, producing four 
different combinations of signal pathways. The arrival time at the FBG of 

the four different wave pathways measured is calculated theoretically and 
applied to verify the experimental result. Finally, the signal attenuation in 
longitudinal wave propagating through the optical fiber was estimated, 
yielding a 3 dB loss at 3.5 m. This study demonstrates the possibility of 
using contact-free FBGs to increase the detection of changes in Lamb wave 
properties for SHM.

9803-136, Session 15B

Experimental investigation on acousto-
ultrasonic sensing using polarization-
maintaining fiber Bragg gratings
Curtis E. Banks, NASA Marshall Space Flight Ctr. (United 
States); Gang Wang, The Univ. of Alabama in Huntsville 
(United States)

Abstract: Guided Lamb waves have been measured using polarization-
maintaining (PM) fiber Bragg grating (PM-FBG) sensor. A Comprehensive 
experiments were conducted to evaluate the performance of the PM-FBG 
sensor on a composite panel structure using different actuation frequencies 
and locations. The goal was to reduce the number of sensors for structural 
health monitoring (SHM) applications for example impacts, damage 
anomalies, or Acoustic Emission. The PM-FBG enables directional and multi-
axis sensing. Three Macro-Fiber-Composite (MFC) piezoelectric actuators 
were used to generate guided Lamb waves and they are oriented at 0, 45, 
and 90 degrees with respect to PM-FBG axial direction, respectively. The 
actuation frequency was varied from 20kHz to 200kHz. It is shown that 
the PM-FBG sensor system is able to detect high-speed ultrasound waves 
and capture the characteristics under different actuation conditions. Both 
longitudinal and lateral strain components in the order of nano-strain were 
determined based on the reflective intensity measurement data from fast 
and slow axis of the PM fiber. It must be emphasized that this is the first 
attempt to investigate acouto-ultrasonic sensing using PM-FBG sensor. This 
could lead to a new sensing approach in the SHM applications.

9803-137, Session 15B

A sliding mode based observer to identify 
faults in FBG sensors embedded in 
composite structures
Simone Cinquemani, Gabriele Cazzulani, Marco Ronchi, 
Politecnico di Milano (Italy)

Optical strain gauges, such as Fiber Bragg Gratings (FBG), have a great 
potential for smart structures, thanks to their small transversal size and the 
possibility to make an array of many sensors. They can be embedded in 
composite structures and their effect on the structure is nearly negligible. 
These advantages make them very interesting in the field of active vibration 
suppression. Unfortunately their low reliability is an obstacle to their use in 
such applications. For this reason, this paper introduces a fault identification 
algorithm to identify online those sensors which are not working correctly. 
The algorithm is based on the use of a sliding mode observer to estimate 
the coherence of measurements, and then to highlight possible faults. Once 
identified, the corresponding sensors can be excluded from the feedback 
loop of the control algorithm to avoid unwanted behaviours or instabilities. 
Numerical and experimental tests have been carried out on a carbon fiber 
structure considering different fault conditions. Results show it is possible to 
identify the faulty sensors and thus improve the signals used in the feedback 
loop.
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9803-138, Session 15B

A 6-axis optical fiber Bragg grating force-
torque sensor for haptic end-effectors
Cheol Kim, Chan-hee Lee, Kyungpook National Univ. 
(Korea, Republic of)

Minimally invasive robotic surgery is recently attracting much attention, 
because it can alleviate patients’ pain, bleeding, and long-term recovery, 
etc. If the robotic surgery end has a haptic device equipped with a 6-dof 
force sensor, surgeons can easily control their operating grasping forces. 
In an effort to develop a 6-dof optical sensing device with a FBG (Fiber 
Bragg Grating) sensor which is applicable to detect forces acting on the 
end-effectors of a minimally invasive surgical robot, a new design analysis 
method has been developed. The sensing device attached to an end-
effector consists of a cylindrical frame structure (Fig. 1) and a FBG optical 
fiber surrounding the frame diagonally. As the frame deforms subjected 
to forces and moments, the attached FBG fiber with 2000 micro-strain 
of pretension also elongates or contracts. Deformations of the frame 
was calculated by the finite element method subjected to x-, y-, and 
z-direction forces and three moments about x, y, and z axes, respectively. 
Displacements of the FBG fiber regarding to six load-types could be then 
extracted from frame deformation data and converted to changes in 
wavelength on the basis of an equation of optical fiber reflected wavelength 
and FBG strain. Using the developed method, various wave lengths were 
calculated as three forces changed from 0 to 10 N and three moments 
varied 0 N-mm to 500 N-mm. To validate accuracy of the analytic design 
method, a system of the 6-dof FBG sensor with a frame was fabricated and 
tested under the loads used for analyses. The changes in wavelength were 
measured by an optical spectrum analyzer in the experiment. Analytical 
and experimental results showed a good correlation with 4% error. The 
sensitivities of the theoretical and analytical models were very similar.

9803-139, Session 15B

Limits to acoustic sensing and modal 
decomposition using FBGs
Patrick Norman, Claire E. Davis, Cédric Rosalie, Nik Rajic, 
Defence Science and Technology Group (Australia)

Lamb-wave based structural health monitoring (SHM) approaches are 
typically constrained to below the first cut-off frequency due to the time-
domain complexity arising from the presence of higher-order modes. 
However from a diagnostic perspective, it is desirable to unlock the 
additional information encoded in the higher-order Lamb wave spectrum. 
Wave-mode decomposition is necessary for the extraction of useful 
information from multi-modal acoustic wave fields, which requires spatially 
dense sampling over the field. The instrument of choice for this task is the 
laser Doppler vibrometer, which is capable of producing detailed spectral 
decompositions. However vibrometry is not suited to in-situ measurement 
for SHM.

Fibre Bragg gratings (FBGs) are capable of sensing Lamb waves and 
detection of higher order modes using FBGs has been previously 
demonstrated. The ability to multiplex multiple short-length gratings along 
a single fibre to create a FBG array gives rise to an in-situ sensor with 
sufficiently dense spatial sampling of an acoustic wave field to perform 
useful wave-mode decomposition. This paper explores some of the 
fundamental limits to modal decomposition resolution and bandwidth that 
exist for such sensors. Potential sources of noise and distortion encountered 
due to limitations of the sensor fabrication and interrogation methods 
are also discussed. In addition, modal decomposition of Lamb waves with 
frequencies up to 1.25 MHz is demonstrated using an array of sixteen ~1 
mm long gratings bonded to an aluminium plate. At least four modes are 
distinguishable in the resulting spectral decomposition.

9803-140, Session 15B

Dynamic Fiber Bragg grating sensor 
interrogation using resonance Fourier 
domain mode-locked wavelength-swept 
laser
Jin Woo Park, Chungnam National Univ. (Korea, Republic 
of); Bong Wan Lee, FIBERPRO, Inc. (Korea, Republic of); 
Min Yong Jeon, Chungnam National Univ. (Korea, Republic 
of)

Fiber Bragg gratings (FBGs) have shown a great potential for applications 
in the field of nondestructive testing of composite for structural health 
monitoring. In particular, FBGs have been used as the wavelength selective 
components in the fiber-optic sensor. In order to demonstrate a dynamic 
sensing in the fiber-optic sensor, a wavelength-swept laser (WSL) can be 
used as an optical source. In this paper, we present a dynamic measurement 
of an FBG sensor interrogation using a resonance Fourier domain mode-
locked (FDML) laser and a multiplexed FBG array. The laser consists of 
a semiconductor optical amplifier as a gain medium, two isolators, a 
polarization controller, a scanning fiber Fabry-Perot tunable filter, a tunable 
coupler, a 10% output coupler, a reflector, 4 km-long delay line with single-
mode fiber, and an FBG array. The FBG array is composed of five FBGs 
in series and each FBG has an individual lasing wavelength in the laser 
cavity for the FDML laser. The central wavelengths of the multiplexed FBG 
arrays were 1480.08 nm, 1487.20 nm, 1500.20 nm, 1505.22 nm, and 1510.16 
nm, respectively. One of the multiplexed FBGs is fixed on the stage of the 
piezoelectric transducer (PZT) stack to allow the dynamic periodic strain. 
A sinusoidal waveform with a frequency that was varied from 100 Hz to 
2 kHz was applied to the PZT stack, and the dynamic performance was 
successfully obtained with a measuring speed of 40 kHz. We achieved real-
time measurement of the abrupt change of the periodic strain without any 
signal processing delay.
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9804-1, Session 1

Extracting sparse crack features from 
correlated background in ground 
penetrating radar concrete imaging using 
robust principal component analysis 
technique
Yu Zhang, Tian Xia, The Univ. of Vermont (United States)

Ground penetrating radar (GPR), as a non-destructive evaluation technique, 
has been utilized to effectively monitor the concrete structure conditions 
of roads and buildings. In such applications, the strong clutter induced by 
the concrete surface often overwhelms the reflection signal from the cracks 
inside the concrete. Many methods have been investigated to mitigate 
the concrete surface clutter. However, for most roadway and building 
structure, a layer of reinforced steel bars or utility pipes typically exist inside 
the concrete, which can generate strong scattering compared with small 
cracks inside the concrete. For the regularly distributed rebars or pipes, 
their signature patterns in GPR image can be deemed as highly correlated 
background signals, while the small size crack image feature is irregular and 
sparse. Therefore the entire concrete GPR image can be interpreted as the 
superposition of the sparse crack features and the correlated background 
clutter produced from the embedded rebars or pipes. To effectively separate 
these two types of signals, the robust principal component analysis (RPCA) 
technique is applied in this paper which characterizes the rank and sparsity 
of sensing data matrix. Mathematically, RPCA approach aims to decompose 
the data matrix into the superposition of two sub-matrix, one low-rank 
matrix representing the correlated background and another sparse matrix 
capturing small irregular features. If the low-rank matrix and the sparse 
matrix are incoherent, the decomposition is unique and can be solved by 
convex optimization algorithm. Upon the decomposition, the sparse matrix 
representing the small and weak crack feature can be extracted from the 
GPR image. The proposed concrete crack extraction method is evaluated 
using both finite-difference time-domain (FDTD) simulations and GPR 
concrete slab scanning experiment.

9804-2, Session 1

Underground object size estimation based 
on neural networks in synthetic aperture 
imaging of ground penetrating radar data
Yu Zhang, Dryver Huston, Tian Xia, The Univ. of Vermont 
(United States)

Ground penetrating radar (GPR) is the main subsurface imaging tool for 
non-destructive infrastructure inspection and buried object detection where 
object size estimation is one methodological objective. In this paper, an 
object size estimation method based on neural networks (NNs) regression 
is proposed and developed. Currently, most existing studies assume objects 
have cylindrical shapes, where the size estimation is conducted through 
characterizing the hyperbola signature patterns in GPR images. However, 
in our proposed method, no such restriction is imposed on the shape of 
the object. Since the GPR B-Scan imaging formation procedures are closely 
similar to stripmap synthetic aperture radar (SAR) imaging, in the first step 
of our proposed method, a SAR-based focusing technique is applied to 
mitigate the hyperbolic distortion in GPR B-Scan image for reconstructing 
the buried objects. Feature extraction step is then performed to characterize 
the instantaneous amplitude, horizontal span length and curvature of the 

object. Finally, NNs are utilized to regress the relationship between the set 
of extracted features and the object size. In the NNs regression procedure, 
selection of appropriate training data is a critical step. Since the acquisition 
of large field GPR data sets with ground truth is not easily available, in this 
paper, the combination of finite-difference time-domain (FDTD) simulated 
GPR data and laboratory GPR scanning data collected with various scanning 
configurations are used as the training group. The object size estimation 
method is finally applied for actual underground object detection and 
characterization.

9804-3, Session 1

Sizing and ranging criteria for SAR images 
of steel and wood specimens
Viet Q. Le, Tzuyang Yu, Jones Owusu Twumasi, Qixiang 
Tang, Univ. of Massachusetts Lowell (United States)

The use of microwave and radar sensors in the nondestructive evaluation 
of damaged materials and structures has been proven to be a promising 
approach. In this paper, a portable imaging radar sensor utilizing 10 
GHz central frequency and stripmap synthetic aperture radar (SAR) was 
applied to steel and wood specimens for size and range determination. 
Relationships between range and properties of SAR images like max 
amplitude and total SAR amplitude were developed and reported for 
various specimens including a steel bar (2.5 cm by 2.5 cm by 28.5 cm), 
a wood bar (2.5 cm by 2.5 cm by 28.5 cm), a steel plate (39.7 cm by 
57.9 cm by 1.75 cm), and a wood board (30.5 cm by 30.5 cm by 1.8 cm). 
Various ranges from 30 cm to 100 cm were used on these specimens. 
In our experiment, attenuation of radar signals collected by the imaging 
radar system on different material specimens was measured and modeled. 
Change in the attenuation of maximum SAR amplitude was observed in 
different materials. It is found that SAR images can be used to distinguish 
materials of different compositions and sizes. 

9804-4, Session 1

Near-field microwave nondestructive and 
quantitative evaluation of liquid ingress in 
honeycomb sandwich composites
Peiyu Wang, Yongmao Pei, Peking Univ. (China)

Honeycomb sandwich composites are widely utilized in various 
environments and applications. In-service and environmental stresses can 
cause unwanted defects such as disbonds, delaminations, core crushing 
and water or oil ingress, etc., which adversely degrade the performance 
of these structures. Hence, there is an urgent need to inspect and 
evaluate their integrity. Near-field microwave nondestructive testing and 
evaluation technique is available to interrogate the thick and multilayered 
dielectric sandwich structures since signals in microwave region are of 
good penetration, non-ironizing, sensitive to variations of materials, thus 
offering a noncontact inspection and high spatial resolution. This paper 
presents an experimental study of near-field in situ microwave interrogation 
of honeycomb structures with liquid ingress. The interior structure and 
ingress of water, alcohol and lubricating oil are detected and quantitatively 
evaluated. The polarization properties of immersed liquid are characterized 
and identified, and the liquid ingress location, height and area are accurately 
determined. Besides, microwave C-scan images of the ingress defects are 
acquired.
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9804-5, Session 2

Data collection and analysis software 
development for rotor dynamics testing in 
spin laboratory
Ali Abdul-Aziz, NASA Glenn Research Ctr. (United States); 
Daniel Arble, Univ. of Maryland, College Park (United 
States); Mark R. Woike, NASA Glenn Research Ctr. (United 
States)

Gas turbine engine components undergo high rotational loading another 
complex environmental conditions. Such operating environment leads these 
components to experience damages and cracks that can cause catastrophic 
failure during flights. There are traditional crack detections and health 
monitoring methodologies currently being used which rely on periodic 
routine maintenances, nondestructive inspections which often time involves 
engine and components dis-assemblies. Furthermore, these methods do 
not offer adequate information about the faults, especially, if these faults at 
subsurface or not clearly evident. At NASA Glenn research center, the rotor 
dynamics laboratory is presently involved in developing newer techniques 
that are highly dependent on sensor technology to allow health monitoring 
and prediction of damage and cracks in rotor disks. These approaches are 
noninvasive and relatively economical. Spin tests are being performed using 
a subscale test article mimicking turbine rotor disk undergoing rotational 
load. Non-contact sensors such as capacitive and microwave are used to 
measure the blade tip displacement in an attempt develop a model to 
help assess/predict the faults in the rotor disk. Data collection is a major 
component in this combined experimental-analytical process and as a 
result, an upgraded version of the data acquisition software which is based 
on LabVIEW program has been implemented to help efficiently run tests 
and analyze the results. Results obtained from the test data and related 
analytical model including the leading and key features of the updated 
software are being presented and discussed. 

9804-6, Session 2

Optimization of a multi-element 
piezoelectric transducer for mode-
selective guided wave generation
Peyman Yazdanpanah Moghadam, Univ. de Sherbrooke 
(Canada) and Georgia Institute of Technology (United 
States); Nicolas Quaegebeur, Univ. de Sherbrooke 
(Canada); Massimo Ruzzene, Georgia Institute of 
Technology (United States); Patrice Masson, Univ. de 
Sherbrooke (United States)

Structural Health Monitoring (SHM) systems are proposed to minimize 
maintenance cost and increase safety of those structures that play an 
important role in the society, such as pipelines and pressure vessels. 
Piezoceramic (PZT) transducers are used commonly in SHM systems 
to excite ultrasonic Guided Waves (GWs) that could travel over long 
distance in thin-wall structures and are sensitive to variety of defects. As 
damage detection and localization is sought, the multi-mode nature of 
GW generation involves higher complexity in signal processing, since a 
minimum of two fundamental symmetric (S0) and anti-symmetric (A0) 
modes are propagating. In this paper, a systematic approach to design a 
novel PZT-based transducer is investigated to generate mode-selective GW. 
A Finite Element Model (FEM) approach and an analytical approach are 
first presented to model the GW generation by PZTs within the proposed 
Multi-Element Piezoelectric Transducer (MEPT). A semi-analytical model 
is then presented to simulate GW propagation through the thickness of an 
isotropic flat plate. An optimization process is finally presented, with two 
objective functions proposed within each approach for mode-selective GW 
generation. Comparing simulation results from both FEM approach and 
analytical approach, the best one is selected and the MEPT is fabricated 
using laser micro-machining. Experimental results and FEM simulations 

reveal that the non-excited elements within the MEPT have a strong 
effect on wave generation as they affect the interfacial shear stress profile 
encountered by the propagating wave. This effect was therefore accounted 
for in the design process through experimental identification of contribution 
factors from each element on wave generation. Experimental results 
show that the undesired GW mode can be suppressed with an amplitude 
170 times lower than the amplitude of the desired GW mode. The results 
also reveal that the suppression of a mode generated by the MEPT with 
PZT elements naturally tuned for this mode at a given frequency is more 
challenging, but still possible.

9804-7, Session 2

Ultrasonic guided wave inspection of 
Inconel 625 brazed lap joints
Pierre Comot, Philippe Bocher, Pierre Bélanger, École de 
Technologie Supérieure (Canada)

As a mean of reducing cost and weight, the aerospace industry has been 
investigating the use structural brazed joints. There is therefore a need 
for a rapid, robust, and cost-effective non-destructive testing method to 
quantify the structural strength of the joints. The mechanical strength of 
brazed joints mainly depends on the amount of brittle phases in the joint 
microstructure. Ultrasonic guided waves offer the possibility to detect 
brittle phase in joints using spatio-temporal measurements. Moreover, they 
offer the opportunity to inspect complex shape joints. This study focused 
on the development of a technique based on ultrasonic guided waves for 
the inspection of Inconel 625 lap joints brazed with pure nickel solder. A 
finite element model of a lap joint was used to optimize the inspection 
parameters and assess the feasibility of detecting the amount of the brittle 
phases of the joint. The finite element parametric study included the input 
signal, the frequency range, and the choice of the ultrasonic guided wave 
mode. The inspection parameters were validated experimentally on samples 
brazed under different conditions so as to obtain varying quantity of brittle 
phases in the joints. The experimental results were in accordance with the 
simulations; the ultrasonic guided wave energy transmitted through and 
reflected from the joints was proportional to the amount of brittle phases in 
the joint.

9804-8, Session 2

Fatigue crack growth monitoring of 
idealized gearbox spline component using 
acoustic emission
Lu Zhang, Didem Ozevin, Univ. of Illinois at Chicago 
(United States); William Hardman, Naval Air Warfare Ctr. 
Aircraft Div. (United States); Seth Kessler, Metis Design 
Corp. (United States); Alan Timmons, Naval Air Warfare 
Ctr. Aircraft Div. (United States)

The spline component of gearbox structure is a non-redundant element 
that requires early detection of flaws for preventing catastrophic failures. 
The acoustic emission (AE) method is a direct way of detecting active flaws; 
however, the method suffers from the influence of background noise and 
location/sensor based pattern recognition method. It is important to identify 
the source mechanism and adapt it to different test conditions and sensors. 
In this paper, the fatigue crack growth of a notched and flattened gearbox 
spline component is monitored using the AE method in a laboratory 
environment. The test sample has the major details of the spline component 
on a flattened geometry. The AE data is continuously collected together 
with strain gauges strategically positions on the structure. The fatigue 
test characteristics are 4 Hz frequency and 0.1 as the ratio of minimum to 
maximum loading in tensile regime. It is observed that there are significant 
amount of continuous emissions released from the notch tip due to the 
formation of plastic deformation and slow crack growth. The frequency 
spectra of continuous emissions and burst emissions are compared to 
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understand the difference of sudden crack growth and gradual crack 
growth. The predicted crack growth rate is compared with the AE data using 
the cumulative AE events at the notch tip. The source mechanism of sudden 
crack growth is obtained solving the inverse mathematical problem from 
output signal to input signal. 

9804-9, Session 2

A unified formulation for guided-wave 
propagation in multi-layered mixed 
anisotropic-isotropic hybrid aerospace 
composites
Darun Barazanchy, Victor Giurgiutiu, Univ. of South 
Carolina (United States)

A unified approach was formulated to predict guided-wave propagation in 
a material regardless its degree of anisotropy, thereby having one solution 
method for both isotropic and anisotropic material. The unified approach 
was based on the coupled eigenvalue problem derived from Chirstoffel’s 
equation for a lamina. The eigenvalue problem yielded a set of eigenvalues, 
and corresponding eigenvectors that were used to obtain the stress-
displacement matrix. The dispersion curves were obtained by applying the 
traction free boundary conditions to the stress-displacement matrix, and 
searching for sign changes in the complex determinant of the matrix. To 
search for sign changes, hence the velocity-wavenumber pairs which yielded 
a solution to the problem, the real and imaginary part of the complex 
determinant had to change sign simultaneously. A phase angle approach 
was, therefore, developed and successfully applied.

A bisection algorithm was applied to refine the accuracy of the solution 
without increasing the computational time significantly. A high accuracy 
was required to calculated the correct partial-wave participation factors. 
The obtained partial-wave participation factors were used to calculate 
the modeshape through the thickness for each velocity-wavenumber pair. 
To identify the different wave types, A0, S0, SHS0, SHA0, a modeshape 
identification was applied successfully.

The unified approach was evaluated for hybrid aerospace composites. In 
addition, the three most common solution methods, (i) the global matrix 
method, (ii) the transfer matrix method, and (iii) the stiffness matrix 
method, were applied, and a comparative study between the different 
methods was performed.

9804-10, Session 3

Security challenge to using smartphones 
for SHM
Yeka J. Abueh, Hong Liu, Univ. of Massachusetts 
Dartmouth (United States)

Ubiquitous smartphones have demonstrated great potential in structural 
health monitoring (SHM) of civil infrastructures. Their sensing, processing, 
and communication capabilities along with crowdsourcing facility ease 
technical difficulties and reduce financial burdens of instrumentation and 
monitoring for SHM in civil infrastructures. However, smartphones are 
vulnerable to unintentional misuses and malicious attacks. This paper 
presents a case study that reveals the sensitivity of a popular perturbation 
analysis method to faulty data delivered by a smartphone. Experiments 
are conducted to disturb mass and stiffness estimation model using a 
smartphone to collect the data while injecting faulty data both scheduled 
and in random. As the first line of defense, device authentication is 
implemented in the smartphone to stop spoofing. Subsequent message 
authentication is devised to maintain data integrity. Data mining follows 
to fine tune the SHM immunity system against the sensitivity to data 
inaccuracy. The work also evaluates the cost-effectiveness of the proposed 
security measures, recommending varying levels of security to mitigate 
the adversaries to smartphones used in SHM systems. It calls for security 
solutions at the designing stage of SHM systems rather than patching up 
after their implementations.

9804-11, Session 3

Research on public participant integrity 
monitoring of the Great Wall using 
smartphone
Niannian Wang, Xuefeng Zhao, Dalian Univ. of Technology 
(China); Linan Wang, Chinese Academy of Cultural 
Heritage Institute of Architecture Conservation (China); 
Yan Yu, Mingchu Li, Jinping Ou, Dalian Univ. of Technology 
(China)

The Great Wall is an important typically cultural heritage of the world. As 
the natural and man-made destruction, a large number of The Great Wall 
monuments are destroyed or even disappeared. Therefore, integrity is the 
key issues for conservation and maintenance of the Great Wall. At present, 
the research of the Great Wall’s integrity evaluation mainly based on field 
surveys, which is costly and time consuming. A new cloud monitoring 
method based on smart phones is proposed to monitor the Great Wall’s 
integrity. And that system based on smart phones is established. Firstly, 
using smart phones, some photos of the cultural heritage and the individual 
structures can be obtained. Then, the typical integrity damage information 
and location information can be obtained, including structure crack, Human-
caused destruction, the vegetation growth, etc. Secondly, analyzing the 
typical integrity damage information, the evaluation results are obtained. 
Then, the evaluation results in the form of questionnaire can be posted on 
the Great Wall integrity monitoring system. Mobile phone users who logged 
in the system can upload photos, and fill in the questionnaires. Through 
taking pictures and filling in the questionnaires, The required information 
can be obtained. The system can be accessed and updated by the public in 
neighborhood of the Great Wall.

9804-12, Session 3

Identification of the operational 
frequencies of 300+ bridges using 
smartphones
Sebastian Castellanos, Johannio Marulanda, Monica 
Preciado, Alejandro Cruz, Peter Thomson, Univ. del Valle 
(Colombia)

Economic development depends heavily on transportation networks 
and hence, as a vital aspect, bridge structures must function safely at all 
times. Structural health monitoring (SHM) and damage prognosis (DP) 
of bridges should be a priority in order to prevent deterioration, avoid 
collapse and ensure user safety. One objective of SHM for civil structures is 
behavior assessment due to ambient, operational and seismic excitations, 
in which acceptable ranges are established for the variation of dynamic 
properties. Through Operational Modal Analysis (OMA) it is possible to 
obtain operational frequencies of a bridge and provide a measure of 
its current dynamic behavior. These frequencies can then be used for 
future comparisons to check if the structure has been damaged or has 
experienced changes due to environmental conditions. In this paper, 
vertical and horizontal operational frequencies of more than 300 vehicular 
and pedestrian bridges of the transportation network of Cali, Colombia, 
were estimated using ambient vibration tests. Data was obtained using 
smartphones and processed using time and frequency domain analyses. 
Correlations of these frequencies with the structural characteristics of the 
bridges are presented. The results of this study represent the current state 
of each bridge and provide a baseline for future evaluations of changes due 
to environmental conditions or damage.
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9804-13, Session 4

Cuckoo search algorithm for model 
updating
Faisal Shabbir, Univ. of Engineering and Technology, Taxila 
(Pakistan); Piotr Omenzetter, Univ. of Aberdeen (United 
Kingdom)

Due to inherent simplifying assumptions in the development of finite 
element models, actual behavior of structures often differs from numerical 
predictions. Different local minima may exist in the solution space for a 
specific error function in dynamic model updating problems. Nature inspired 
algorithms aim to find the global minimum with increased confidence and 
efficiency. In this paper, a recent algorithm, the cuckoo search (CS), inspired 
by egg laying behavior of the cuckoo species has been investigated. The 
CS was applied to a dynamically tested full scale cable stayed pedestrian 
bridge for model updating. The performance of the algorithm is analyzed in 
finding the optimal solution in a multi dimensional search space to represent 
correctly the as-built original structure.

9804-14, Session 4

Particle swarm optimization for optimal 
sensor placement in ultrasonic SHM 
systems
Philippe Blanloeuil, Nur Azmira Elena Nurhazli, Martin 
Veidt, The Univ. of Queensland (Australia)

Structural Health Monitoring (SHM) using guided waves is one of the best 
ways to detect damage in a structure using permanently attached sensors. 
The sensors being attached to the structure, their setting has to be designed 
carefully, with a compromise between lowering the number of sensors 
and thus the cost whist ensuring high probability of detection on the 
inspected area. Placement of sensors has to defined depending on both the 
inspected structure and the detection algorithm. In this paper, the Particle 
Swarm Optimization (PSO) algorithm is used to find an optimal sensor 
configuration for the detection of circular defects based on beam-forming 
imaging algorithm. The two algorithms are working together iteratively 
to optimise the system configuration. For a given sensors configuration, 
scattered signals received for all emitter-receiver pairs are computed 
analytically to mimic the response of the SHM system. The imaging 
algorithm reconstructs the defect image and gives an estimation of the 
defect position. Then the PSO algorithm changes the position of sensors to 
improve the accuracy of the detection. It is shown that this approach can 
provide good sensors placements for detection of multiple defects in the 
target area, and for different numbers of sensors.

9804-15, Session 4

Dynamic behaviors of historical wrought 
iron truss bridges: a field testing case 
study
Kaoshan Dai, Ying Wang, Tongji Univ. (China); Andrew 
Hedric, Zhenhua Huang, Univ. of North Texas (United 
States)

Many historical wrought iron truss bridges in the U.S. have been built for 
more than several hundred years and still remain in use. Understanding the 
structural properties and identifying the health conditions of these historical 
bridges is the key to decide the maintenance or rebuilt plan of the bridges. 
This research conducted an on-site full scale system identification test case 
study on the historical Old Alton Bridge (a wrought iron truss bridge built 
in 1884 in Denton, Texas) using the wireless sensor network (WSSN). The 
study results demonstrated a practical and convenient experimental system 

identification method for historical bridge structures. The method includes 
the basic steps of the in-situ experiment and the in-house data analysis. 
Various excitation methods were studied in the field testing, which include 
the ambient wind load, a group of persons jumping together vertically 
at the middle of the bridge for multiple times, a group persons jumping 
together vertically at the middle of the bridge for once, a group of persons 
jumping randomly on the bridge, several groups of persons marching 
through the bridge, a single person jumping vertically at the middle of the 
bridge for once, a single person jumping horizontally for once, a group of 
persons pulling the bridge using a rope for multiple times, and a single 
person jumping vertically at the 1/3 point of the bridge for once. Structural 
responses of the bridge under these different approaches of excitation were 
analyzed and compared. 

9804-16, Session 4

A study of thermal response of concrete 
towers employing statistical models
Mahdi Norouzi, Aditi Dalvi, Victor J. Hunt, Arthur Helmicki, 
Univ. of Cincinnati (United States)

It has been shown that the variations of structural properties due to 
changing environmental conditions such as temperature can be as 
significant as those caused by structural damages. Therefore, tracking 
changes that are correlated with environmental variations is a necessary 
step in order to detect structural damages. On the other hand, malfunctions 
in the monitoring systems such as faulty sensors, noise spikes and data 
losses may result in data series that need to be pre-processed in order to be 
used for calibrating models. Cleansing data is as complicated as processing 
the data especially in cases where the data is being processed in real-time.

In this paper, multiple multivariate data models including autoregressive 
integrated moving average model (ARMA) and Moving Principle Component 
Analysis (mPCA) will be used to understand the correlational response of 
concrete and steel boxes in tall towers due to daily thermal swing. Actual 
collected strain and temperature data of the Ironton-Russel Bridge is being 
used for this study.

9804-17, Session 5

Laser vibrometry for wind turbines 
inspections (Keynote Presentation)
Reinhard Ebert, Fraunhofer-Institut für Optronik, 
Systemtechnik und Bildauswertung (Germany)

1. INTRODUCTION 

The use of wind turbines, and therefore the need to monitor and analyse 
their performance, are growing steadily. Turbines tend to vibrate strongly, 
and laser Doppler vibrometry can usefully supplement the existing on-
board sensors for health monitoring those wind turbines. The application 
areas cover condition monitoring, fault diagnostics and sound emission 
inspection, but also validation of simulation models for wind turbines. Early 
fault detection will protect against catastrophic conditions and sudden 
breakdowns. 

Laser vibrometry can solve this problem by allowing non-contact 
measurement of the vibrations of a wind turbine from a distant sensor on 
the ground. For example the vibration characteristics of the whole blade 
surface can be determined with no need for built-in sensors or attached 
marks. Desired measurement distances (given the heights of modern wind 
turbines) will be ~ 250 m or more, and “eyesafe” 1.5 µm laser Doppler 
vibrometers are appropriate for the laser safety requirements.

Wind turbines with large moving blades are difficult subjects for commercial 
laser Doppler vibrometers (LDVs). These LDVs are suited to scan static 
objects, or spinning objects viewed from a point on their spin axis, but not 
ones like turbine blades that move through large angles of view. Therefore 
one aim was to design and develop a new system allowing measurement of 
the vibration characteristics of rotating turbine blades.
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2. GENERAL SYSTEM DISCRIPTION

The system consists mainly of two main components: an image-based 
tracking system and an in-house-developed laser vibrometer. A fixed 
camera is mounted at the base of a pan/tilt system (PTU), records images 
of the wind turbine and forwards these along to software that processes 
the images and builds a model of the rotary motion from the data. With the 
help of this information, the pan and tilt head is positioned so that the laser 
beam of the laser vibrometer mounted on the PTU automatically follows the 
rotating turbine blades (Figure 1).

2.1 Tracking System

To manage the tracking task, three components are added to the system. 
Firstly a PTU capable to perform high dynamic movements under a high 
command rate with proper repeatability, secondly a camera working in the 
same spectral band like the measurement laser, providing sufficient spatial 
resolution, and thirdly a computer equipped with all the hardware to capture 
the camera images, evaluate them, and control the PTU all in real time.

The computer is powering a multi thread application, where the main thread 
drives a state machine, controlling all courses of events. Other threads 
do the bookkeeping of system time for the incoming frames with highest 
priority, launch speed commands to the PTU with high priority, handle 
the image presentation with low priority, and calculate updated model 
representations of the turbine with lowest priority. The usage of a multi core 
computer is preferred, as time critical threads are able to work in parallel.

Two main tasks are solved with the development and usage of appropriate 
algorithms. Firstly the turbine’s wing tips have to be detected and properly 
located within the incoming images. Here, accuracy is crucial for the overall 
performance of the tracking system. Secondly a set of wing tip records, 
representing 2D positions at certain times, has to be used to approximate 
all parameters determining a 3D model of the turbine. Parameters are 
converged for the centre of rotation, the radius, the orientation of the rotor 
plane relating to the camera’s position, even for the focal length of the 
camera. Furthermore we determine the wing phases of the 3D model with 
every incoming frame and calculate the current rotational frequency. Based 
on this model we are able to predict wing positions within a limited range 
for random points in time. These times are given by the ability of the PTU to 
take a new command. A prediction range of 200 milliseconds is sufficient to 
compensate for all the latencies in the system.

The orientation of the rotor plane relating to the camera’s position can be 
diagrammed as azimuth and elevation angles. Figure 2 shows 3D model 
results for a sequence of 15 minutes. Controlled Azimuth movement of the 
turbine can be clearly recognized to be in sync with pivot movement. The 
model is working with sub-pixel accuracy.

For the laser spot to hold the position on the rotor blade within a small 
range two closed control loops are needed. The first one is based on the 
knowledge about the current pan and tilt angles reported by the PTU itself. 
Using this information together with the aimed angles, updated pan and tilt 
speeds are calculated to be programmed next. This control loop alone is at 
least able to keep the laser spot on the blade at a radius where the blade 
width is still wide. Now a hotspot detector is used to detect the floating spot 
in every image. So we determine the offsets in dependence of the pan and 
tilt angles and alter the movements with the next turn for compensation. 
Turn by turn all recurring offsets get compensated. Using this optical control 
loop we reach the aimed accuracy of 0.4 mrad maximum direction error.

With the beginning of a new measurement the tracking system needs to be 
initialized. To keep the effort for the operator as small as possible, certain 
concepts were introduced. Firstly a start sequence leads the operator to 
move the spot first onto the rotor hub and then down the pole slightly 
outside the rotor radius. Even this task could be automated later. Secondly 
all sizes are kept transformed to the sensor and processed in pixel pitch 
units. Thirdly parallax errors arising from the distance between the PTU and 
the camera are disregarded. This does not compromise the overall accuracy, 
as all positioning errors are compensated together by the optical control 
loop. So the operator is relieved from knowing or measuring real sizes as the 
height and the radius of, or the distance to the rotor. He does not even have 
to know the angle to the rotor hub or the focal length of the camera. Last is 
an advantage if a zoom lens is used.

Following previous concepts only the absolutely necessary tasks are left 
to the operator. First find an appropriate measurement place to put the 
system there. Limits are given by a maximum measurement distance and 

the effective viewing angle onto the turbine. First should not exceed 400 
metres and second should not differ more than 30° from on axis viewing. 
After the system has been started the camera has to be aligned for the rotor 
hub being in the centre of the image. Then a focal length has to be chosen, 
so that the complete rotor is pictured, but as big as possible. After the laser 
is activated the initialisation phase will be processed for the system being 
ready for measurements. Now certain positions on a chosen blade could be 
reached or an automated measurement pattern processed.

2.2 Laser Vibrometer

The in-house-developed laser vibrometer is all-fibre-based and operates 
with a separate transmitter/receiver configuration at a wavelength of 
1.5 µm (Figure 2). With an output power of several 100 mW, a spectral 
line width smaller than 1 kHz and a field of view of 75 µrad this system is 
optimised for performing medium-range measurements at distances of up 
to one kilometre. A special feature is to implement a polarisation diversity 
technique to improve the signal-to-noise-ratio degraded by the occurrence 
of dynamic speckle effects during the blade rotations.

To collect data from the rotating blades we have developed in-house 
hardware, for compensating the macro Doppler shifts via an automatic 
frequency control (AFC), and for automatically searching for the carrier 
when it has been temporarily lost. To measure large wind turbines a varying 
Doppler shift in the range of +/- 40 MHz must be compensated if the system 
is located about 300m from the wind turbine. All acquired samples were 
stored as I&Q data via a National Instruments receiver where the effective 
sampling rate automatically adapts to the IF bandwidth thus reducing the 
data amount.

3. MEASUREMENTS OF STATIONARY STRUCTURES OF WIND TURBINES

Besides the tracking of the blades There is still high interest to measure the 
vibration characteristics of the mast and the nacelle. The measurements 
were done on a medium-size wind turbine with a rated power of 2 MW and 
a hub height of about 70 m with a rotor diameter of 25 m. The laser Doppler 
vibrometer was placed about 270 m away from the base point of the wind 
turbine. Figure 19 displays spectrograms of the signal recorded from three 
selected positions indicating the first natural frequency of about 0.33 Hz. 
The signals present the deviation of the intermediate carrier. Figure 20 
shows the frequency spectra from three selected positions on the nacelle 
with the main frequency of 24 Hz and some harmonics which are transferred 
mainly from the drive shaft onto the nacelle body shell, explaining the 2D 
vibration image (frequency range: 24-29.2 Hz, with colour-coded amplitude) 
where the drive shaft could be easily identified. For such applications, a 
multi-beam vibrometry system would shorten the measuring time and help 
to avoid non-stationary conditions.

4. CONCLUSIONS

We have developed a new system allowing remote and contactless 
measurement of the vibration characteristics of stationary structures and 
especially the rotating turbine blades of wind turbines. The system is 
based on an image-based tracking system and an in-house-developed 1.5 
µm-laser vibrometer. Some successful tests were done with a scaled down 
model wind turbine. Measurements on real wind turbines are recently under 
investigation and first results will be presented.
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9804-18, Session 6

Vibration-based damage detection 
dlgorithm for WTT structures
Tuan-Cuong Nguyen, Tae-Hwan Kim, Sang-Hoon Choi, 
Joo-Young Ryu, Jeong-Tae Kim, Pukyong National Univ. 
(Korea, Republic of)

In this paper, the integrity of a wind turbine tower (WTT) structure is 
nondestructively estimated using its vibration responses. Firstly, a damage 
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detection algorithm using changes in modal characteristics to predict 
damage locations and severities in structures is outlined. Secondly, a 
finite element (FE) model based on a real WTT structure is established by 
using a commercial software, Midas FEA. Thirdly, forced vibration tests are 
performed on the FE model of the WTT structure under various damage 
scenarios. The changes in modal parameters such as natural frequencies 
and mode shapes are examined for damage monitoring in the structure. 
Finally, the feasibility of the vibration-based damage detection method is 
numerically verified by predicting locations and severities of the damage in 
the FE model of the WTT structure.

9804-19, Session 6

Dynamic survey of wind turbine vibrations
Chih-Hung Chiang, Keng-Tsang Hsu, Chia-Chi Cheng, 
Chieh-Chen Pan, Chaoyang Univ. of Technology (Taiwan); 
Chi-Luen Huang, Tao-Ming Cheng, Univ. of Illinois at 
Urbana-Champaign (United States)

Six wind turbines were blown to the ground by the wind gust during 
the attack of Typhoon Soudelor in August 2015. Survey using unmanned 
aerial vehicle, UAV, found the collapsed wind turbines had been broken 
at the lower section of the supporting towers. The dynamic behavior of 
wind turbine systems is thus in need of attention. The vibration of rotor 
blades and supporting towers of two wind turbine systems have been 
measured remotely using IBIS, a microwave interferometer. However the 
frequency of the rotor blade can only be analyzed when the microwave 
measurements are taken as the wind turbine is parked and secured. Time-
frequency analyses such as continuous wavelet transform and reassigned 
spectrograms are applied to the displacement signals obtained. A frequency 
of 0.44Hz exists in both turbines B and C at various operating conditions. 
However one additional frequency common to B’s tower and C’s blade can 
be observed.

9804-20, Session 6

Employing unmanned aerial vehicle to 
monitor the health conditions of wind 
turbine
Shengmin Wu, Chih-Huang Chiang, Jia-Jyun Jhang, Yishuo 
Huang, Chaoyang Univ. of Technology (Taiwan)

Unmanned aerial vehicle (UAV) can provide the spatial information of 
huge structures that cannot be collected with traditional approaches. Wind 
turbine is an important tool for renewable energy technologies. Wind 
turbine can be damaged by cracks, leakages, corrosions and etc.. Those 
defects are hard to be identified because wind turbine is a kind of huge 
structures. UAV provides an efficient way to collect the defect information 
of wind turbine. In this paper, the UAV used in the experiments is equipped 
with high resolution camera and thermal infrared camera. The high 
resolution camera can provide a series of images with high resolution. Those 
images can be used to form the 3D model with digital photogrammetry 
technique. As for the thermal infrared camera, the surface temperature of 
the wind turbine can be offered from the collected thermal infrared images. 
The collected thermal images are analyzed with the image segmentation 
technique. The high resolution and segmented images are fused such that 
those high resolution image can offer the surface temperature information. 
Each segmented image is segmented into a series of sub-regions according 
to the surface temperature distribution. Those sub-regions are separated by 
the differences of the surface temperature. Those defects shown in the wind 
turbine can be located according to the temperature difference. In doing so, 
the fused images are used to monitor the health conditions of wind turbine. 
Furthermore, the 3D model generated from the collected high resolution 
images is used as a frame such that the fused images can be attached on 
the frame. The paper offers a feasible approach to build a spatial database 
containing the 3D model of wind turbine and the defects presented in wind 
turbine such the the health conditions can be recorded correctly.

9804-21, Session 6

Multistage gearbox fault diagnosis based 
on synchronous sampling technique
Shengli Zhang, Jiong Tang, Univ. of Connecticut (United 
States)

Multistage gearbox is a fault-prone subsystem but widely used in industries 
such as in wind turbines. Diagnosis of such type of systems has attracted 
significant attention in recent years, with approaches including statistical 
analysis, spectrogram method, and wavelet analysis, etc. One of the most 
challenging issues in gearbox fault diagnosis is the time-varying working 
conditions. To conquer this problem, synchronous sampling technique 
combined with time synchronous averaging is utilized for a speed-varying 
two-stage gearbox in this paper. To facilitate diagnosis, circular plotting and 
quefrency analysis are carried out for different types and severity levels of 
gear faults. 

9804-22, Session 7

Piezoceramic omnidirectional transduction 
of the fundamental shear horizontal 
guided wave mode
Pierre Belanger, Guillaume Boivin, École de Technologie 
Supérieure (Canada)

Ultrasonic guided waves are now routinely used in non-destructive 
evaluation. In plate-like structures, three fundamental modes can propagate, 
namely A0, S0 and SH0. Most of the guided wave literature has thus far 
focused on the use of A0 and/or S0 because these modes are easy to 
generate in plate-like structures using standard piezoceramic transducers. 
Yet, at low frequency, A0 and S0 are dispersive. The consequence of 
dispersion is that signal processing becomes complex for long propagation 
distances. SH0, on the other hand, has the particularity of being the only 
non-dispersive guided wave mode. Omnidirectional transduction of SH0 
requires a rotational surface stress which cannot be easily generated using 
standard piezoceramic transducers. This paper presents a transducer 
concept based on piezoceramic patches assembled to form a discretized 
circle. The external diameter of the discretized circle was chosen to be 
half the SH0 wavelength at the desired centre frequency. Finite element 
simulations using the Comsol Multiphysics environment showed that in a 1.6 
mm aluminium plate the modal selectivity of the transducer was more than 
30 dB at 100 kHz. A full transducer was built for experimental validation. 
The experimental modal selectivity was in the region of 25 dB.

9804-23, Session 7

Defect detection performance of the UCSD 
non-contact air-coupled ultrasonic guided 
wave inspection of rails prototype
Stefano Mariani, Thompson V. Nguyen, Simone Sternini, 
Francesco Lanza di Scalea, Univ. of California, San Diego 
(United States); Mahmood Fateh, Federal Railroad 
Administration (United States)

The University of California at San Diego (UCSD), under a Federal Railroad 
Administration (FRA) Office of Research and Development (R&D) grant, 
is developing a system for high-speed and non-contact rail integrity 
evaluation. A prototype using an ultrasonic air-coupled guided wave 
signal generation and air-coupled signal detection in pair with a real-time 
statistical analysis algorithm has been realized. One of the advantages 
of employing such non-contact method is the potential to perform tests 
as the train or inspector car travels at high speed along the railroad. 
Impedance matching techniques have been developed due to the inherently 
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poor signal-to-noise ratio of the air-coupled ultrasonic measurements in 
rail steel. In parallel, a statistical analysis method based on multivariate 
outlier detection has been implemented to enhance the defect-sensitivity 
of the system. Numerical analyses of the ultrasonic wave propagation 
and interaction with different types of rail internal defects have been 
carried out using both a finite difference method, based on the Local 
Interaction Simulation Approach (LISA), and a commercial finite element 
method software. Results from the first two field tests performed at the 
Transportation Technology Center located in Colorado will be presented 
and discussed. Receiver Operating Characteristics curves were used to 
characterize the performance of the defect detection based on the trade-off 
between defect detection rate and false alarm rate.

9804-24, Session 7

Characterization of microcracking damage 
in concrete using diffuse ultrasonic waves
Suyun Ham, Jinying Zhu, Univ. of Nebraska-Lincoln (United 
States)

Concrete degradation at early stages usually manifest as microcracks. These 
cracks are difficult to detect using conventional ultrasonic wave methods. 
In previous studies, we demonstrated the effectiveness of surface wave 
scattering techniques for the detection of near surface microcracking 
damage. In this paper, we present our recent research efforts that apply 
diffuse ultrasonic wave techniques to concrete in order to characterize 
internal distributed cracking damage in the structures. Parametric studies 
with finite element (FE) analysis are performed to investigate the boundary 
effects on diffuse ultrasonic waves and damage detection. The FE analysis 
results are further validated by experimental tests. Concrete samples 
subjected to freeze-thaw cycles are prepared to generate distributed 
cracks, ranging from low to high crack volume densities. The diffuse wave 
test results are compared with standard resonance tests on companion 
samples. This study significantly demonstrates the potential to use diffuse 
ultrasonic waves for in-situ characterization of distributed cracking damage 
in concrete structures.

9804-25, Session 7

Quantitative sensing of corroded steel 
rebar embedded in cement mortar 
specimens using ultrasonic testing
Jones Owusu Twumasi, Viet Q. Le, Qixiang Tang, Tzuyang 
Yu, Univ. of Massachusetts Lowell (United States)

Corrosion of steel reinforcing bars (rebars) is the primary cause for the 
deterioration of reinforced concrete structures. Traditional corrosion 
monitoring methods such as half-cell potential and linear polarization 
resistance can only detect the presence of corrosion but cannot quantify 
corrosion level. This study presents an experimental investigation of 
quantifying corrosion level of steel rebar inside cement mortar specimens 
using ultrasonic testing. Changes in ultrasonic pulse velocity in the 
specimens at different stages of corrosion are targeted for sensing and 
quantifying corrosion level. Reinforced mortar (RM) specimens were 
ponded by 5% sodium chloride solution and impressed with direct current 
to accelerate the corrosion process. Ultrasonic measurements were taken 
at the end of the accelerated corrosion test (ACT). The level of steel rebar 
corrosion was quantified by correlating the ultrasonic pulse velocities to 
mass loss measurements. It is found that ultrasonic pulse velocity decreases 
non-linearly with the increase in corrosion level. 

9804-26, Session 7

Ultrasonic transmission from fiber optic 
generators on steel plate
Siwen Bi, Nan Wu, Jingcheng Zhou, Xingwei Wang, Jones 
OwusuTwumasi, Qixiang Tang, Tzuyang Yu, Univ. of 
Massachusetts Lowell (United States)

Fiber optic acoustic generators have generated a lot of interest due to its 
great potential in many applications including nondestructive tests. This 
paper reports four acoustic fiber optic generators. All the generators are 
based on gold nanoparticles/polydimethylsiloxane (PDMS) composites. 
Since gold nanoparticles have high absorption efficiency to optical energy 
and PDMS has a high coefficient of thermal expansion, the composites 
can transfer optical energy to ultrasonic waves with high conversion 
efficiency. The strength and bandwidth of ultrasonic waves generated by 
the composites can be changed by different designs and structures of the 
composites. This paper explores the relation between the structure of fiber 
optic acoustic generators and the profile of generated ultrasonic waves. 
Experimental results also demonstrated that four generators have similar 
features of ultrasonic transmission on a steel plate, which is important for 
future choices of ultrasonic receivers. 

9804-27, Session 8

Optical transmission scanning for 
damage quantification in impacted GFRP 
composites
Anton Khomenko, Oleksii Karpenko, Michigan State Univ. 
(United States) and Composite Vehicle Research Ctr. 
(United States); Ermias G. Koricho, Composite Vehicle 
Research Ctr. (United States) and Michigan State Univ. 
(United States); Mahmoodul Haq, Gary L. Cloud, Lalita 
Udpa, Michigan State Univ. (United States) and Composite 
Vehicle Research Ctr. (United States)

Glass fiber reinforced polymers (GFRP) constitute nearly 90-95% of the 
composites market and are used in a wide range of applications including 
aerospace, marine, automotive and construction industries. Although 
composites have many advantages and superior properties, nondestructive 
evaluation (NDE) is required and has gained considerable attention for 
defect location and understanding the extent and severity of damage. 
Some of the conventional NDE techniques for GFRPs include ultrasonics, 
X-ray, and IR thermography. Optical methods, specifically measuring the 
transmission properties (e.g. ballistic optical imaging), have been commonly 
used in biomedical applications, and in this work such a technique is 
adapted for NDE of GFRP composites. In its basic form, the system consists 
of a light source (laser diode), a photo detector and a 2D translation 
stage. The proposed technique provides high-resolution, rapid and fully 
non-contact optical C-scans. The optical transmission scanning system 
was used for inspection of pristine and damaged GFRP samples (e.g. low 
velocity impact damage). The optical C-scan images were compared with 
conventional water immersed ultrasonic C-scans. The results demonstrate 
that the technique has a great potential to evaluate the extent and severity 
of damage, which lays the groundwork for cost-effective, non-contact, and 
rapid NDE of GFRP composite structures. Future work involves development 
of a system with enhanced capabilities.
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9804-28, Session 8

Monitoring chemical degradation of glass 
fibre composites using hyper-spectral 
imaging
Vassilis M. Papadakis, Bernhard Müller, Michiel Hagenbeek, 
Jos Sinke, Roger M. Groves, Technische Univ. Delft 
(Netherlands)

Thermal fatigue testing of materials and structures has been a research 
topic for decades. Research has focused on the effects of different thermal 
cycling conditions on the material characteristics and on the structural 
integrity of components. Specimens are exposed to cyclic thermal loading 
and then tested for possible effects of thermal loading effects of the 
thermal loading on the material characteristics using coupon tests. In 
the present work we used coupon tests and hyper-spectral imaging to 
categorise the possible changes of glass fibre reinforced polymers, currently 
used in aircraft industry. Hyper-spectral imaging is a hybrid technique 
that combines spectroscopy with imaging. It is able to detect chemical 
deterioration of surfaces and it has already been successfully applied in a 
wide range of fields including astronomy, remote sensing, cultural heritage 
and medical sciences.

No significant changes of the physical properties of the thermally cycled 
glass fibre reinforced polymers specimens were detected using interlaminar 
shear strength tests, optical microscopy and scanning electron microscopy. 
However, when using the hyper-spectral imaging differences of surface 
were detected and successfully clustered in the different thermal loading 
conditions that samples were subjected. The different thermal loading 
conditions consisted of different number of thermal cycles (4000, 8000, 
12000) and different temperature ranges (0 to 120, -25 to 95 degrees C). 
The promising results, i.e. clustering of the chemical degradation, will be 
complimented by other investigations with further techniques like ageing 
tests and chemical analyses.

9804-29, Session 8

Nonlinear damage detection and 
localization using a time domain approach
Salvatore Boccardi, Daniele Calla, Gian-Piero Malfense 
Fierro, Francesco Ciampa, Michele Meo, Univ. of Bath 
(United Kingdom)

This paper presents a novel nonlinear time domain approach for damage 
detection and localisation in a composite laminate. The proposed 
methodology relies on the time of arrival identfication of the material 
nonlinear elastic response generated by the interaction of propagating 
ultrasonic waves with the structural flaw. Second order phase symmetry 
analysis filtering was used to estimate the nonlinear second harmonic 
waves generated at damage location. The Akaike Information Criterion 
(AIC) approach was employed to evaluate the arrival times measured 
by six surface bonded receiver transducers. A combination of Newton’s 
method and unconstrained optimisation was then used to solve a system of 
nonlinear equations in order to obtain the damage coordinates. To validate 
this methodology, experimental tests were carried out on a damaged 
composite plate. The results showed that the technique allows calculating 
the position of material defect with high accuracy (maximum error ~5 
mm). The proposed technique, in contrast to previous linear and nonlinear 
ultrasonic damage detection and localisation algorithms, does not require (i) 
any complex signal processing of the measured data, (ii) a priori knowledge 
of the anisotropy group velocities of the propagating waveforms and (iii) 
the lay-up and thickness of the composite structure.

9804-30, Session 8

Creation of health indicators for the 
prognostics of damage growth in 
composite materials
Zheng Liu, The Univ. of British Columbia Okanagan 
(Canada); Nezih Mrad, Defence Research and 
Development Canada (Canada)

Proactive aircraft maintenance requires the capabilities of prognostics 
on damage growth and impending failures of materials and structures. 
In-situ monitoring with damage awareness sensor provides information 
on the current state of material health from the initial indications of defect 
to crack size estimations. Usually, the early fault detection, isolation, and 
identification process with monitoring sensor can issue a condition indicator 
(CI), which shows a change in physical properties related to a specific failure 
mode or fault. Various CI from multiple sensors will be further integrated 
to generate a comprehensive health indicator (HI) for a component or 
structure. The health indicator represents the need for maintenance action.

In this study, the creation of health indicator from the inherent feature 
of signal acquired by piezoelectric disc sensors is investigated for the 
prognostics of damage growth in composite materials. Some handmade 
signal features, like scatter energy and change in the time of flight ($Delta 
textrm{TOF}$), have shown their effectiveness for prognostic model 
development in previous work. This study explores the potential of learning-
based data-driven features as health indicator for prognostic model. 
Experiments are conducted to validate the effectiveness the approach and 
compare with the existing methods. 

9804-31, Session 8

A 2D areal scan for imaging composite 
damage using an enhanced CCRTM 
technique
Jiaze He, Fuh-Gwo Yuan, North Carolina State Univ. 
(United States)

This paper presents a two-dimensional (2-D) non-contact areal scan system 
to image and quantify impacted damage in a composite plate using an 
enhanced zero-lag cross-correlation reverse-time migration (E-CCRTM) 
technique. The system comprises a single piezoelectric actuator mounted 
onto the composite plate and a laser Doppler vibrometer (LDV) for 
scanning a region for capturing the scattered wavefield in the vicinity of 
the PZT. The proposed damage imaging technique takes into account the 
amplitude, phase, geometric spreading, and all the frequency content of 
the Lamb waves propagating in the plate, thus, the reflectivity coefficients 
of the delamination can be calculated and potentially be related to damage 
severity. Comparisons are made in terms of damage imaging quality 
between 2-D areal scans and linear scans as well as between the proposed 
and existing imaging conditions. The experimental results show that the 2-D 
E-CCRTM has robust performance to image and quantify impacted damage 
in large-scale composites using a single PZT actuator with a nearby areal 
scan using LDV.

9804-32, Session 8

Health monitoring a composite structure 
throughout the life cycle
James S. Chilles, Anthony J. Croxford, Ian P. Bond, Univ. of 
Bristol (United Kingdom)

The layer wise construction of laminated composites offers the potential 
to permanently embed sensors within composite structures. One possible 
solution is the embedding of sensors that are inductively coupled to an 
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external probe; this allows for the efficient transfer of electrical signal 
between the embedded sensor and processing equipment. However, for 
any health monitoring network to be viable, the sensors embedded within 
the structure must produce minimal reduction in mechanical performance 
of the structure, and each sensor must be durable enough to survive 
the structures operating conditions. To assess both the impact on the 
mechanical performance and durability of the sensors, inductively coupled 
ultrasonic sensors (which generated guided waves) were embedded into a 
large composite structure and subjected to a load cycle. The sensors were 
embedded into the part during the layup phase which allowed each sensor 
to monitor the curing progress of the surrounding composite material 
during manufacture. The same sensors were then used to detect a structural 
damage event, under loading conditions representative of structural 
operation. 

9804-33, Session 8

Self healing fiber reinforced composites 
employing carbon nano-tubes reinforced 
healing agents delivered via micro 
vascular networks
Dimitrios Bekas, Alkiviadis Paipetis, Univ. of Ioannina 
(Greece)

A self-healing fiber reinforced composite based on the micro-vascular 
approach is investigated in the present work. The micro-vascular network 
is employed for the delivery of the healing agents to the damaged area. 
Within the scope of this study is the use of multi wall carbon nanotubes in 
conjunction with the aforementioned approach so as to investigate their 
effect on the healing efficiency of the composite. The efficiency of the 
employed systems was evaluated by using two characteristic quantities 
obtained from a double cantilever beam specimen (DCB) under tension 
loading. The healing efficiency ratio, defined as the maximum load for the 
healed specimen to the maximum load for the virgin specimen and the 
mode I interlaminar fracture toughness, Gic

9804-69, Session PTue

Application of Hilbert-Huang transform 
for abnormal behavior point detection in 
vibration of structure
Tae-Heon Kim, Hee Ju Kim, Ki-Tae Park, Korea Institute of 
Construction Technology (Korea, Republic of)

Recently, buildings tend to be large size, complex shape and functional. As 
the size of buildings is becoming massive, the need for structural health 
monitoring (SHM) technique is increasing. Various SHM techniques have 
been studied for buildings which have different dynamic characteristics 
and influenced by various external loads. “Abnormal behavior point” is a 
moment when the structure starts vibrating abnormally and this can be 
detected by comparing between before and after abnormal behavior point. 
In other words, anomalous behavior is a sign of damage on structures and 
estimating the abnormal behavior point can be directly related to the safety 
of structure. Abnormal behavior causes damage on structures and this leads 
to enormous economic damage as well as damage for humans. This study 
proposes an estimating technique to find abnormal behavior point using 
Hilber-Huang Transform which is a time-frequency signal analysis technique 
and the proposed algorithm has been examined through laboratory tests 
with a bridge model using a shaking table.

9804-70, Session PTue

Investigating the effect of crack on 
propagation of ultrasonic guided waves in 
pipes via wavelet analysis
Mohammad Riahi, Iran Univ. of Science and Technology 
(Iran, Islamic Republic of)

One of the most important issues in the area of structural inspections is 
nondestructive testing. In recent years, a new approach entitled ultrasound 
guided waves has been developed in the area of ultrasonic testing. The main 
advantages of this method are ability of propagation along the structure 
and inspection of long distances, high speed and low cost. In this study, 
a sinusoidal input signal with three pulses has been used for excitation 
of guided waves. These waves have been propagated along the pipe and 
data capturing has been performed in three positions. Afterward, a saw 
cut has been applied on the pipe as a crack and the receiving signals have 
been recorded in the same positions. After capturing, signals have been 
processed and compared via wavelet analysis. Variations in wave amplitudes 
due to passing the crack has been investigated and signals have been 
compared simultaneously in both time and frequency domain by means 
of wavelet analysis. Results indicate that even if the crack is not detected, 
presence of crack in the way of passing wave will affect the amplitude of 
propagating wave, yet it does not have any effect on the frequency and time 
contents of the signal. 

9804-71, Session PTue

Comparison and analysis of two modern 
methods (BOCDA & ICM) in the structural 
health monitoring techniques in aerospace
Mohammad Riahi, Iran Univ. of Science and Technology 
(Iran, Islamic Republic of)

New technologies in the Structural Health Monitoring (SHM) have emerged 
on the basis of electronics devices like sensors and processors as well as 
analytical methods based on advanced algorithms like Artificial Neural 
Network (ANN). These have contributed considerably to the improvement 
of fault detection methods in the maintenance of aerospace structures. In 
addition, they have led to the design and fabrication of smart structures.

In recent years, superiority of SHM over traditional methods of NDT has 
become conspicuous. Cumbersome procedures associated with the 
utilization of NDT in addition to the lack of accessibility to some areas being 
tested on top of low precision in some applications have caused users 
to take advantage of SHM methods. Two such methods are: Intelligent 
Coating Monitoring (ICM) and Brillouin Optical Correlation Domain Analysis 
(BOCDA). 

The first method is based on the principle of electrical resistance variation in 
the sensors while cracks develop in the structure. The second technique was 
designed on the principle of fiber optics and strain changes in the structure. 
In both methods, valuable data is generated from structural health of the 
airplane. Analysis and comparison of these two methods will be discussed 
and presented herein. Moreover; conceivable means of improving both will 
also be pointed out.

9804-72, Session PTue

Photogrammetric analysis of concrete 
specimens and structures for condition 
assessment
Nicolas D’Amico, Tzuyang Yu, Univ. of Massachusetts 
Lowell (United States)

Deterioration of civil infrastructure in America demands efficient and 
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effective routine maintenance. Photogrammetry is an approach for 
converting data from two-dimensional (2D) photographs into quantitative, 
three-dimensional point cloud models (PCM), for condition assessment. 
With proper allocation and arrangement of photographs the geometric 
information (e.g., coordinates, size) of a surface target can be extracted 
and rendering into a three-dimensional (3D) PCM. In this paper, two 
concrete cylinders and a reinforced concrete retaining wall were selected 
for coordinate estimation and length determination of marked surface 
targets. The study uses photogrammetry to quantify the effect of number 
of photographs in coordinate estimation and length determination. 
Commercial software package 123D Catch (by Autodesk®) was applied 
and up to 70 photographs were used per PCM. The models were then 
extracted as .obj files and geometrically evaluated as PCM’s in MeshLab. 
From the result on concrete cylinders, it is demonstrated that 3D PCM of 
both controlled lab specimens and in-situ civil infrastructures can be created 
by 2D photographs. It is found that PCM rendering quality is relatively 
proportional to the number of photographs taken. With the maximum 
70 photographs, error was found to be no more than 2% for the concrete 
cylinders, and no higher than 10% error for models who were rendered with 
12 photos in coordinate and length estimation. 

9804-73, Session PTue

Decentralized identification based on joint 
extended and unscented Kalman filters for 
hysteretic system
Dongwang Tao, Institute of Engineering Mechanics (China) 
and China Earthquake Administration (China); Hui Li, 
Harbin Institute of Technology (China)

Complete structure identification of complicate nonlinear system using 
extend kalman filter or unscented kalman filter may have the problems of 
divergence, huge computation and low estimation precision due to the 
large dimension of the extended state space for the system. In this article, 
a decentralized identification method of hysteretic system based on the 
joint extended Kalman filter (EKF) and unscented Kalman filter (UKF) 
is proposed. The complete structure is divided into linear substructures 
and nonlinear substructures. The substructures are identified from the 
top to the bottom. For the linear substructure, EKF is used to identify 
the extended space including the displacements, velocities, stiffness and 
damping coefficients and the force at the interface of substructures, using 
the limited absolute accelerations and the identified interface force above 
the substructure. Similarly, for the nonlinear substructure, UKF is used 
to identify the extended space including the displacements, velocities, 
stiffness, damping coefficients and control parameters for the hysteretic 
Bouc-Wen model and the force at the interface of substructures. Finally a 
10-story shear-type structure with single or multiple inter-story hysteresis 
is used for numerical simulation and is identified using the decentralized 
approach, and the identified results are compared with those using only 
EKF or UKF for the complete structure identification. The results shows the 
decentralized approach have the advantage of more stability, relative less 
computation and higher estimation precision.

9804-74, Session PTue

Research on quick seismic damage 
investigation using smartphone
Xuefeng Zhao, Ruicong Han, Yan Yu, Mingchu Li, Weitong 
Hu, Jinping Ou, Dalian Univ. of Technology (China)

Quick seismic damage investigation in earthquake zone is significant to 
provide guidance for emergency response and rescue after disaster. The 
main route to evaluate seismic damage is field investigation, by collecting 
some macro phenomenon. However, field investigation needs immense cost 
in money, manpower and time to accomplish house-to-house investigation. 
Sometimes the repeated survey may lead to obvious differences. So a quick 

and convenient seismic damage evaluation method is necessary. In this 
paper, the damage investigation software is developed, which integrates the 
functions of questionnaire and picture collection for phenomenon register 
and image acquisition. The software has been updated to online version; 
all the information collected can be uploaded to the website with their 
GPS information, and demonstrated on a map. The expert can evaluate 
the seismic damage by analyzing the online photos and recordings, which 
reduce the waste of human and time. Additionally, the developed software 
is simple enough to be operated by any person with a smartphone. Owning 
to the rapid popularity of smart phones, the method proposed in this paper 
will provide the opportunity for researchers and civilians to evaluate the 
seismic damage more convenient and timely.

9804-75, Session PTue

Integrated 3D laser scanning and the 
segmented thermal images for structural 
health monitoring
Yishuo Huang, Chih-Huang Chiang, Ken-Tsang Hsu, Chiying 
Wu, Chaoyang Univ. of Technology (Taiwan)

With the advance of 3D scanning techniques, collecting the 3D information 
of a structure is feasible. The 3D information offers the spatial information 
of a structure. However, the material characteristics and behaviors under 
different weather conditions cannot be provided such that the structure 
health cannot be correctly monitored. Thermal infrared images provide 
the surface temperature of the material covering over the structure. The 
paper proposes an integrated approach to monitor the structure health: 
using the 3D laser scanner to collect the 3D spatial information, and image 
segmentation is employed to segment the surface temperature into a 
series of sub-regions such that the distribution of the surface temperature 
in each segmented sub-region is homogeneous. In constantly doing so, 
the structure deformation can be obtained by comparing the 3D spatial 
information collected at different times. Furthermore, the segmented 
sub-regions can be form few objects containing the surface temperature 
information. With comparing those objects, the defects shown in the 
material can be identified by comparing the differences of surface 
temperature contained in the segmented objects. Segmentation plays a 
fundamental role in human perception. In this respect, segmentation can 
be used as the process of transforming the collection of pixels of an image 
into a group of regions or objects with meaning. This paper proposed 
an algorithm based on the non-local operators to segment the surface 
temperature. The non-local operator can keep the feature information 
illustrated in the thermal images such that the segmented sub-regions offers 
more detail information shown in the thermal image. Then, the segmented 
image is fused with a high resolution image such that the fused image 
contains details shown in the high resolution and surface temperature 
information illustrated in the thermal infrared image. Eventually, the fused 
image is attached on the 3D model generated with the point clouds 
collected by 3D laser scanner. In doing so, the structure health can be 
efficiently monitored by the proposed approach.

9804-76, Session PTue

Finite element approach analysis for 
characteristics of electromagnetic acoustic 
Lamb wave
Songsong Li, Dalian Ocean Univ. (China); Xiaoming Chen, 
Dalian Univ. of Technology (China)

The electromagnetic acoustic Lamb wave?because of the advantages 
with the rapid detection rate and sensitive to defects, is widely used in 
non-destructive testing of thin sheet. Because of the design parameters 
of electromagnetic acoustic transducer, mode selection of plate wave, 
estimation of Lamb wave detection range are all concerned with 
the characteristics of Lamb wave, therefore, it is necessary to study 
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characteristics of Lamb wave. In this paper, the directivity of sound field, 
Phase velocity, group velocity and particle displacement amplitude of 
Lamb wave are study based on finite element analysis method. The results 
show that, for 1mm aluminum, when the excitation frequency 0.64MHz, the 
displacement amplitude of A0 mode is minimum, and the displacement 
amplitude S0 mode is largest. Appropriate to increase the displacement 
amplitude of a mode, while reducing displacement amplitude of another 
mode, to achieve the excitation of a single mode Lamb wave. To study the 
characteristics of Lamb waves by the finite element method, it is helpful 
to the Optimization of transducer parameters, the choice of Lamb wave 
modes and providing optimal excitation frequency, and it has an important 
applications prospect in terms of electromagnetic acoustic NDT. 

9804-78, Session PTue

Output-only damage detection in beam 
structures using statistical analysis of 
Hilbert-Huang transformation of measured 
response
Mohammad Javad Khosraviani, Majid Ghasemi, Islamic 
Azad Univ. of Qazvin (Iran, Islamic Republic of)

In this paper, a new damage detection method is proposed base on 
correlation of Hilbert-Huang transformation of measured responses of 
beam structures. Intrinsic mode functions (IMFs) of dynamic responses 
of structure in measured points are calculated using empirical mode 
decomposition (EMD). Hilbert transform has been applied to obtain 
instantaneous amplitude. Then cross correlation and correlation coefficient 
of obtained instantaneous amplitude of damaged and undamaged structure 
responses have been evaluated. Damage location has been determined 
by analyzing and comparing of cross correlation graphs and correlation 
coefficients of damaged and undamaged data. A finite element model 
of tow bay continues beam structure has been selected to examine the 
efficiency and accuracy of proposed method. The dynamic responses of 
beam in six joints have been obtained using analytical analysis and mixed 
with 10% noise to consider the measurement noise effect. The results show 
that the proposed method can determine the location of damage with the 
acceptable accuracy

9804-79, Session PTue

Identification of breathing cracks in a 
beam structure with entropy
Buddhi Wimarshana Senake Ralalage, Nan Wu, Univ. of 
Manitoba (Canada)

A cantilever beam with a breathing crack is studied to detect and evaluate 
the crack using entropy measures. Closed cracks in engineering structures 
lead to proportional complexities to their vibration responses due to weak 
bi-linearity imposed by the crack breathing phenomenon. Entropy is a 
measure of system complexity and has the potential in quantifying the 
complexity. The weak bi-linearity in vibration signals can be amplified using 
wavelet transformation to increase the sensitivity of the measurements. 
A mathematical model of harmonically excited unit length steel cantilever 
beam with a breathing crack located near the fixed end is established, 
and an iterative numerical method is applied to generate accurate time 
domain dynamic responses. The bi-linearity in time domain signals due to 
the crack breathing are amplified by wavelet-transformation first, and then 
the complexities due to bi-linearity is quantified using Sample entropy to 
detect the possible crack and estimate the crack depth. It is observed that 
the method is capable of identifying crack depths even at very early stages 
of 3% with the increase in the entropy values more than 10% compared with 
the healthy beam. The current study extends the entropy based damage 
detection of rotary machines to structural analysis and takes a step further 
in high-sensitivity structural health monitoring by combining wavelet 
transformation with entropy calculations. The proposed technique can also 
be applied to other types of structures, such as plates and shells.

9804-80, Session PTue

Finite element simulation for damage 
detection of surface rust in steel rebars 
using elastic waves
Qixiang Tang, Tzuyang Yu, Univ. of Massachusetts Lowell 
(United States)

Steel rebar corrosion reduces the integrity and service life of reinforced 
concrete (RC) structures and causes their gradual and sudden failures. 
Early stage detection of steel rebar corrosion can improve the efficiency of 
routine maintenance and prevent sudden failures from happening. In this 
paper, detecting the presence of surface rust in steel rebars is investigated 
by the finite element method (FEM) using surface-generated elastic waves. 
Simulated wave propagation mimics the sensing scheme of a fiber optic 
acoustic generator mounted on the surface of steel rebars. Formation of 
surface rust in steel rebars is modeled by the reduction of Young’s modulus 
at local elements. In this paper, locations of a fiber optic acoustic transducer 
and a receiver were considered. Megahertz elastic waves were used and 
different sizes of surface rust were applied. Both time and frequency domain 
responses of surface displacement and pressure were studied. It is found 
that: 

1. in terms of distinguishing the different sizes of surface rust, the net 
response of corroded rebar models is most distinctive when rust locates 
between transducer and receiver; 2.the amplitude reduction and the time 
delay of surface displacement due to presence of the surface rusts become 
greater when the size of the surface rust increase. Empirical equations were 
proposed to evaluate the rust location and size.

9804-81, Session PTue

Characterization of unknown bridge 
foundations with structural identification 
methods
Qiang Mao, Matteo Mazzotti, John DeVitis, Mustafa O. 
Furkan, Ivan Bartoli, Kurt Sjoblom, A. Emin Aktan, Drexel 
Univ. (United States)

More than 36,000 bridges over waterways (riverine and tidal) are identified 
as having unknown foundations according to the National Bridge Inventory. 
These unknown foundations pose a significant problem for foundation reuse 
and foundation vulnerability evaluation related to scour and earthquakes. 

In recent research, modal analysis and structural identification have been 
widely used to evaluate the superstructure of bridges. In this paper, the 
effectiveness of these methods for characterizing and evaluating unknown 
foundations is investigated.

A steel channel cantilever beam with varied boundary conditions is first 
leveraged as a case study. Both experimental and analytical modal analyses 
are operated to identify the boundary conditions. Modal parameters 
including frequency, mode shape and curvature of mode shape obtained 
from both experimental and analytical results are used to estimate boundary 
conditions of varying stiffness. Building on the knowledge acquired from 
this experimental study, dynamic experimental results are also extracted 
from a steel girder bridge located in Mossy, West Virginia. Multi-reference 
impact testing and operating modal analysis were operated on one of the 
piers of the bridge. The experimental results and a 3D finite element model 
are leveraged to estimate the depth of the foundation and to evaluate 
boundary conditions.
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9804-82, Session PTue

Investigation of the corrosion of A36 steel 
over time using Raman spectroscopy
Toni McCulloch, Namgyu Kim, Hae-Bum Yun, Univ. of 
Central Florida (United States)

This study investigates utilizing Raman spectroscopy as a non-destructive 
technique for evaluating corrosion development over time in artificial 
seawater (ASTM D1141) and de-ionized (DI) water. The purpose of the 
artificial seawater is to simulate a marine environment where chloride 
ions (Cl-) are prevalent. The DI water is used for comparison, since it has 
a minimal ion concentration. The anticipated outcome of this study is to 
develop a relationship between the Raman spectrum and the assessment 
of damage on each sample due to corrosion. As the oxide layer grows, 
the intensity of each peak is expected to increase. Additional peaks are 
expected to develop with the growth of different corrosion compounds. 

Two 0.5 inch square A36 steel coupons with a 0.25 inch thickness are 
submerged in artificial seawater and DI water to accelerate the corrosion, 
then air dried and characterized by Raman spectroscopy. Preliminary results 
show that the corrosion product on the samples submerged in DI water was 
identified as feroxyhite (?-FeOOH), based on the Raman wavenumber at 
663 cm-1. The intensity of the Raman spectrum for these samples increased 
at first, but remained constant over time, indicating that a passive layer 
was formed. The corrosion product on the samples submerged in artificial 
seawater was identified as goethite (?-FeOOH) at first, based on Raman 
wavenumber at 414 cm-1, then feroxyhite (?-FeOOH), based on the decrease 
in intensity of the Raman wavenumber at 414 cm-1, and the development of 
the Raman wavenumber at 663 cm-1, indicating that the sample continues 
to corrode in the presence of Cl- ions. 

9804-83, Session PTue

Sensitivity analysis for optimal placement 
of electrodes for damage detection in 
composites using the electrical resistance 
change method
Paulina Díaz-Montiel, Luis Escalona, Satchi Venkataraman, 
San Diego State Univ. (United States)

Carbon Fiber Reinforced Polymer (CFRP) materials are used in aerospace 
structures due to its superior mechanical properties and reduced weight. 
Non-destructive evaluation (NDE) techniques to detect and measure 
internal inter-ply delamination and intra ply matrix cracking damage are 
needed for such materials. The electrical resistance change (ERC) provides 
a NDE technique that uses the inherent changes in conductive properties 
of the composite to characterize damage. While several papers have been 
published on the basic idea of ERC technique, in practice ERC has been 
limited to thin cross-ply laminates with simple linear or circular electrode 
arrangements.

This paper presents results of a global sensitivity analysis for the optimal 
electrode placement in ERC based NDE to achieve high precision detection 
of delamination crack location (along the longitudinal and thickness 
directions) and size. 

A 2D finite element analysis (FEA) is performed to simulate the electrical 
behavior of a CFRP composite laminate using three different cross-ply 
stacking sequences. Delamination cracks are modeled with duplicated 
nodes. The global sensitivity analysis varies the location and size of the 
delamination, the location of the excitation and ground reference electrodes 
positions, and the positions across which the voltage change is measured. 

The investigation shows that one needs different electrode placements for 
high sensitivity of the ERC to detect the lateral location of a crack, thickness 
direction location of crack length and size in laminates with different 
stacking sequence. The global sensitivity study is used to identify an 
optimum minimum set of electrodes needed for accurate damage detection.

9804-84, Session PTue

Damage evaluation of carbon nanofibers 
flax fiber composite plates by acoustic 
emission technology
Dongsheng Li, Dalian Univ. of Technology (China)

Fiber reinforced polymer (FRP) has received a widespread attention in civil 
engineering due to the superior mechanical properties. This paper research 
the damage process of flax fiber reinforced epoxy matrix composites 
with different content of carbon nanofibers (CNF) under uniaxial tension 
using acoustic emission (AE) technology. The visual tensile mechanical 
behaviors of flax fiber reinforced polymer (FFRP) is obtained through the 
AE accumulated energy and cumulative count analysis, and the stress-
strain curve can be divide into three stages in general: elastic, interim and 
strengthen. The sentry function, intensity signal analysis (ISA) and the 
b-value analysis were proposed to deeply analyze damage leavel evaluation. 
The b-value analysis is a good method help to define the development of 
the cracks. On the basis of these indicators, identifying an initial damage 
and providing an early warning is possible. Furthermore, SEM images of 
fracture surfaces of the tested samples confirmed the identified mechanisms 
evaluated by AE analysis.

9804-85, Session PTue

Guided wave damage detection with PZT-
FBG sensing
Xiaoyi Sun, Zhenhua Tian, Lingyu Yu, Bin Lin, Univ. of 
South Carolina (United States)

This paper presents guided waves based damage detection by using a 
hybrid PZT actuator and optic fiber Bragg grating (FBG) sensors. In the 
hybrid sensing, a piezoelectric wafer (PZT) is used to generate incident 
guided waves based on the piezoelectric principle. Meanwhile, multiple fiber 
Bragg grating sensors (FBG) are adopted as receivers to measure the high-
frequency small-strain guided waves base on the full width half maximum 
(FWHM) principle. If the inspected structure has damage such as hole, 
crack and notch, the incident guided waves will be reflected or scattered 
by the damage. Through multiple FBG sensors at different locations, the 
damage induced waves can be acquired and further processed for damage 
detection. In this research, two configurations are explored, the rosette 
and line arrangements of multiple sensors. The sensing and detection of 
representative damages on both aluminum and carbon fiber reinforced 
polymer (CFRP) composite laminate are demonstrated. The results show 
that damage can be successfully detected by using both the FBG rosette 
and the FBG array.

9804-86, Session PTue

Damage detection in nano-reinforced 
composites using impedance spectroscopy
Dimitrios Bekas, Alkiviadis Paipetis, Univ. of Ioannina 
(Greece)

The application of carbon nanotube reinforced composite materials as 
structural components requires the understanding of the relationship 
between their functional characteristics and the long term behavior of 
this materials under mechanical loading and several types of damage. The 
electrical properties of composite materials have attracted a major portion 
of the research of the composite community within the multifunctionality 
concept that relates structural integrity to internal properties. In the current 
work Impedance Spectroscopy (IS) was employed using a typical frequency 
spectrum analysis setup in order to assess the AC frequency dependence of 
damage and attempt the simulation of its evolution with a simple equivalent 
electrical circuit.
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9804-87, Session PTue

Non-destructive evaluation of adhesive 
layer using a planar array capacitive 
imaging technology
Yuyan Zhang, Limei Zhao, Yintang Wen, Yanshan Univ. 
(China)

As an important material to protect the reusable launch vehicles(RLV), the 
thermal protection material is usually bonded with the vehicle by the means 
of binder. At present, there is still no relatively satisfactory and reliable 
method for defect detection of cohesive coating. Planar array electrical 
capacitance tomography (ECT) is a suitable non-invasive imaging technique 
when there is only limited access to the targeted defect.This research aims 
to determine the feasibility of the use of planar array electrical capacitive 
tomography for bond coat defect detection of thermal protection system. 
In this paper, a planar array ECT system is developed including a planar 
array sensor of 3x4 electrodes, a capacitance acquisition system and image 
reconstruction software. The sensor development, practical implication and 
imaging process of the proposed planar array ECT are discussed. A series 
of specimens of thermal protection material with man-made defects were 
tested by the proposed planar array ECT system. The experimental results 
show that the defects in cohesive coating can be effectively detected and 
the minimum size can be detected is 10mmx10mm.

9804-88, Session PTue

A review of nondestructive testing 
approach using mechanical and 
electromagnetic waves
Denvid Lau, Qiwen Qiu, City Univ. of Hong Kong (Hong 
Kong, China)

Mechanical and electromagnetic waves are commonly used for material 
evaluation in civil infrastructure and it is envisioned that the combination of 
using both types of waves would be the direction for monitoring the health 
of the construction materials in the near future. This paper summarizes the 
fundamentals and the development of using these two types of wave for 
nondestructive testing (NDT). Typical mechanical-wave-based NDT methods 
such as acoustic emission and ultrasonic technologies are reviewed. In 
addition, NDT methods using electromagnetic waves, which include infrared, 
radar, laser and X-ray are discussed. Advantages and disadvantages of 
these methods are outlined. In particular, we focus on a recent NDT method, 
which is called acoustic-laser technique as it utilizes both the mechanical 
and electromagnetic waves. The basic principles and some important 
experimental data recorded by the acoustic-laser technique are described. 
The future development of the acoustic-laser technique in the field of defect 
detection in civil infrastructure is described as well.

9804-89, Session PTue

Damage characterization in engineering 
materials using a combination of optical, 
acoustic, and thermal techniques
Ilias K. Tragazikis, Dimitrios A. Exarchos, Panagiota 
Aikaterini T. Dalla, Theodoros E. Matikas, Univ. of Ioannina 
(Greece)

Application of digital image correlation (DIC) to engineering materials is 
a useful tool for accurate, non-contact strain measurement. DIC is a 2D, 
full-field optical analysis technique based on gray-value digital images to 
measure deformation, vibration and strain a vast variety of materials. In 
addition, this technique can be applied from very small to large testing 
areas and can be used for various tests such as tensile, torsion and bending 

under static or dynamic loading. In this study, DIC results are benchmarked 
with other nondestructive techniques such as acoustic emission for damage 
localization and fracture mode evaluation, and IR thermography for stress 
field visualization and assessment. The combined use of these three 
nondestructive methods enables the characterization and classification of 
damage in engineering materials and structures. 

9804-91, Session PTue

Sealing machine damaged composite 
edges via high strength adhesives for 
improved mechanical properties
Jason Yeoh, Ibrahim M. Alarifi, Abdulaziz Alharbi, Ramazan 
Asmatulu, Wichita State Univ. (United States)

Fiber reinforced composites have been utilized for a number of different 
applications, including aircraft, wind energy, automobile, construction, 
manufacturing, and many other industries. During the fabrication, machining 
(diamond and band saws) and assembly of these composites, various 
edge and hole delamination, fiber pullout and other micro and nanocracks 
can be formed on the composite panels. The present study focuses on 
the edge sealing of the machine damaged fiber reinforced composites, 
such as fiberglass fabric 7781, carbon fabric 8552 and carbon unitape 
4708. Comparison studies among the diamond saw, waterjet and abrasive 
grinding after cutting processes were conducted on the prepared composite 
coupons. The MTS tensile test results confirmed that the composite 
coupons from the grinding process usually produced better and consistent 
mechanical properties compared to the waterjet and diamond cutting 
processes. In addition to these studies, different types of high strength 
adhesives, such as EPON and Loctite were applied on the edges of the 
prepared composites coupons and cured under vacuum. The mechanical 
tests conducted on these coupons indicated that the overall mechanical 
properties of the composite coupons were further improved, which may 
be useful for different industrial applications of fiber reinforced composite 
materials.

9804-34, Session 9

Recent R&D activities on track integrity at 
Federal Railroad Administration (Keynote 
Presentation)
Gary Carr, Federal Railroad Administration (United States)

The Federal Railroad Administration (FRA) has a successful history of 
supporting the development of advanced rail technologies to meet the 
transportation needs of the country. Over the last few decades, the 
FRA has provided funding and technical support to facilitate research 
and to stimulate development of new equipment, infrastructure, and 
testing technologies to enhance the nation’s rail transportation safety 
and efficiency. Among various railroad failures, track and infrastructure 
failure is the second leading cause of train derailments in the U.S. Incorrect 
interaction between moving vehicles and the track is a common cause of 
derailments. In this talk, previous and current research and development 
(R&D) activities on inspecting the structural integrity of track and 
infrastructure are introduced. Issues and challenges in these R&D activities 
are also discussed. Finally, possible topics/directions for future research are 
addressed.

9804-35, Session 10

Repurposing video recordings for 
structure motion estimations
David Lattanzi, Ali Khaloo, George Mason Univ. (United 
States)
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Video monitoring of public spaces is becoming increasingly ubiquitous, 
particularly near essential structures and facilities. During any hazard event 
that dynamically excites a structure, such as an earthquake or hurricane, 
proximal video cameras may inadvertently capture the motion time-history 
of the structure during the event. If this dynamic time-history could be 
extracted from the repurposed video recording it would become a valuable 
forensic analysis tool for engineers performing post-disaster structural 
evaluations. The difficulty is that almost all potential video cameras are 
not installed to monitor structure motions, leading to camera perspective 
distortions and other associated challenges. This paper presents a method 
for extracting structure motions from videos using a combination of 
computer vision techniques. Images from a video recording are first 
reprojected into synthetic images that eliminate perspective distortion, 
using as-built knowledge of a structure for calibration. The motion of the 
camera itself during an event is also considered. Optical flow, a technique 
for tracking per-pixel motion, is then applied to these synthetic images to 
estimate the building motion. The developed method was validated using 
the experimental records of the NEESHub earthquake database. The results 
indicate that the technique is capable of estimating structural motions, 
particularly the frequency content of the response. Further work will 
evaluate variants and alternatives to the optical flow algorithm, as well as 
study the impact of video encoding artifacts on motion estimates.

9804-36, Session 10

Damage detection of concrete masonry 
structures by enhancing deformation 
measurement using DIC
Mohammad Bolhassani, Satish Rajaram, Ahmad A. Hamid, 
Antonios Kontsos, Ivan Bartoli, Drexel Univ. (United States)

This study focuses on deformability and damage of concrete masonry wall 
and assemblages. It employed point-to-point, traditional strain gages, and 
full-field measurement technique using digital image correlation (DIC), 
to investigate the damage and deformability of partially grouted (PG) 
reinforced masonry wall and assemblages. A set of ungrouted and grouted 
assemblages, and full-scale concrete masonry shear wall were constructed 
and tested under displacement control loading. The wall constructed 
according with masonry standards joint committee (MSJC 2013) and 
tested under constant vertical compression load and horizontal lateral load 
using quasi-static displacement procedure. The DIC method was used to 
determine non-uniform strain contours on the assemblages. This method 
was verified by comparing strains along selected directions with traditional 
TML gage results. After successful comparison, the method was used to 
investigate the state of damage and deformability of the wall specimen 
under load. Panel deformation, crack pattern, displacement at the top, 
and the base strain of the wall were captured using full-field measurement 
and results were in a good agreement with traditional strain gages. It is 
concluded that full-filed measurements using DIC is promising especially 
when the test specimens experience inelastic deformation and high degree 
of damage. The ability to characterize and anticipate failure mechanisms 
of concrete masonry systems by depicting strain distribution, categorizing 
structural cracks and investigating their effects on the behavior of the wall 
was also shown using DIC. In addition to monitoring strains across the 
gage length, the DIC method provided full-field strain behavior of the test 
specimens and revealed strain hot-spots at locations that corresponded to 
failure. 

9804-37, Session 10

A novel vision-based system for pavement 
crack recognition and quantification based 
on image processing and machine learning 
techniques
Soroush Mokhtari, Liuliu Wu, Hae-Bum Yun, Univ. of 
Central Florida (United States)

Image-based techniques are promising non-destructive approaches 
for road pavement condition evaluation. This study aims to introduce a 
novel pavement crack detection and quantification system, developed 
by designing an integrated sequence of multiple image-processing and 
machine learning tasks. A common problem of most crack-extraction 
algorithms is that extracted crack image components are usually 
fragmented along crack paths. Therefore, a novel crack de-fragmentation 
technique, so called MorphLink-C, is proposed to connect crack fragments. 
Bottom-hat morphological transform along with MorphLink-C technique 
are employed in this study to remove the background of pavement images 
and fragment detected image components. The remaining noise (no-crack 
components) are filtered using supervised machine learning (classification) 
techniques. Six imagery characteristics (features) of pavement cracks 
including, area, length, texture index, intensity, location and orientation, 
which are commonly used in similar pavement evaluation studies, are 
considered for filtering the noise and detecting the cracks. An exhaustive 
wrapper feature selection is conducted using artificial neural network 
classifier to identify the optimum feature set for pavement crack detection 
and avoid subjective feature selection based on human observations. 
Experimental validation of the proposed system is conducted using 
realistic flexible pavement images collected by the Florida Department of 
Transportation. The results indicate that MorphLink-C and the exhaustive 
feature selection technique can significantly increase the detection 
accuracy of the crack detection system and reduce the computation time. 
The proposed framework is implemented using a software application, 
PaveView. The application allows pavement management agencies to detect 
and quantify pavement cracks with minimum human intervention. 

9804-38, Session 10

Bolt-loosening identification of bolt 
connections by vision image-based 
technique
Tae-Hwan Kim, Tuan-Cuong Nguyen, Thanh-Canh Huynh, 
Jae-Hyung Park, Jeong-Tae Kim, Pukyong National Univ. 
(Korea, Republic of)

In this study, a vision image-based bolt-loosening detection technique 
is presented for the application into bolted connections of steel bridges. 
Firstly, existing bolt-loosening detection methods such as in-situ inspection 
and sensor-based monitoring techniques are reviewed by analyzing their 
advantages and drawbacks. Secondly, a bolt-loosening detection algorithm 
using a vision image-based technique is proposed. The algorithm consists of 
six steps: (1) taking a picture of a bolt connection; (2) determining reference 
points by extracting the splice plate’s image from the picture; (3) correcting 
perspective distortion of the splice plate’s image; (4) segmenting the image 
for each nut; (5) extracting edges and identifying rotation angels of each 
nut; and (6) detecting bolt-loosening by comparison between the pre- and 
post-identified nut angles. The Hough transform and the edge detector are 
used to find the reference points, and to identify the rotation angles of nuts. 
Finally, the applicability of the proposed technique is experimentally verified 
on a lab-scale test model of 8-bolt connection under various bolt-loosening 
scenarios.

9804-39, Session 10

An autonomous unmanned aerial vehicle 
sensing system for structural health 
monitoring of bridges
Daniel R. Reagan, Christopher Niezrecki, Tzuyang Yu, Univ. 
of Massachusetts Lowell (United States)

As civil infrastructure (i.e. bridges, railways, and tunnels) continues to age; 
the frequency and need to perform inspection more quickly on a broader 
scale increases. Traditional inspection and monitoring techniques (e.g., 
visual inspection, mechanical sounding, rebound hammer, cover meter, 
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electrical potential measurements, ultrasound, and ground penetrating 
radar) may produce inconsistent results, require lane closure, are labor 
intensive and time-consuming. Therefore, new structural health monitoring 
systems must be developed that are automated, highly accurate, minimally 
invasive, and cost effective. Three-dimensional (3D) digital image correlation 
(DIC) systems have the merits of extracting full-field strain, deformation, 
and geometry profiles. These profiles can then be stitched together to 
generate a complete integrity map of the area of interest. On the other 
hand, unmanned aerial vehicles (UAVs) have emerged as valuable resources 
for positioning sensing equipment where it is either difficult to measure 
or poses a risk to human safety. UAVs have the capability to expedite the 
optical-based measurement process, offer increased accessibility, and 
reduce interference with local traffic. Within this work, an autonomous 
unmanned aerial vehicle in conjunction with 3D DIC was developed for 
monitoring bridges. 

The capabilities of the proposed system are demonstrated in both 
laboratory measurements and data collected from bridges currently in 
service. Potential measurement influences from platform instability, rotor 
vibration and positioning inaccuracy are also studied in a controlled 
environment. The results of these experiments show that the combination 
of autonomous flight with 3D DIC and other non-contact measurement 
systems provides a highly valuable and effective civil inspection platform.

9804-90, Session 10

Preparation and characterization of 
phase change material for thermal energy 
storage in buildings
Tommy Lo, City Univ. of Hong Kong (Hong Kong, China)

The paper presents the developing of novel form-stable composite phase 
change material (PCM) by incorporation of Lauryl alcohol and paraffin into 
different carriers through vacuum impregnation. The macro-encapsulated 
Paraffin-lightweight aggregate is a chemical compatible, thermal stable and 
thermal reliable PCM material for thermal energy storage applications in 
buildings. The compressive strength after 28 days of NWAC with PCM-LWA 
is 33 - 53 MPa, which has an opportunity for structural purpose. Scanning 
electronic microscopic images examined the paraffin was held inside the 
porous structure of the aggregate. Thermal performance test showed 
that the cement paste panel with composite PCM can reduce the indoor 
temperature.

9804-40, Session 11

Health monitoring of offshore structures 
using wireless sensor network: 
experimental investigations
Srinivasan Chandrasekaran, Thailammai Chitambaram, 
Indian Institute of Technology Madras (India)

This paper presents a detailed methodology of deploying wireless 
sensor network in offshore structures, which can support the Structural 
Health Monitoring (SHM) system. Traditional SHM is carried out by visual 
inspections and wired systems, which are highly expensive and unreliable 
for offshore applications. Further, it always needs larger installation space 
to deploy while decommissioning is a tedious process. Wireless sensor 
networks can enhance the SHM system by deployment of scalable and 
dense sensor network, which consumes lesser space and lower power 
consumption. Proposed methodology is mainly focused to determine the 
status of serviceability of large floating vessels under extreme environmental 
loads. Servers to identify a critical value that exceeds threshold limits of 
displacements and bending stresses will analyze the data that are received 
by the acquisition unit. On failure, SHM system will be capable of raising 
early warning in the form of alert messages. Engineers on-board and officer 
in-charge of operations can be then alerted to activate the emergency 
evacuation plans successfully. In the present study, both wired and wireless 

sensors are installed in the experimental model of offshore TLP and its 
structural response is monitored under regular waves. Two wireless systems 
are discussed in this study: i) one with the micro controller unit, which is 
programmed to transmit the acquired data to a receiver using secured 
Zigbee 802.15.4 protocol; and ii) other with the Raspberry pi board, which is 
programmed to transmit the acquired data to the server using wifi adapter. 
In the former, data is hosted in the webpage while in the latter, processing 
unit, which is connected through the serial interface will be used for further 
processing. Performance of both the SHM systems are compared.

9804-41, Session 11

Passive and non-contact stress sensing for 
longitudinal stress in rail using naturally 
grown iron oxides on rail surface
Namgyu Kim, Toni McCulloch, Hae-Bum Yun, Univ. of 
Central Florida (United States)

This study aims to develop a passive and non-contact stress sensing 
technology to measure longitudinal stress induced by ambient temperature 
on railroad tracks. For continuously welded rail (CWR), it is important to 
monitor thermally induced stress for rail safety and track maintenance 
management. Conventional sensing techniques for stress measurement 
are unable to measure the absolute stress of rail, and needs power, cables 
and electronic circuits. In this study, a non-contact, passive stress sensing 
technology is developed to measure the absolute stress of rail. The concept 
of the passive and non-contact stress sensing technology is based on thin-
film stress measurement technique by using Raman spectroscopy. In this 
study, mill scales on the rail surface are used as a passive stress sensor. Mill 
scales are naturally formed on the outer surface of hot rolled steel when 
they are being produced by rolling red hot iron in rolling mills. Normally iron 
(II) oxide, iron (III) oxide, iron (II,III) oxide are included in the mill scales. 
Preliminary results from Raman characterization identified the mill scale 
on new railroad surface as hematite (?-iron(III) oxide, ?-Fe2O3) layer. The 
residual stress was measured by Raman piezospectroscopic test. To measure 
applied stress of railroad, Raman piezospectroscopy test is performed. In 
addition, scanning electron microscopy and nano-indentation are carried 
out to characterize the bonding condition between hematite layer and iron 
substrate on the railroad sample. Potential applications would include long-
term static stress measurement under high-temperature and high-pressure 
environment.

9804-43, Session 11

Multi-channel MFL sensing based NDE 
technique for automated defect detection 
of railroad track
Ju-Won Kim, Seunghee Park, Sungkyunkwan Univ. (Korea, 
Republic of); Donghoon Kang, Korea Railroad Research 
Institute (Korea, Republic of)

Defects generated in a railroad track that guides the railroad vehicle have 
characteristics to grow fast and so the detection technology for railroad 
track defects is very important because defects eventually can cause mass 
disaster like derailment. In this study, a magnetic flux leakage (MFL) method 
which is suitable for the continuum ferromagnetic structure and verified 
by the previous studies was applied for the railroad inspection. To verify 
the feasibility of the proposed technique, a multi-channel MFL sensor head 
that minimized the lift-off was fabricated using Hall sensors and permanent 
magnets to adapt to the railroad. And test specimens with artificial defects 
on the surface were manufactured, and scanned by using the MFL sensor 
head to measure the magnetic flux density of the railroad specimen. 
Resolution of Measured magnetic flux signal was improved through the 
signal processing, and magnetic flux leakage signals were analyzed to 
classify the damages of railroad by pattern recognition technique. In the 
experimental result, MFL technique can detect successfully the local damage 
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on vertical and diagonal direction. Through the further study, it is expected 
that MFL based nondestructive evaluation technique can be used effectively 
for detecting local faults of railroad tracks by convergence of the suitable 
transportation equipment and IT technology.

9804-44, Session 12

Scanning laser ultrasound and 
wavenumber spectroscopy for in-process 
inspection of additively manufactured 
parts
Eric B. Flynn, EliseAnne C. Koskelo, Los Alamos National 
Lab. (United States)

Most quality control (QC) approaches for additive manufacturing are 
post-production, providing a whole-part quality assessment after the part 
is already fully constructed. The disadvantage of post-production QC is 
that the entire part must be produced prior to assessment, which leads to 
wasted machine time and materials if the part does not pass the inspection. 
More importantly, if inspection is not carried out until after the production 
is complete, access is restricted to only external faces of the manufactured 
part. This reduces the ability to detect and locate small defects that are 
internal to the part. 

In our in-process QC technique, we used ultrasound to interrogate a part 
as it was being manufactured. The energy was introduced to the part by 
attaching an ultrasonic transducer to the printer build plate and driving it 
with a harmonic excitation. The full-field response of the part was measured 
using a scanning laser Doppler vibrometer. This offered a completely non-
contact solution so as to avoid inference with the manufacturing process. 
By using a high amplitude harmonic excitation and avoiding the downtime 
associated with waiting for transient excitation reverberations to dissipate, 
we could perform full-field inspection at a rate of five scans per minute. 
For each scan, we analyzed both the local amplitudes and wavenumbers 
of the response in order to identify defects. Local spatial wavenumber was 
estimated by passing the full-field response measurements through a bank 
of narrow-band wavenumber filters and determining the maximum response 
at each measurement point, or pixel.

For this study, we focused on the detection of delamination between layers 
in a fused deposition modeling process. Intentional delamination was 
introduced by either pausing the process between layers so as to allow the 
part to cool or introducing geometric features in the part design that were 
beyond the capabilities of the hardware. We tested the technique on several 
simple rectangular and cylindrical part geometries and from several scanner 
view angles. Scans of the top layer of the part during the print the revealed 
the greatest increase in response amplitude and shift in wavenumber in 
the presence of a delamination, highlighting the importance of in-process 
inspection.

9804-45, Session 12

Nonlinear thermosonics and laser 
vibrometry for barely visible impact 
damage of a composite stiffener panel
Gian Piero Malfense Fierro, Michele Meo, Univ. of Bath 
(United Kingdom)

Two methods have been evaluated in order to locate barely visible impact 
damage (BVID) in a composite stiffener panel. A nonlinear thermosonics 
technique and a nonlinear laser vibrometer technique were evaluated. 
Damaged regions were excited using a piezo shaker in both methods. 
Evaluation of the damaged regions was done by first determining the 
second and third order nonlinear harmonic response of the damaged 
regions. This was then used to determine the excitation frequency. By 
evaluating the presence of nonlinear responses in the output signal it is 
possible to excite the damaged structure at frequencies that give high 

heat generation and high displacements at the damaged regions. The 
results showed that both methods can be used to locate damaged regions, 
although it was shown that the stiffener impedes the propagation of 
the exciting wave and that these tests should be carried out in-between 
stiffeners in order to maximise the excitation and heating of damaged 
regions. Furthermore, both methods allowed for excitation of damaged 
regions over a large area.

9804-46, Session 12

Geometric identification and damage 
detection of structural elements by 
terrestrial laser scanner
Tsung-Chin Hou, Yu-Wei Liu, National Cheng Kung Univ. 
(Taiwan); Yu-Min Su, National Kaohsiung Univ. of Applied 
Sciences (Taiwan)

In recent years, three-dimensional (3D) terrestrial laser scanning 
technologies with higher precision and higher capability are developing 
rapidly. The growing maturity of laser scanning has gradually approached 
the required precision as those have been provided by traditional structural 
monitoring technologies. Together with widely available fast computation 
for massive point cloud data processing, 3D laser scanning can serve as an 
efficient structural monitoring alternative for civil engineering communities. 
Currently most research efforts have focused on integrating/calculating the 
measured multi-station point cloud data, as well as modeling/establishing 
the 3D meshes of the scanned objects. Very little attention has been spent 
on extracting the information related to health conditions and mechanical 
states of structures. In this study, an automated numerical approach that 
integrates various existing algorithms for geometric identification and 
damage detection of structural elements were established. Specifically, 
adaptive meshes were employed for classifying the point cloud data of 
the structural elements, and detecting the associated damages from the 
calculated eigenvalues in each area of the structural element. Furthermore, 
kd-tree was used to enhance the searching efficiency of plane fitting which 
were later used for identifying the boundaries of structural elements. The 
results of geometric identification were compared with M3C2 algorithm 
provided by CloudCompare, as well as validated by LVDT measurements of 
full-scale reinforced concrete beams tested in laboratory. It shows that 3D 
laser scanning, through the established processing approaches of the point 
cloud data, can offer a rapid, nondestructive, remote, and accurate solution 
for geometric identification and damage detection of structural elements.

9804-47, Session 12

Mueller matrix ellipsometry: a powerful 
tool for nondestructive characterization of 
nanostructures
Shiyuan Liu, Xiuguo Chen, Chuanwei Zhang, Hao Jiang, 
Huazhong Univ. of Science and Technology (China)

Ellipsometry is an optics-based metrology technique that utilizes polarized 
light to characterize thickness of thin films and optical constants of both 
layered and bulk materials. Since the year of around 2000, spectroscopic 
ellipsometry was introduced to monitor the critical dimension of grating 
structures in semiconductor manufacturing. Compared with scanning 
electron microscopy and atomic force microscopy, this technique has 
achieved wide industrial applications after ten years of development due 
to its several attractive advantages, such as low cost, high throughput, and 
minimal sample damage.

Among the various types of ellipsometers, Mueller matrix ellipsometer 
(MME) can provide all 16 elements of the 4?4 Mueller matrix in each 
measurement. Compared with conventional ellipsometry, which at most 
obtains two ellipsometric angles, MME can acquire much more useful 
information about the sample, such as anisotropy and depolarization, and 
thereby can achieve better measurement sensitivity and accuracy. Therefore, 
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MME is expected to be a powerful tool for nondestructive characterization 
of nanostructures in high-volume nanomanufacturing.

In this talk, we will review the principles and potential of MME in 
nanostructure characterization to provide a complete picture of this 
technique. We will first introduce the basic principles and instrumentation 
of MME, with a demonstration of the development of a high-precision 
broadband dual rotating-compensator Mueller matrix ellipsometer in our 
lab. Then we will revisit the data analysis in Mueller matrix ellipsometry 
from the viewpoint of computational metrology, and point out that Mueller 
matrix ellipsometry for nanostructure characterization is essentially a 
computational metrology technique by modeling a complicated forward 
process followed by solving a corresponding nonlinear inverse problem. 
Finally, We will present several case studies of Mueller matrix ellipsometry, 
including the measurement of e-beam patterned grating structures, the 
measurement of nanoimprinted resist patterns, the measurement of 
lithographic patterns with line edge roughness, and the measurement 
of etched trench nanostructures that are typically encountered in the 
manufacturing of flash memory storage cells, to demonstrate the capability 
of MME in nondestructive nanostructure characterization.

9804-48, Session 12

A laser-based defect detection scheme in 
CFRP-concrete systems
Qiwen Qiu, Denvid Lau, City Univ. of Hong Kong (Hong 
Kong, China)

This paper presents a method to identify the near-surface defects in carbon 
fiber reinforced polymer (CFRP) structures, which is found on the unique 
laser reflection pattern. In this study, a laser beam is used to illuminate the 
surface of CFRP-concrete panel, and the pattern of the laser reflection is 
recorded by a high resolution digital camera. Under the laser illumination, 
the surface of the tested object is heated and expanded. The surface 
expansion can be identified because of the moving reflection pattern. Based 
on our experimental observation, the laser reflection pattern for defect 
region shows an expanding behavior, while the pattern from intact region 
remains stable. This phenomenon enables us to inspect the existence of 
near-surface defects in CFRP-concrete systems. In addition, the method 
presented here possesses a high potential to be applied in other bonded 
systems, such as CFRP-wood structures and CFRP-steel structures.

9804-49, Session 13

Improving synthetic aperture focusing 
technique for thick concrete specimens via 
frequency banding
Dwight A. Clayton, Oak Ridge National Lab. (United 
States)

A multitude of concrete-based structures are typically part of a light 
water reactor (LWR) plant to provide the foundation, support, shielding, 
and containment functions. This use has made its long-term performance 
crucial for the safe operation of commercial nuclear power plants 
(NPPs). Extending reactor life to 60 years and beyond will likely increase 
susceptibility and severity of known forms of degradation. While standard 
Synthetic Aperture Focusing Technique (SAFT) is adequate for many 
defects with shallow concrete cover, some defects that are located under 
deep concrete cover are not easily identified using the standard SAFT 
techniques. For many defects, particularly defects under deep cover, the 
use of frequency banded SAFT improves the detectability over standard 
SAFT. In addition to the improved detectability, the frequency banded 
SAFT also provides improved scan depth resolution that can be important 
in determining the suitability of a particular structure to perform its 
designed safety function. Improving and extending the usefulness of SAFT 
on ultrasonic data collected from thick, complex concrete structures such 
as in NPPs are the goals of this research. Towards these goals, the time-

frequency technique of wavelet packet decomposition and reconstruction 
using a mother wavelet that possesses the exact reconstruction property 
is employed. However, instead of analyzing the coefficients of each 
decomposition node, specific nodes are selected and reconstructed based 
on the frequency band it contains to produce a frequency band specific 
time-series representation. SAFT is then applied to these frequency specific 
reconstructions allowing SAFT to be used to visualize the reflectivity of 
a frequency band and that band’s interaction with the contents of the 
concrete structure. Specially designed and fabricated test specimens 
can provide realistic flaws that are similar to actual flaws in terms of how 
they interact with a particular NDE technique. Because conditions in 
the laboratory are controlled, the number of unknown variables can be 
decreased, making it possible to focus on specific aspects, investigate them 
in detail, and gain further information on the capabilities and limitations 
of each method. To minimize artifacts caused by boundary effects, the 
dimensions of the specimens should not be too compact. In this paper, 
enhanced SAFT is applied to a 2.134 m x 2.134 m x 1.016 m concrete test 
specimen with twenty deliberately embedded defects. It is shown that 
for a 50 kHz center frequency, wavelet nodes containing the frequencies 
13.25~62.5 kHz and second harmonic, 93.75~125 kHz offer promise for 
multiple types of defects in both deep and shallow depths. Improvements 
include seeing an intensity corresponding to a defect with this technique 
that is either not visible at all in regular, full frequency content SAFT, or an 
improvement in clarity or brightness over the SAFT images rendered using 
the full frequency content. 

9804-50, Session 13

A novel background subtraction technique 
based on gray-scale morphology for weld 
defect detection
Masoumeh Aminzadeh, Thomas R. Kurfess, Georgia 
Institute of Technology (United States)

Automated optical inspection is a non-destructive evaluation technique 
that enables automatic detection of defects in structures and manufactured 
parts. Radiography images are widely used in many manufacturing 
industries, such as weld inspection, for detection of sub-surface defects. 
Background subtraction is a common automated defect detection 
technique in weld inspection: a defect-free reproduction of the part, so-
called background, is generated and subtracted from the image to leave 
the defects behind. X-ray images of weld seams, however, have a highly 
nonuniform intensity distribution, with bright boundary and darker center, 
that makes the background subtraction and the detection task extremely 
challenging. Many highly computational techniques, such as spline 
approximation, surface-fitting, and Gaussian distribution approximation 
have been developed and used for background generation in weld 
inspection. 

This paper proposes a new background subtraction technique based on 
gray-scale morphology. Appropriate morphological operations such as 
opening by reconstruction are designed and used to remove the defects 
from the image with negligible impact on the background. The resulted 
image with nearly invisible defects provides a very efficient background 
image that can now be used in background subtraction technique. The 
low-computational load associated with the used morphological operations 
and the simple implementation make this technique more effective than 
background subtraction techniques such as spline approximation and 
surface-fitting. The performance of the technique is tested by applying to 
detect defects in a weld seam where the defects are precisely segmented. 
The proposed technique is also applicable to sheet, surface, or part defect 
detection in various applications of manufacturing. 
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9804-51, Session 13

Lamb wave feature extraction using 
discrete wavelet transformation and 
principal component analysis
Mojtaba Ghodsi, Sultan Qaboos Univ. (Oman); Hamidreza 
Ziaiefar, Milad Amiryan, Tarbiat Modares Univ. (Iran, 
Islamic Republic of); Farhang Honarvar, K.N. Toosi Univ. 
of Technology (Iran, Islamic Republic of); Yousef Hojjat, 
Tarbiat Modares Univ. (Iran, Islamic Republic of); Mehdi 
Mahmoudi, Amur Al-Yahmadi, Sultan Qaboos Univ. (Oman)

In this research, a new method is presented for eliciting the proper features 
for recognizing and classifying the kinds of the defects by guided ultrasonic 
waves. After applying suitable preprocessing, the suggested method 
extracts the base frequency band from the received signals by discrete 
wavelet transform and discrete Fourier transform. This frequency band can 
be used as a distinctive feature of ultrasonic signals in different defects. 
Principal Component Analysis with improving this feature and decreasing 
extra data managed to improve classification. In this study, ultrasonic 
test with A0 mode lamb wave is used and is appropriated to reduce 
the difficulties around the problem. The defects under analysis included 
corrosion, crack and local thickness reduction. The last defect is caused 
by electro discharge machining (EDM). The results of the classification 
by optimized Neural Network depicts that the presented method can 
differentiate different defects with 95% precision and thus, it is a strong and 
efficient method. Moreover, comparing the elicited features for corrosion 
and local thickness reduction and also the results of the two’s classification 
clarifies that modeling the corrosion procedure by local thickness reduction 
which was previously common, is not an appropriate method and the 
signals received from the two defects are different from each other. 

Keywords: Lamb wave, feature extraction, corrosion, ANN, FFT, PCA

9804-52, Session 14

Frequency-domain modeling and dynamic 
characteristics evaluation of existing wind 
turbine systems (Keynote Presentation)
Chih-Huang Chiang, Chaoyang Univ. of Technology 
(Taiwan); Chih-Peng Yu, National Chung-Hsin Univ. 
(Taiwan)

Frequency-domain analyses are suitable for both design and dynamics 
of wind turbine structures, especially for floating offshore wind turbines. 
Random loading conditions caused by wind and waves induce structural 
motions that are most often simulated in the frequency domain. This 
paper presents specific applications of an effective frequency domain 
scheme to the linear analysis of wind turbine structures in which a 1-D 
spectral element was developed based on the axially-loaded member. 
Brief account of solution schemes will cover the spectral analyses of the 
tower, the blades, and the combined system that are affected by selected 
frequency-dependent coupling effects from wind-structure and foundation-
structure interactions. The merits and limitations of the methodology will be 
demonstrated through numerical and experimental examples. Preliminary 
conclusions drawn from the proposed scheme are efficient numerical 
performance and quick verification for test data obtained from the on-site 
vibration measurements using microwave interferometry. 

9804-53, Session 15

Development of a nonlinear baseline 
phased array technique
Michele Meo, Univ. of Bath (United Kingdom)

Nonlinear ultrasound imaging methods have struggled to compete with 
standard linear ultrasound methods, such as C-Scan imaging from a phased 
array system. Currently there are numerous phased array techniques 
such as Full Matrix Capture (FMC) and Total Focusing Method (TFM) that 
provide good damage assessment for composite materials. Although, 
linear methods struggle to evaluate and assess low levels of damage, 
while nonlinear methods have shown great promise in early damage 
detection. The outlined technique, the Nonlinear Baseline Phased Array 
Technique (NBPAT), focuses on using the further harmonic generation from 
damages as the key to improve nonlinear ultrasound imaging techniques 
and potentially those of linear techniques. Damage characteristics of 
composite materials can generally be assumed to be local to one region 
of the composite, furthermore the assessment of small damages further 
accentuates the locality of these damages. Under this assumption it is 
possible, from the numerous phased array elements and damage-free 
sections of a composite, to generate a ‘damage-free’ nonlinear baseline 
parameter. This baseline can then be used to assess regions where individual 
beams of the array do not fall within the limits of the baseline (using a 
robust statistical approach). Furthermore, the deviation from the baseline 
parameter can be used to infer about the probability of damage occurring in 
that location, and ultimately a nonlinear C-scan image of the sample. Results 
show clear classification of damaged regions, and are comparable to those 
produced by linear phased array. Adding to this, this approach negates the 
effects of further harmonic generation of equipment.

9804-54, Session 15

Modified time reversal imaging of a closed 
crack based on nonlinear scattering
Philippe Blanloeuil, The Univ. of Queensland (Australia); 
L. R. Francis Rose, Sir Lawrence Wackett Aerospace 
Research Centre, School of Aerospace, Mech. and Manuf. 
Eng. (Australia); Jed A. Guinto, Chun Wang, Sir Lawrence 
Wackett Aerospace Research Ctr. (Australia); Martin Veidt, 
The Univ. of Queensland (Australia)

Detection of damage at early stage of failure is essential in many technology 
fields. Nonlinear acoustics has been studied over the last decades and 
presented as a potential mean to detect and characterise small defects. 
A large class of these nonlinear methods is based on the enrichment of 
the frequency content of the probing wave resulting from the nonlinear 
interaction with the damage. In case of closed cracks, the nonlinear 
behaviour is generally defined as the Contact Acoustic Nonlinearity (CAN). 
In this paper, a Modified Time Reversal Imaging algorithm is used to image 
a closed crack based on the scattering of higher harmonics generated by 
the interaction of a longitudinal plane wave and a crack. A Finite Element 
(FE) model is used to treat the nonlinear interaction and determine the 
scattering of higher harmonics. The CAN is modelled using unilateral contact 
with Coulomb’s friction. The imaging algorithm is then used to reconstruct 
the defect, using the scattering of both the fundamental harmonic and the 
second harmonic, giving its location and an estimation of its dimension. 
The second harmonic scattered field can be determined without baseline 
subtraction, thus offering possible baseline-free imaging. The corresponding 
image reconstructions are evaluated as a function of parameters acting the 
higher harmonic generation such as applied load to the crack or friction. 
The robustness of the imaging algorithm is also evaluated with respect to 
possible initial level of second harmonic contained in the incident wave. 

9804-55, Session 15

Fast and accurate analytical model to 
solve inverse problem in SHM using Lamb 
wave propagation
Banibrata Poddar, Victor Giurgiutiu, Univ. of South Carolina 
(United States)
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Lamb wave propagation is at the center of attention of researchers for 
structural health monitoring of thin walled structures. This is due to the fact 
that Lamb wave modes are natural modes of wave propagation in these 
structures with long travel distances and without much attenuation. This 
brings the prospect of monitoring large areas of structure with few sensors/
actuators. 

The complexities involved with the simulation of scattering of Lamb 
waves from damages have led researchers to rely primarily on numerical 
techniques such as FEM, BEM, etc. These methods are slow and solve what 
is known as “the forward problem”. However the actual problem in hand 
is an “inverse problem” where we do not have the luxury to know the 
exact mathematical model of the material and damage. On top of that the 
problem is more challenging due to the confounding factors of statistical 
variation of the material and geometric properties. Typically this problem 
may also be ill posed. Due to all these complexities the direct solution of 
the problem of damage detection and identification in SHM is impossible. 
In this paper we have presented our work on using a forward problem 
solver to tackle the inverse problem. This requires a forward problem 
solver faster than conventional numerical methods. We have developed 
a fast and accurate analytical forward problem solver. This solver, CMEP 
(complex modes expansion and vector projection), can simulate scattering 
of Lamb waves from all types of damages in thin walled structures fast and 
accurately to assist the inverse problem solver.

9804-56, Session 15

The nondestructive evaluation of high-
temperature conditioned concrete in 
conjunction with acoustic emission and 
x-ray computed tomography
Yu-Min Su, National Kaohsiung Univ. of Applied Sciences 
(Taiwan); Tsung-Chin Hou, National Cheng Kung Univ. 
(Taiwan)

Portland Cement Concrete plays a vital part of protecting structural rebars 
or steels when high-temperature fire incidents occur, that induces lost of 
evaporate water, dehydration of CH, and deconstruction of C-S-H. The 
objective of the study is to assess fire-damaged concrete in conjunction 
with nondestructive methods of acoustic emission and X-ray computed 
tomography. The experimental program is to mix an Ordinary Portland 
Cement concrete firstly. Concrete cylinders with ninety-day moisture cure 
will be treated in an oven with six-hundred degree in Celsius for four hours. 
After temperature is cooled down, the high-temperature conditioned 
concrete cylinders will be brought to air or moisture re-curing for twenty-
eight days. Regular strength parameters including compressive, splitting 
tensile, and flexural will be tested on concrete cylinders before and after 
high-temperature conditioning as well as after the air or moisture re-curing. 
Acoustic emission will be set up with the occasions when strength tests are 
performed in order to explore the cracking occurrence, while the X-ray CT 
will be adopted to evaluate the changes in porosity of cement paste inside 
of the concrete cylinders. Both nondestructive methods will be brought to 
investigate the specimens subject to air or moisture re-curing as well. The 
significance of this study is to assess the high-temperature conditioned OPC 
with regular strength tests as well as two nondestructive tests of AE and 
X-ray CT in order for a better understanding of repairing damaged concrete.

9804-57, Session 16

A method to measure and estimate 
normalized contrast in infrared flash 
thermography
Ajay M. Koshti, NASA Johnson Space Ctr. (United States)

The paper presents further development in normalized contrast processing 
of flash infrared thermography method by the author given in US 8,577,120 

B1. The method of computing normalized image or pixel intensity contrast, 
and normalized temperature contrast are provided, including converting one 
from the other. Methods of assessing emissivity of the object, afterglow heat 
flux, reflection temperature change and temperature video imaging during 
flash thermography are provided. Temperature imaging and normalized 
temperature contrast imaging provide certain advantages over pixel 
intensity normalized contrast processing by reducing effect of reflected 
energy in images and measurements, providing better quantitative data. 
The subject matter for this paper mostly comes from US 9,066,028 B1 by 
the author. Examples of normalized image processing video images and 
normalized temperature processing video images are provided. Examples 
of surface temperature video images, surface temperature rise video 
images and simple contrast video images area also provided. Temperature 
video imaging in flash infrared thermography allows better comparison 
with flash thermography simulation using commercial software which 
provides temperature video as the output. Temperature imaging also allows 
easy comparison of surface temperature change to camera temperature 
sensitivity or noise equivalent temperature difference (NETD) to assess 
probability of detecting (POD) anomalies.

9804-58, Session 16

Mechanical damage assessment by means 
of thermo-electrical lock-in thermography
Evangelos Z. Kordatos, Sheffield Hallam Univ. (United 
Kingdom); Dimitrios A. Exarchos, Theodoros E. Matikas, 
Univ. of Ioannina (Greece)

The present work deals with the nondestructive assessment of the 
metallic materials’ mechanical damage. An innovative Nondestructive 
Evaluation (NDE) methodology based on two thermographic approaches 
was developed in order the state of fatigue damage to be assessed. 
The first approach allows the detection of heat waves generated by the 
thermo-mechanical coupling during the fatigue loading (online method). 
Specifically, both the thermo-elastic and intrinsic dissipated energy 
produced by the mechanical degradation was correlated with the cycles and 
the remaining fatigue life. The second approach involves the monitoring of 
the materials’ thermal behavior using a Peltier device for accurate thermal 
excitation (offline method). The correlation of the thermal behavior and the 
state of damage was achieved by the determination of both heating and 
cooling rate. The combination of these approaches enables the rapid and 
accurate assessment of cumulative damage.

9804-59, Session 16

Thermal monitoring and characterization 
of SLM-produced parts using high 
resolution two-wavelength pyrometry
Mohamad Mahmoudi, Gustavo Tapia, Alaa H. Elwany, Texas 
A&M Univ. (United States)

A novel thermal imaging sensor featuring an off-axis mounted pyrometer 
is integrated with a commercial Selective Laser Melting (SLM) machine 
to provide monitoring and control of the complex phenomena during the 
fabrication process. The sensor features two-wavelength temperature 
measurement with high temporal and spatial imaging resolution capable 
of capturing important data corresponding to the melt pool which 
eventually gives information about the resulting part quality. Visualization 
and characterization of the melt pool provides key understanding of the 
physical aspects and stability of SLM. Thermal history measurement of the 
melt pool provides direct linkage to the microstructure and mechanical 
properties of the deposit – an instrumental task towards accelerating the 
qualification and certification of AM processes and materials. In this paper, 
a series of experiments were conducted to analyze and validate sensor 
measurements and process characterization. To assess the accuracy of 
sensor measurements single tracks were scanned by the laser beam to 
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create thin solid blades. Thickness of the blades were then measured 
using optical microscopy and were compared with melt pool dimensions 
recorded during fabrication. Furthermore, correlations between SLM process 
parameters (laser power, laser scan speed, etc.) and melt pool temperature 
were investigated.

9804-60, Session 16

Thermal correlation analysis of a long-span 
suspension bridge static responses
Linren Zhou, Zhiguang Wang, South China Univ. of 
Technology (China); Yong Xia, The Hong Kong Polytechnic 
Univ. (Hong Kong, China); James M. W. Brownjohn, Univ. of 
Exeter (United Kingdom)

Harsh service environment degenerates the performance of bridges even 
leads to catastrophic collapse. Structural temperature has been widely 
recognized as one of the most negative environmental effects on bridges. 
The structural responses are deeply affected by the temperatures and their 
distributions, therefore, clearly figure out the correlations between them 
is a significant issue for structural safety assessment. In this study, the 
relationships between the structural temperatures, the temperature induced 
static response and the surrounding weather factors are investigated 
based on the long-term field measurements of a long-span suspension 
bridge. The statistical analysis is firstly carried out to determinate the 
statistical properties of the monitoring data. Then, the correlations of the 
meteorological data, structural temperatures and structural static responses 
are investigated. The results indicate that relationships of meteorological 
parameters between nearby weather station and the bridge field can be 
predicted. The relationships between the structural temperature and the 
surrounding weather factors are highly depended on the weather condition. 
The correlation of the structural temperature and the static response is 
remarkable with high correlation coefficient. The conclusions are expected 
to provide reference for the design and evaluation of suspension bridges.

9804-61, Session 16

Crack detection of metallic surfaces 
through finite element modeling of 
thermosonic NDT process
Mohammad Riahi, Iran Univ. of Science and Technology 
(Iran, Islamic Republic of)

Thermosonic phenomenon is an advanced technique in nondestructive 
testing for diagnosis and detection of surface defects like cracks caused 
by fatigues in different industrial materials. In this test, sample becomes 
stimulated via an external vibration source such as ultrasonic waves. This 
causes friction between edges of cracks and consequently produces heat. 
Conversion of vibration energy into heat at crack surfaces leads to increase 
of temperature at the crack area. An infrared camera was used to detect 
and localize cracks after stimulating them by ultrasonic waves. On the other 
hand, major problem in this investigation was uncontrollable and non-
reproducible vibrations present in the sample. In the other word, if sufficient 
vibrational energy is not applied at the crack location, it can lead to cracks 
being undetected and process will not be effective. This is recognized as 
main barrier on this technique to become a reliable testing procedure. 
Hence, in this study, parameters contributing to the rise in the heat of cracks 
were considered.

Vibration energy turning into heat directly depends on the frequency 
and vibration amplitude. As a result, in this investigation, a finite element 
modeling was used to simulated thermosonic procedure and to determine 
effects of these parameters (amplitude and frequency of stimulation) on the 
rise of heat on crack surfaces.

Obtained results indicate that wasting heat energy around crack area has 
direct correlation to the square root of vibration amplitude of cylindrical 
transducer. Consequently, if external stimulating source could under a 

suitable frequency produce one of natural frequencies of the sample, it 
causes vibration with vast amplitude in the sample. Generating vibration 
with larger amplitude in return, leads to increase in slippage and contacted 
pressure between crack surfaces. This causes increase in the heat of crack 
area. In this study, process of modeling was done by using LS-DYNA finite 
element software to realize the points discusses.

9804-62, Session 17

Design, test, and field validation of scour 
monitoring sensors with automatically 
pointing-up system
Yan Tang, Yizheng Chen, Zhaochao Li, Yi Bao, Chanrui Guo, 
Genda Chen, Missouri Univ. of Science and Technology 
(United States)

In this study, an automatically pointing-up system (APUS) is proposed as 
a sensor in a smart rock for scour monitoring. Its design, calibration, and 
field validation at bridge sites are presented. The prototype smart rock 
was prepared with a cylindrical rare earth permanent magnet oriented 
upward based on gravity. It was placed around a bridge pier to generate 
a perturbation to the surrounding magnetic field. The perturbation was 
measured for the localization of the magnet. A modular wood frame that 
supports two magnetometer sensors in field applications was designed 
and built to enable the magnetic field measurement at various elevations 
and horizontal distances. The wood frame was used at one bridge site to 
measure a spatial distribution of the magnetic field. It is simple and easy 
to assemble with plastic screws. The field measurement process at various 
points can be automated in practical applications. A localization algorithm 
tailored to the proposed APUS is developed and validated with field test 
data.

9804-63, Session 17

Monitoring and estimating soil physical 
properties using piezoceramic transducer
Ruolin Wang, Tongxiao Peng, Daopei Zhu, Wuhan Univ. 
(China); Ming L. Wang, Northeastern Univ. (United States)

Soil mechanical properties play the most important role for the structural 
safety. But soil itself develops with environment as climate, loading and 
even surrounding biochemical contents which will strongly change the 
soil mechanical properties and may bring drastic damage to structural 
foundation. In-time monitoring and estimating on soil mechanical properties 
is proposed. Two piezoceramic transducers are embedded in predetermined 
locations: one is used as the actuator and the other is used as a sensor. 
The active-sensing method is applied to excite a stress wave propagating 
between the transducers. Variation of the wave velocity and frequency 
dispersion characteristics along the wave propagation path can be read 
while the soil properties changing. In this paper, soil samples with different 
dry density, moisture content and soil granite ratio are tested to investigate 
the wave propagation variation through the soil with different properties. 
A model of shear wave velocity and frequency dispersion characteristics 
variation with different soil properties is established. Experimental results 
demonstrate that piezoelectric response wave may be used to estimate soil 
physical properties.

9804-64, Session 17

Non-destructive testing of critical 
infrastructure with giant magneto resistive 
sensors
Arvid Hunze, Joseph Bailey, Gennady Sidorov, Robinson 
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Research Institute (New Zealand); Phil Bondurant, Tony 
Mactutis, Qi2 (United States)

Corrosion is the leading failure mechanism in metallic structures. One of 
the standard non-destructive techniques to assess material loss and predict 
remaining lifetime is based on the excitation of the metallic structure 
under test with a varying magnetic field and measuring the change of the 
magnetic field due to eddy currents in the structure. Since the magnetic 
field decays quickly from an excitation source, a large lift-off between 
the excitation source, magnetic sensors and the test structure will reduce 
the signals considerably. In order to obtain a deep penetration into the 
test object, excitation at a low frequency is necessary. In this study, 
investigation of a high power excitation system in combination with giant 
magneto resistance (GMR) based sensors was done. GMR sensors have a 
good sensitivity and are suitable for low frequency eddy current testing 
due to their low 1/f noise. Finite element analysis was used to evaluate the 
excitation setup, sensor alignment and positions and study the influence 
of different parameters of the excitation and sensor setup as well as the 
structure under test. Based on these results, a laboratory setup was built 
and used to study the influence of main measurement parameters like lift-
off, excitation current and frequency, sensor position and alignment as well 
as different defect size and geometry.

9804-65, Session 17

Crack identification for reinforced 
concrete using PZT based smart rebar 
active sensing diagnostic network
Fan Wu, Ningning Song, Shanghai Jiao Tong Univ. (China)

An active sensing diagnostic system using PZT based smart rebar for 
SHM of RC structure has been currently under investigation. Previous test 
results show that the system can detect the de-bond of concrete from 
reinforcement, and the diagnostic signals are increased exponentially with 
the de-bonding size. Previous study also shows that the smart rebar could 
function well like regular reinforcement to undertake tension stresses. In 
this study, a smart rebar network has been used to detect the damage of 
concrete such as cracks, based on guided waves generated from and sensed 
by the diagnostic system. 

Both experimental test and numerical simulation have been both carried out 
for the study. In the test, concrete beams with 2 reinforcements have been 
built. 10 sets of PZT elements were mounted onto the reinforcement bars 
in an optimized way to form an active sensing diagnostic system. A 90 kHz 
5-cycle Hanning-windowed tone burst was used as input. Multiple cracks 
have been generated on the concrete structures. Through the guided bulk 
waves propagating in the structures from actuators and sensors mounted 
from different bars, crack damage could be detected clearly. Cases for both 
single and multiple cracks were tested. The combination of crack depths 
from the surface, crack numbers and crack position has been studied. The 
corresponding numerical study with 3D modeling of whole structure and 
diagnostic system using implicit and explicit combined analysis method 
has been performed for verification. Both test and numerical simulation 
shows that the amplitude of sensor output signal was deceased linearly 
with a crack propagating, and decreased exponentially with crack numbers 
increased. Further study for crack allocation using time reversal method has 
been performed. 

From the study, the active sensing diagnostic system using PZT based smart 
rebar network shows a promising way to provide concrete crack damage 
information through the “talk” of sensors. The system would be more stable 
from environment and be more accessible to the damage compare to the 
surface mounted detection system. 

9804-66, Session 17

Wake-up transceivers for structural health 
monitoring
Timo Kumberg, Leonhard M. Reindl, Univ. of Freiburg 
(Germany)

We present a powerful, but nevertheless low power and flexible, wireless 
sensor node utilizing a wake-up transceiver that draws only 9 µW in sleep 
state. The sensor node is equipped with several kinds of sensors, such as 
temperature, pressure and acceleration to monitor critical infrastructure. In 
addition, some nodes are equipped with global navigation satellite system 
receivers (GNSS) for measurement of the three dimensional displacement 
of parts of the monitored structure. We present a wake-up multi-hop 
routing protocol that supports the use of wake-up receivers in combination 
with long-range communication radios. The wireless sensor nodes and the 
routing protocol are tested at a large-scale highway bridge in south-west 
Germany, where a prototype network was installed in June 2015. A gateway 
node equipped with a Global System for Mobile Communications (GSM) 
modem transferred the network data to a remote server located at the 
University of Freiburg. Here, the data is stored in a specifically developed 
database that is able to cope with the possibly delayed incoming messages 
blocks of the large GNSS messages. Since structural monitoring takes 
place inside the box girder, power is provided to the wireless sensor nodes 
either by very efficient low-light solar cells, or by thermo-electric energy 
harvesting.

9804-67, Session 17

Automated NDT for concrete delamination 
detection using MEMS microphone array
Suyun Ham, Jinying Zhu, Univ. of Nebraska-Lincoln (United 
States)

The chain drag test is commonly used in current practice for bridge deck 
evaluation due to its low cost and ease of use. However, this method is 
subjective, and it depends highly on the experience of the operators. 
Ambient noise caused by traffic affects the test speed and accuracy of 
results. This paper describes our efforts to develop a rapid scanning system 
using chain drag to detect and characterize delamination defects in concrete 
structures, including bridge decks. The MEMS sensor array, scanning system 
with mobile apparatus, and signal processing schemes are described in the 
paper. An algorithm for interpreting acoustic signals from the automated 
chain drag test will be developed. The accuracy, reliability, and practicality 
of these automated NDE systems are compared to the conventional chain 
drag test and the impact-echo test. Test results indicate that the developed 
automated chain drag test system improves repeatability and accuracy, and 
the results are presented as an image to show the locations of delamination.
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9804-68, Session 17

Numerical study on the mechanism of 
interface debonding detection for CFST 
with PZT
Bin Xu, Hongbing Chen, Bing Li, Lele Luan, Hunan Univ. 
(China); Song Xia, Xi’an Jiaotong Univ. (China)

Recent experimental study results show the Piezoceramic Lead zirconate 
titanate(PZT) based active detection technology with stress wave 
measurement has been successfully employed in interfacial debonding 
detection for concrete-filled steel tubulars (CFSTs). In order to understand 
the detection mechanism of the PZT based nondestructive testing (NDT) 
technology for interface debonding of CFSTs, numerical simulation on 
a multi-physical model composed of surface-mounted PZT patches and 
CFST structural member is established. The stress propagation process and 
the electrical signal output of an embedded PZT patch as a sensor in the 
coupled multi-physical model under different excitation signal is simulated 
with finite element method (FEM). The PZT sensor response of the CFST 
member with and without interfacial debonding defects under continuous 
sinusoidal and sweep excitations with different types, frequencies, 
amplitudes is simulated and the effect of the size of interfacial defects 
on the output voltage signals is studied. Numerical results show that the 
interfacial debonding defect changes the stress wave propagation path, 
travel time and the amplitude of the output of sensors. Moreover, the output 
signal changes significantly due to the existence of interfacial debonding 
defect. Compared to continuous sinusoidal signal, the measurement under 
sweep signal excitation is more sensitive to the interfacial debonding defect. 
Similar to results of experiments carried out by the authors, when the 
propagation of stress wave encounters interface debonding, scattering and 
energy attenuation occur and the amplitude of the output signal decays. 
The simulation results validate the observation of the experimental study on 
interface debonding detection of CFST structural members. 
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9805-1, Session 1

Characterization of propagation and 
scattering via wavefield imaging for 
improved in situ imaging of impact 
damage in composites
Jennifer E. Michaels, Westin B. Williams, Thomas E. 
Michaels, Georgia Institute of Technology (United States)

Detection, localization, and characterization of impact damage in 
composites using in situ transducers are important objectives for the 
aerospace industry to both reduce maintenance costs and prevent failures. 
A network of piezoelectric transducers spatially distributed over an area 
of interest is one practical configuration for utilizing guided waves to 
accomplish these objectives. Detecting and localizing barely visible impact 
damage with such a sparse array has been demonstrated in prior work, 
and improvements in localization were demonstrated by incorporating 
fairly crude estimates of scattering patterns in the imaging algorithms. 
Here we obtain more realistic estimates of scattering patterns from impact 
damage by employing both wavefield imaging and sparse array methods. 
Attenuation and wave speed are estimated as a function of propagation 
angle using wavefield data recorded along radial lines at multiple angles 
with respect to an omnidirectional guided wave source. Scattering patterns 
are estimated from both sparse array data and wavefield data recorded 
before and after impact damage is introduced; the previously measured 
propagation characteristics are used to adjust the scattering pattern 
estimates for anisotropic attenuation and wave speed. The estimated 
scattering patterns are then incorporated into sparse array imaging via 
the minimum variance imaging method. Images created with different 
scattering patterns are compared and the efficacy of the methodology is 
assessed.

9805-2, Session 1

Numerical and experimental studies of 
delamination detection in short fiber 
reinforced composites using Lamb waves
Pawel Kudela, Maciej Radzienski, The Szewalski Institute of 
Fluid-Flow Machinery (Poland); Wieslaw M. Ostachowicz, 
The Szewalski Institute of Fluid-Flow Machinery (Poland) 
and Warsaw Univ. of Technology (Poland)

The aim of this paper is to present aspects of Lamb wave propagation in 
randomly oriented short fiber reinforce composites with delamination. 
Prediction of elastic constants is based on mechanics of composites, rule 
of mixture and total mass balance tailored to the spectral element mesh 
composed of 3D brick elements. Piezoelectric excitation as well as glue 
layer are taken into account. Complex full wave field includes multiple 
reflections at short fibers. This wave pattern is also obtained by the use of 
laser vibrometry confirming good quality of the model. Further studies are 
related to symmetrical and non-symmetrical delamination in respect to the 
thickness of the composite plate. Square delamination of the side length 
10 mm is investigated. It has been found that reflections from delamination 
are mostly superimposed with reflections coming from short fibers. Hence, 
delamination detection by direct analysis of wave propagation pattern 
on the surface of the plate is ineffective. However, adaptive wavenumber 
filtering method overcome these difficulties and enables not only to detect 
the delamination but also is helpful for delamination size estimation. 
Moreover, the method is more effective if the full wavefield measurements 
are acquired on the surface of the plate which is closer to the delamination.

9805-3, Session 1

Model assisted probability of detection for 
a guided waves based SHM technique
Vittorio Memmolo, Fabrizio Ricci, Natalino D. Boffa, 
Ernesto Monaco, Univ. degli Studi di Napoli Federico II 
(Italy)

Guided wave (GW) Structural Health Monitoring (SHM) allows to assess 
the health of aerostructures thanks to the great sensitivity to delamination 
and/or debondings appearance. Due to the several complexities affecting 
wave propagation in composites, an efficient GW SHM system requires 
its effective quantification associated to a rigorous statistical evaluation 
procedure. Probability of Detection (PoD) approach is a commonly 
accepted measurement method to quantify NDI results and it can be 
effectively extended to an SHM context. However, it requires a very complex 
setup arrangement and many coupons. When a rigorous correlation with 
measurements is adopted, Model Assisted PoD (MAPoD) is an efficient 
alternative to classic methods. 

This paper is concerned with the identification of small emerging 
delaminations in composite structural components. An ultrasonic GW 
tomography focused to impact damage detection in composite plate-
like structures developed by authors is investigated through a MAPoD 
technique. Experimental tests carried out on a typical wing composite 
structure demonstrated the effectiveness of modeling approach in order 
to detect damages with the tomographic approach. Environmental 
disturbances, which affect signal waveforms and consequently damage 
detection, are considered simulating a mathematical noise in the modeling 
stage. A statistical method is used for an effective making decision 
procedure. A Damage Index approach is implemented as metric to interpret 
the signals collected from a distributed sensor network and a subsequent 
graphic interpolation is carried out to reconstruct the damage appearance. 
Investigations on different sensor configurations are provided, allowing the 
quantification of the system and the optimization as well.

9805-4, Session 1

Phased array beamforming and imaging in 
composite laminates using guided waves
Zhenhua Tian, Univ. of South Carolina (United States); Cara 
A. C. Leckey, NASA Langley Research Ctr. (United States); 
Lingyu Yu, Univ. of South Carolina (United States)

This paper presents phased array imaging using guided waves for damage 
detection in composite laminates. A generic phased array algorithm is 
presented, in which direction dependent guided wave parameters and 
the energy skew effect are considered. The phased array beamforming 
at an angular direction is achieved based on the classic delay-and-sum 
principle by applying phase delays to signals received at array elements 
and adding up the delayed signals. The phase delays are determined 
with the goal to maximize the array output at the desired direction and 
minimize it otherwise. For phased array characterization, the beamforming 
pattern in terms of wavenumber distribution is defined to provide intrinsic 
explanations. The beamforming and steering are demonstrated using 
wavefields generated from analytical simulations. Moreover, experimental 
tests are performed for the proof-of-concept. Detection of multiple defects 
at different angles in a composite plate is demonstrated using rectangular 
grid arrays made by a non-contact scanning laser Doppler vibrometer. 
The image of the composite plate with multiple defects at various angular 
directions is obtained. The result shows that the phased array is a potential 
effective method for rapid inspection of large composite structures.
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9805-5, Session 2

Automated surface crack detection and 
quantification using computer vision 
technique for concrete structures
Soroush Mokhtari, Liuliu Wu, Hae-Bum Yun, Univ. of 
Central Florida (United States)

Cracks are considered as an important defect in concrete structures, 
which need to be identified and inspected periodically. For most concrete 
structures, visual inspection is still primary inspection method for 
structural cracks. This study aims to introduce an automated vision-based 
crack recognition and quantification technique for concrete structures, 
named MorphLink-C. A novel method for measuring the actual geometric 
characteristics of cracks from their imagery features is also presented in 
this study. Special emphasis is placed on crack width measurement because 
crack width is an important factor that controls the health and serviceability 
of concrete structures. For this purpose, bottom-hat morphological 
transform is employed to remove the background of digital images and 
extract the crack image components. Cracks are then, fragmented using 
morphological dilation and thinning transforms. Imagery characteristics 
of cracks such as area, length, orientation and width can be measured in 
pixel unit to quantify concrete cracks. Actual geometric characteristics of 
cracks can be calculated by converting the pixel unit to millimeter unit using 
the pixel resolution of images. The proposed method is validated using 
controlled experiment as well as realistic datasets from concrete bridges. 19 
simulated cracks with predetermined thicknesses at different distances form 
the camera (5 to 60 meters) are considered for the controlled experiment. 
The proposed method is also validated for a total of 48 images from realistic 
concrete bridges. The results indicated that the proposed image-based 
crack detection and quantification method can effectively detect concrete 
cracks and provide a simple yet reliable measure of crack width. 

9805-6, Session 2

Damage detection based on mode shapes 
of a girder bridge constructed from 
responses of a moving vehicle under 
impact excitation
Zhong-Qiang Qi, Francis T. K. Au, The Univ. of Hong Kong 
(Hong Kong, China)

The popularity of using mode shapes to identify damage of girder bridges 
increases these years, not only because the mode shapes are important 
modal properties but sensitive to damage. However, the key issue is 
obtaining the mode shapes of a bridge in service. Traditional methods for 
constructing mode shapes often require installation of instruments on the 
bridge for collection of dynamic responses. These methods are not only 
costly but also inconvenient. Therefore this paper develops a method to 
construct the mode shapes of simply supported bridges based on Hilbert 
Transform using vehicle acceleration response only and then identifies 
the location of damage. Firstly, by using the dynamic responses extracted 
from a moving vehicle under impact excitation, an algorithm is devised 
to construct the mode shapes. Then, based on them, coordinate modal 
assurance criterion (COMAC) and suitable kinds of wavelets are used to 
identify the location of damage. Compared with the traditional methods, 
the proposed method uses only the information from the moving vehicle. 
Moreover, additional impact excitation on the vehicle helps to excite the 
bridge. This helps to improve the accuracy by overcoming the adverse 
effects of measurement noise and road surface roughness, which leads to 
high accuracy of damage detection. This paper reports some numerical 
cases to discuss the effects of measurement noise, road surface roughness, 
vehicle speed, wavelet types and multiple locations of damage on the 
accuracy of results. A numerical study is presented to verify the feasibility of 
the proposed method

9805-7, Session 2

Performance of support vector machine in 
detection of anomalies using measurement 
data of the Ironton-Russell bridge
Aditi Dalvi, Mehdi Norouzi, Victor Hunt, Arthur Helmicki, 
Univ. of Cincinnati (United States)

Data models have been increasingly used in recent years for tracking 
normal behavior of structures and hence detect and classify anomalies. 
Large numbers of machine learning algorithms were proposed by various 
researchers to model operational and functional changes in structures; 
however, a limited number of studies were applied to actual measurement 
data due to limited access to the long term measurement data of structures.

This study introduces a novel anomaly detection method employing Support 
Vector Machines (SVM) and compares the performance of SVMs with 
traditional regression models as well as Auto Regressive Moving Average 
Models (ARMA). The actual construction events of the Ironton Bridge 
are being used as validation data for the comparison. The aim is to show 
advantages of employing SVMs due to their abilities to classify damages 
even with minimum training data. The results show that using SVMs will 
improve the detectability and time to detect anomalies.

9805-8, Session 2

A structural health monitoring application 
on a small-span prestressed bridge
Lei Wang, Univ. of Jinan (China)

In order to ensure that the middle and small sized bridge crossing important 
traffic line can normal operate, the structure of bridge was monitored. This 
paper made a systematic exposition of the steps of setting bridge health 
monitoring system of in-service bridges, with an example of a bridge in 
Shandong province. According to the analysis of Midas Civil finite element 
model, the optimal layout of the sensors was selected and the bridge 
health monitoring system was established. By analyzing real-time online 
monitoring data, and comparing the information of natural frequency and 
mode, the operating condition of the bridge can be obtained. It shows that 
this system can accurately monitor the status information of bridge, which 
can be referenced to research the bridge health monitoring system of in-
service bridges. 

9805-9, Session 2

Numerical simulation of the wind effects 
on the temperature analysis of bridges
Lan Chen, Fengwu Li, Linren Zhou, South China Univ. of 
Technology (China)

Structural temperatures and their uneven distributions have significantly 
negative effects on bridges. It is very important to accurately calculate the 
structural temperatures. Structural temperatures are deeply affected by 
the surrounding weather situation, and the environmental wind is a critical 
factor. In this study, the wind effects on the thermal analysis of bridges 
are investigated suing numerical simulation. Frist, the traditional theory 
and method are briefly introduced to show the important effects of wind 
on structural heat transfer analysis. Then, a new approach is proposed to 
take account of the wind effects for structural thermal analysis. At last, 
numerical study based on the finite element transient heat transfer analysis 
of a box girder bridge is carried out to verify the proposed method. The 
results indicate that the proposed method has higher accuracy than the 
traditional methods. This method can be easily implemented in practice for 
temperature analysis of bridges

Conference 9805:  
Health Monitoring of Structural and Biological Systems X



174                                                              SPIE Smart Structures/NDE 2016 · www.spie.org/ssnde Return to Contents

9805-10, Session 3

Sparse generalized pencil of function and 
its application to system identification and 
structural health monitoring
Reza Mohammadi Ghazi, Oral Buyukozturk, Massachusetts 
Institute of Technology (United States)

In signal processing computational efficiency, adaptability of the technique 
to the problem, and its low energy leakage are three important features 
which are desirable in various applications such as structural health 
monitoring (SHM). Singularity expansion method (SEM) which is commonly 
used for solving inverse electromagnetic interaction problems is such 
a technique that has the potential for use in SHM. In this approach, the 
system behavior is characterized by extracting complex poles from the 
response of the system. Therefore, the method is adaptive and determines 
the system’s fundamental frequencies as well as their corresponding 
damping ratios when the transient response is analyzed. However, the 
SEM techniques generally suffer from the following shortcomings: 1) the 
number of poles is unknown a priori, 2) there is no standard methods 
for parameter estimation which is required for pole extraction, 3) these 
methods are generally sensitive to noise. The third issue has been solved to 
a great extent by proposing generalized pencil-of-function (GPOF) method. 
In this paper, we propose sparse generalized pencil-of-function (SGPOF) 
by incorporating sparsity based regularization into GPOF to address the 
first two abovementioned issues associated with the SEM techniques. The 
sparse property of SGPOF not only provides a robust technique for system 
order determination, but also prevents energy leakage due to imposition 
of spurious harmonics to the expansion of the signal. Therefore, SGPOF 
may provide a more reliable technique for monitoring structures compared 
to the non-sparse methods such as Fourier and Wavelet transforms. We 
also use SGPOF as a feature extraction and transiency detection tool for 
SHM problems. The efficacy of this technique has been evaluated through 
numerical simulations and experimental tests. The results show that SGPOF 
can be effectively used for system identification and SHM.

9805-11, Session 3

Uncertainty analysis of practical structural 
health monitoring systems currently 
employed for tall buildings consisting of 
small number of sensors
Kenta Hirai, Akira Mita, Keio Univ. (Japan)

In 2011, the Tohoku earthquake occurred in Japan. Then people worry about 
safety of buildings and houses. And then people are interested in Structural 
Health Monitoring (SHM). The SHM system is the system which can 
assess the safety of buildings and can detect damage location and extent 
quantitatively. The SHM is expected to be used for evacuation guidance, 
help reconstruction and so on. Several types of SHM systems are now on 
the market and have been installed into tall buildings. However, due to the 
cost constraint, the number of sensors deployed is very limited. The typical 
number of sensors ranges from three to five. Due this limited number of 
sensors, the most systems assume the mode shapes are not affected by 
the nonlinear behavior of structural members. Therefore, there always exist 
certain band of uncertainty in the estimated response by the SHM systems. 
Thus, we conducted uncertainty analysis of these types of practical SHM 
systems using nonlinear structural models. From our preliminary analysis, 
we found that the uncertainty bands are strongly affected by the nature of 
input earthquakes and the types of structural systems. We will summarize 
the recommendation for interpreting the output from the SHM systems with 
appropriate reliability bands. Finally, this result will help in spreading of SHM 
system for tall buildings.

9805-12, Session 3

Bayesian updating of building models 
using incomplete modal data without 
mode matching
Hao Sun, Oral Buyukozturk, Massachusetts Institute of 
Technology (United States)

Probabilistic identification and model updating of structural systems has 
been a critical component in structural health monitoring. The identified 
or updated system parameters can be used to assess the health condition, 
quantify uncertainties, evaluate the integrity, and estimate the capacity 
to carry loads and risk of a structure. Traditional model updating seeks to 
determine a set of the most plausible parameters that best describe the 
structure given the measured system responses, while Bayesian model 
updating techniques make possible to identify a set of plausible models with 
probabilistic distributions and to characterize the modeling uncertainties of 
a structural system. 

This study investigates a new probabilistic strategy for Bayesian model 
updating using incomplete modal data. Mode matching between the 
measured and the predicted modal quantities is not required in the updating 
process, which is realized through model reduction. A Markov chain Monte 
Carlo technique with adaptive random-work steps is proposed to draw the 
samples to quantify uncertainties of the model parameters. We employ an 
iterated improved reduced system technique for accurate model reduction. 
The reduced model retains the dynamic features as close as possible to 
those of the model before reduction. The reduced mass and stiffness 
matrices are then incorporated into the likelihood function for Bayesian 
updating. Since modal quantities are used in the model updating, modal 
identification is first carried out to extract the natural frequencies and mode 
shapes using the frequency domain decomposition. The proposed algorithm 
is finally validated by both numerical and experimental examples.

9805-13, Session 3

Gap between technically accurate 
information and socially appropriate 
information for structural health 
monitoring system installed into tall 
buildings
Akira Mita, Keio Univ. (Japan)

The Great East Japan Earthquake of magnitude 9.0 left many commuters at 
the terminal stations as they lost the ways to return home. Some buildings 
nearby stations were opened for those people to secure them from cold 
weather and provided food and water. However, most buildings were not 
opened to the public due to the blackout of the electricity and the security 
issues. This fact prompted the discussions on the necessity of mechanisms 
to protect commuters from potential dangers. Protecting the commuters 
will also help accelerate the rescue processes due to the less transportation 
needs for those people. The city of Tokyo thus made a guideline for the 
large buildings nearby busy stations to check if the buildings are safe or 
not within 3 hours after the event. However, still a very few buildings have 
structural health monitoring systems installed into the buildings so that 
quantitative evaluation of the structural safety is difficult. Considering this 
situation, a pilot project for the west area of Shinjuku Station was adopted 
and supported by the Japan Science and Technology Agency for three 
years starting from October 2013 head by the author. The project installed 
structural health monitoring systems to six tall and large buildings located 
in the west area of Shinjuku Station. The systems will provide the technically 
accurate information but it is not appropriate information to be known 
to the residents and the commuters. The gap between the information 
technically accurate and socially appropriate is summarized and discussed 
in this paper.
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9805-14, Session 3

Estimation of seismic response of 
buildings with a few accelerometers 
without input data
Yu Suzuki, Akira Mita, Keio Univ. (Japan)

The Tohoku earthquake of magnitude 9.0 occurred on March 11, 2011. As a 
result, the need for Structural Health Monitoring (SHM) was highlighted. To 
assess the health of buildings, modal parameters such as natural frequencies 
and damping ratios are the basic and important damage indicators. In 
addition, maximum inter-story drift angle and maximum acceleration are 
also recognized as the important indicators. If we estimate these indicators 
precisely, we need to install accelerometers on all floors. However, it is not 
realistic due to the cost. In many methods to estimate the response using 
a few sensors, the excitation (input) is assumed to be available. However, 
in some cases, sensors to record the input may not be installed. Thus, we 
propose a method for estimating the response of all floors using a few 
accelerometers without input. 

This method is based on two assumptions. One is that the response is 
represented by the superposition of the response of only lower modes. 
The other is that mode vectors and participation factors are known from 
the design model. Based on this assumption, first, we estimate modal 
frequencies and damping ratios using subspace method from obtained 
acceleration data. Second, we separate observed acceleration data to each 
mode by using a filter or by solving simultaneous equations. Third, we 
calculate mode response by focusing on the vibration equation of each 
mode. It was verified that this method could successfully estimate the modal 
response as well as the response of all the floors.

9805-15, Session 3

Ultrasonic guided wave monitoring of 
actively protected RC structures from 
corrosion using CFRP
Ashutosh Sharma, Payal Sachdeva, Shruti Sharma, 
Sandeep Sharma, Thapar Univ. (India)

The significant damage and deterioration caused by the corrosion of 
reinforcement in RC structures has triggered a great demand for appropriate 
corrosion monitoring systems and also the rehabilitation of RC structures. 
This paper uses the ultrasonic guided waves for monitoring actively 
protected RC slabs using CFRP. The slabs were subjected to accelerated 
corrosion using salt water exposure and passing of anodic current through 
reinforcement. Active protection was provided using electrically conductive 
CFRP sheets wrapped around the specimen making it anode and the 
reinforcing bar as the cathode. Destructive tests like pull-out test and Mass 
loss were also performed and the results were compared with the Ultrasonic 
measurements. It has been demonstrated that Ultrasonic guided waves were 
able to dicern the active protection provided to RC slabs using CFRP sheets 
from corrosion.

9805-16, Session 3

The analysis about condition assessment 
of bridge based on discrete dynamic 
Bayesian networks
Buyu Jia, Xiaolin Yu, Quansheng Yan, South China Univ. of 
Technology (China)

The condition assessment of bridge involves many uncertainty factors 
which are complex, hard to identification and associated with time. In 
order to improve the method of condition assessment of bridge to be more 
practical and convenient for application, an effective method for condition 

assessment of bridge based on Dynamic Bayesian network is proposed. The 
research results show that the Dynamic Bayesian network which combined 
with the time sequence can availably deal with time sequence analysis and 
interactional multilevel relations in bridge condition assessment. By using 
the Dynamic Bayesian network’s strong capacity of information updating, 
the strategy of dealing with the bridge’s condition assessment would be 
changed from static to dynamic. Some numerical examples are calculated, 
and the results prove the efficiency of the proposed method as well as 
the great application potential of Dynamic Bayesian network in condition 
assessment of large structural system.

9805-17, Session 4

Acoustic emission source localization 
based on distance domain signal 
representation
Mateusz Gawronski, Krzysztof Grabowski, Wieslaw J. 
Staszewski, Tadeusz Uhl, Pawel Packo, AGH Univ. of 
Science and Technology (Poland)

Acoustic emission is a vital non-destructive testing technique and is widely 
used in industry for damage detection, localization and characterization. The 
latter two aspects are particularly challenging, as AE data are typically noisy. 
What is more, elastic waves generated by an AE event, propagate through 
a structural path and are significantly distorted. This effect is particularly 
prominent for thin elastic plates. In these media the dispersion phenomenon 
results in severe localization and characterization issues. Traditional Time 
Difference of Arrival methods for localization techniques typically fail when 
signals are highly dispersive. Hence, algorithms capable of dispersion 
compensation are sought. This paper presents a method based on the Time 
- Distance Domain Transform for an accurate AE event localization. The 
source localization is found through a minimization problem, without apriori 
assumptions. The proposed technique focuses on transforming the time 
signal to the distance domain response, which would be recorded at the 
source. Only, basic elastic material properties and plate thickness are used in 
the approach, avoiding arbitrary parameters tuning.

9805-18, Session 4

Acoustic source localization in an 
anisotropic plate without knowing its 
material properties: a new approach
Won Hyun Park, College of Optical Sciences, The Univ. 
of Arizona (United States); Tribikram Kundu, The Univ. of 
Arizona (United States)

A number of techniques are available for acoustic source localization in 
isotropic plates without knowing the material properties of the plate. 
However, for a highly anisotropic plate acoustic source localization requires 
some knowledge of the plate material properties or its group velocity 
profile. In absence of this information one requires a large number of 
sensors to predict the acoustic source point in the plate. All proposed 
techniques for acoustic source localization with a few sensors in absence 
of the knowledge of the plate material properties assume the straight line 
propagation of waves from the source to the receiving sensor which is not 
true for an anisotropic plate. Although the currently available techniques 
work well for mildly anisotropic plates since the wave velocity does not 
deviate significantly from the straight line propagation they fail miserably 
for highly anisotropic plates. 

In this paper the propagating wave is assumed to have non-circular wave 
front. The acoustic source is localized for such non-circular wavefronts by 
minimizing an objective function. This approach does not require that the 
wave must propagate in a straight line from the source to the sensor and 
thus can be applied to anisotropic plates.
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9805-19, Session 5

Amplitude-dependent contraction/
elongation of nonlinear Lamb waves
Pawel Packo, Wieslaw J. Staszewski, Tadeusz Uhl, AGH 
Univ. of Science and Technology (Poland); Michael J. 
Leamy, Georgia Institute of Technology (United States)

Nonlinear elastic guided waves are attractive for various disciplines of 
science, such as non-destructive testing and structural health monitoring. 
Recent recognition and description of their amplitude-dependent changes 
in spectral properties contributed to development of new monitoring 
concepts for mechanical structures. The focus of this work is to investigate 
and quantify amplitude-dependent shifts in Lamb wave dispersion curves. 
The theory for frequency/wavenumber shifts for plate waves, based on a 
Lindstedt-Poincaré perturbation approach, was presented by the authors 
in previous years. Equivalently, spectral properties changes can be seen as 
wavelength contraction/elongation.

Within the proposed framework, wavelength of a Lamb wave depends 
on several factors, e.g. wave amplitude and third and fourth order elastic 
constants. Various types of nonlinear effects are considered in presented 
studies, namely the influence of the Green-Lagrange strain, and quadratic 
and cubic nonlinearities. Sensitivity studies for model parameters, i.e. higher 
order elastic constants, are performed to quantify the influence on Lamb 
waves frequency/wavenumber shifting, and to identify the key parameters 
governing wavelength tuning.

9805-20, Session 5

On analytical modeling of contact acoustic 
nonlinearity of guided waves and its 
application to evaluating severity of 
fatigue damage
Kai Wang, Zhongqing Su, The Hong Kong Polytechnic 
Univ. (Hong Kong, China)

Targeting quantitative estimate of the severity of fatigue damage, 
a dedicated analytical model was developed based on the modal 
decomposition method and the variational theory, to scrutinize the 
characteristics of nonlinear profiles of guided ultrasonic waves (GUWs) (e.g., 
reflection, transmission, mode conversion and high-order generation) when 
traversing a “breathing crack” in a two-dimensional scenario. A second-
order reflection coefficient and a second-order transmission coefficient 
were defined, corresponding to the acquisition of GUWs in the pulse-echo 
and pitch-catch fashions, respectively. With these two coefficients, in 
conjunction with principles of the fatigue fracture mechanics, a damage 
evaluation framework, able to estimate fatigue damage severity in a 
quantitative manner, was established. The approach, in principle, does 
not entail a benchmarking process against baseline signals from pristine 
counterparts. The results obtained with the analytical modeling were 
verified against those from finite elements and experiments, respectively, 
showing good coincidence. This has demonstrated the effectiveness of the 
developed model in illustrating contact acoustic nonlinearity of GUWs due 
to the breathing cracks in fatigue damage. Limitations of the model were 
also discussed.

9805-21, Session 5

Progressive damage state evolution and 
quantification in composites
Subir Patra, Sourav Banerjee, Univ. of South Carolina 
(United States)

Material damage can be seen as a state of evolution in the material. We 

hypothesize that the incubation of embryonic damage changes the material 
state and the destined behavior of materials are altered over time. In this 
paper we try to explore if two identical composite specimens, one subjected 
to mechanical fatigue load followed by thermal fatigue and another one 
subjected to thermal fatigue followed by mechanical fatigue are in identical 
material state. Here we identify the difference in their material states with 
their precursor to damage state through a novel quantification process. 
Understanding the material state in composite material is essential for safety 
and operation of aircraft and defense equipment’s. Detection of precursor 
damage modes at very early stage is not possible or rather modifications of 
the existing techniques are indispensable for detection of those damages. 
Here, we present nonlocal mechanics based damage detection technique 
for precursor damage state quantification. Micro-continuum physics is used 
for modification of Christoffel equation. Two ASTM standard carbon fiber 
(CFRP) specimens were tested under Tension-Tension fatigue loading for 
50,000 cycles followed by 100 temperature cycle. Similarly other two ASTM 
standard carbon fiber (CFRP) specimen was tested in reverse sequence 
of loading. Scanning Acoustic Microcopy (SAM) and Optical Microscopy 
(OM) were used to examine the damage development at a specific 
interval. Surface Acoustic Wave (SAW) velocity profile on a representative 
volume elements (RVE) of the specimen were calculated at the regular 
interval of 5,000 cycles. We used our previously established “damage 
entropy” parameter which is a measure of precursor damage growth in 
the material. High DE points coalesce with loading cycle’s increment and 
damage initiation locations were observed. These locations can be viewed 
as precursor damage initiation locations. We also calculated “statistical 
entropy” from the probability distribution of damage entropy which 
increases with loading cycle. Online health monitoring techniques based on 
piezoelectric active wafer sensor (PWAS) pitch catch experiments were also 
performed at the same interval as acoustic imaging. Sensors signals were 
analyzed by advanced signal processing techniques such as STFT and CWT 
to detect precursor damage state. This study has potential to correlate off-
board and on-board techniques. However, using all the developed tools we 
compared the DE in 4 different specimens and the differences in the growth 
pattern were identified to classify the loading sequence thus the material 
state. 

9805-22, Session 5

Locating delamination in a composite 
laminate using nonlinear response of Lamb 
waves
Nitesh P. Yelve, Mira Mitra, Prasanna M. Mujumdar, Indian 
Institute of Technology Bombay (India)

Present work deals with experimental and Finite Element simulation 
studies for locating a delamination in composite laminates. A Lamb wave 
based nonlinear technique is used for this purpose, wherein Lamb waves 
produce higher harmonics after interacting with the delamination as a result 
of contact nonlinearity. A hybrid method is formulated here which uses 
frequency and time domain information from the response signal in order 
to locate the delamination. The proposed method is simple and robust, and 
found to locate small delamination in both the experiments and simulation 
with a fair accuracy which is generally difficult to achieve using a Lamb 
wave based linear method. 

9805-23, Session 6

Highly parallelized modeling of fatigue 
crack induced nonlinear ultrasonics using 
an explicit local interaction simulation 
approach
Yanfeng Shen, Carlos E. S. Cesnik, Univ. of Michigan 
(United States)

Fatigue cracks exist as a great menace to engineering structures. 
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Conventional structural health monitoring (SHM) techniques based on linear 
ultrasonics are not sensitive to such incipient changes. On the other hand, 
when ultrasonic waves interact with fatigue cracks, the contact behavior of 
the crack surfaces will introduce contact acoustic nonlinearity (CAN) into 
the interrogating waves. The distinctive nonlinear features of the sensing 
signals allow us to effectively detect the fatigue cracks at their early stage.

This paper presents a highly parallelized modeling technique for the efficient 
simulation of nonlinear ultrasonics introduced by the wave interaction with 
fatigue cracks. The elastodynamic wave equations with contact effects were 
formulated using an explicit local interaction simulation approach (LISA). 
The LISA formulation was extended to capture the contact-impact clapping 
phenomena during the wave damage interaction based on the penalty 
method. A Coulomb friction model was integrated into the computation 
procedure to capture the stick-slip contact shear motion. A random gap 
function was defined for each contact pair with a distributed initial closure 
or open value to approximate the nature of rough crack surfaces. The 
computational grids were generated by commercial preprocessors and were 
converted to LISA connectivity, which allows the simulation of complex 
structures with various damage types. The LISA procedure was coded 
using the compute unified design architecture (CUDA), which enables the 
highly parallelized supercomputing on powerful graphic cards. Both the 
explicit contact formulation and the parallel feature facilitates LISA’s superb 
computational efficiency over the conventional finite element method 
(FEM). After introducing the theoretical formulations based on the penalty 
method, a guideline for the proper choice of the contact stiffness was given. 
The convergence behavior of the solution under various contact stiffness 
values was examined. A numerical benchmark problem was investigated 
using the new LISA code, compared with a conventional contact finite 
element model. Various nonlinear ultrasonic phenomena were successfully 
captured using this contact LISA formulation, including the generation of 
nonlinear higher harmonics, side-band frequency response, and nonlinear 
threshold behaviors. The sensitivity of different guided wave modes to 
the fatigue cracks was also studied. This paper finishes with discussion, 
concluding remarks, and suggestions for future work.

9805-24, Session 6

Defect induced guided waves mode 
conversion
Tomasz Wandowski, Pawel Kudela, Pawel H. Malinowski, 
Wieslaw M. Ostachowicz, The Szewalski Institute of Fluid-
Flow Machinery (Poland)

This paper deals with analysis of guided waves mode conversion 
phenomenon in fiber reinforced composite materials. Mode conversion 
phenomenon may take place when propagating elastic guided waves 
interact with discontinuities in the composite waveguide. The examples of 
such discontinuities are sudden thickness change or delamination between 
layers in composite material. 

In this paper, analysis of mode conversion phenomenon is based on full 
wave-field signals. In the full wave-field approach signals representing 
propagation of elastic waves are gathered from dense mesh of points that 
span over investigated area of composite part. 

This allow to animate the guided wave propagation. In order to highlight 
effects of wave reflection and mode conversion at damage location 
frequency-wavenumber filtering is used. It utilizes 2D/3D Fourier 
Transforms. The reported analysis is based on signals resulting from 
numerical calculations and experimental measurements. In both cases 
defect in the form of delamination is considered.

In the case of numerical research, Spectral Element Method (SEM) is utilized, 
in which a mesh is composed of 3D elements. Numerical model includes also 
piezoelectric transducer.

Full wave-field experimental measurements are conducted by using 
piezoelectric transducer for Lamb wave excitation and Scanning Laser 
Doppler Vibrometer (SLDV) for sensing. The aim of experimental research is 
to validate results obtained from numerical model.

9805-25, Session 6

Crack propagation modeling using 
Peridynamic theory
Mohammad Hadi Hafezi, Tribikram Kundu, The Univ. of 
Arizona (United States)

Crack propagation and branching are modeled using nonlocal peridynamic 
theory. One major advantage of this nonlocal theory based analysis tool is 
the unifying approach towards material behavior modeling - irrespective of 
whether the crack is formed in the material or not. No separate damage law 
is needed for crack initiation and propagation. This theory overcomes the 
weaknesses of existing continuum mechanics based numerical tools (e.g. 
FEM, XFEM etc.) for identifying fracture modes. For example, peridynamic 
model does not require any simplifying assumptions for identifying 
crack initiation and propagation. In peridynamic modeling cracks grow 
autonomously and do not require re-meshing of the problem geometry 
since it is a mesh-free technique.. For brittle fracture modeling the bond 
between material points is simply broken when the failure criterion, such 
as critical stretch is achieved. In this paper a classical damage model that 
has capability to describe ductile fracture is incorporated into peridynamic 
formulation.. This simulation helps us to design more reliable modeling 
tool for crack propagation and branching in both brittle and ductile 
materials. Peridynamic analysis has been found to be very demanding 
computationally, particularly for real-world applications (e.g. vehicle, 
aircraft, etc.). The goal of this exercise is to bring awareness to researchers 
the impact of this cutting-edge simulation tool for a better understanding 
of the material response analysis. A Parallel computer code is developed 
to implement the peridynamic theory based modeling tool for two-
dimensional analysis. A good agreement between our predictions and the 
results available in the published literature is observed. The final objective of 
this investigation is to increase the mechanics knowledge of self-similar and 
self-affine cracks. 

9805-26, Session 6

Simulation of guided wave propagation 
near numerical Brillouin zones
Piotr Kijanka, Kajetan Dziedziech, Wieslaw J. Staszewski, 
Pawel Packo, AGH Univ. of Science and Technology 
(Poland)

Attractive properties of guided waves provides very unique potential for 
characterization of incipient damage, particularly in plate-like structures. 
Among other properties, guided waves can propagate over long distances 
and can be used to inspect hidden structural features and components. 
On the other hand, guided propagation brings substantial challenges 
for data analysis. Signal processing techniques are frequently supported 
by numerical simulations in order to facilitate problem solution. When 
employing numerical models additional sources of errors are introduced. 
These can play significant role for design and development of a wave-based 
monitoring strategy. Hence, the paper presents an investigation of numerical 
models for guided waves generation, propagation and sensing. Numerical 
dispersion analysis, for guided waves in plates, based on the LISA approach 
is presented and discussed in the paper. Both phase and group velocity 
properties are analysed. It is shown that wave propagation in a numerical 
model resembles propagation in a periodic medium. Consequently, Lamb 
wave propagation close to numerical Brillouin zone is investigated and 
characterized.

9805-27, Session 6

Peridynamic modelling for mortar and 
shape memory alloy mix
Mohammad Hadi Hafezi, The Univ. of Arizona (United 
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States); Reza Alebrahim, National Univ. of Malaysia 
(Malaysia); Tribikram Kundu, The Univ. of Arizona (United 
States)

Peridynamic theory is a nonlocal continuum theory of solid mechanics. It 
is integral equation based technique. It was originally proposed to model 
elasticity problems involving discontinuities. In this work, peridynamic 
theory is used to understand crack initiation in an intact environment at a 
desired time. A peridynamic formulation is developed for mortar (cement-
sand mix) containing shape memory alloys (SMA). Micro-size SMA capsules 
are mixed with mortar before the mixture is solidified. SMA capsules can 
work as a smart material. It can be programmed to produce contraction 
or compressive force when temperature increases. Peridynamic model 
has the capability to simulate both deformation field and crack initiation 
for superelastic materials. Crack formation at the interface of the SMA 
and mortar, induced by the contraction force is of particular interest that 
peridynamic modelling can handle. Equating the classical (local) strain 
energy density (SED) and equivalent peridynamic SED, an extended 
constitutive relation for peridynamic theory has been derived. Numerical 
simulations have been carried out to verify the proposed new peridynamic 
model. 

9805-28, Session 7

Finite element modeling of guided wave 
scattering at delaminations in composite 
panels
Bibi I. S. Murat, Paul Fromme, Univ. College London 
(United Kingdom)

Carbon fiber laminate composites, consisting of layers of polymer matrix 
reinforced with high strength carbon fibers, are increasingly employed for 
aerospace structures. They offer advantages for aerospace applications, 
e.g., good strength to weight ratio. However, impact during the operation 
and servicing of the aircraft can lead to barely visible and difficult to detect 
damage. Depending on the severity of the impact, delaminations can occur, 
reducing the load carrying capacity of the structure. Efficient structural 
health monitoring of composite panels can be achieved using guided 
ultrasonic waves propagating along the structure. The guided ultrasonic 
wave (A0 Lamb wave mode) scattering at delaminations was modelled 
using full three-dimensional Finite Element (FE) simulations. The influence 
of the delamination size and depth was systematically investigated from a 
parameter study. A significant influence of the delamination width on the 
guided wave scattering was found. The angular dependency of the scattered 
guided wave amplitude was calculated using a baseline subtraction method. 
Impact damage was induced in the composite panels using standard drop 
weight procedures. The guided wave scattering at the impact damage 
was measured using a noncontact laser interferometer, quantified, and 
compared to baseline measurements on undamaged composite panels. 
Good agreement between experiments and Finite Element predictions was 
found. The sensitivity of guided waves for the detection of barely visible 
impact damage in composite panels has been verified.

9805-29, Session 7

Helical guided waves in liquid-filled 
cylindrical shells subjected to static 
pressurization stress
Brennan Dubuc, Salvatore Salamone, The Univ. of Texas at 
Austin (United States)

Helical guided waves in large diameter cylindrical shells are studied under 
the stresses induced from pressurization of the contained liquid. The shell 
is approximated by an “unwrapped” plate, and a transfer matrix method 
is used to solve for wave velocity and attenuation by incorporating earlier 
results on Lamb waves in stressed plates into a multi-layered plate system 

bordered by elastic halfspaces. In treating each halfspace as an inviscid 
fluid, a linear variation in wave attenuation with applied stress is highlighted 
by the theory, in addition to the linear variations in wave velocity that have 
been noted by past researchers. Experiments are performed to validate the 
approach, and conclusions are drawn regarding the implementation of SHM 
techniques in the stressed and liquid-loaded environment. Experiments are 
carried out on a water-filled steel pipe, with stress levels reaching 12% of 
yield. The S0 and A0 Lamb wave modes, in particular, are investigated by 
the experiment.

9805-30, Session 7

A hybrid non-reflective boundary 
technique for efficient simulation of 
guided waves using local interaction 
simulation approach
Hui Zhang, Carlos E. S. Cesnik, Univ. of Michigan (United 
States)

Local Interaction Simulation Approach (LISA) is a highly parallelizable 
numeric scheme for guided wave simulation in structural health monitoring 
(SHM). While increasing efforts have been devoted to expand LISA scheme 
in order to deal with anisotropic materials, transducer effect, damping 
effect in composite and increasing the performance using compute unified 
design architecture (CUDA), few has addressed the issue of simulating 
structures without interference from boundaries using LISA. Non-reflective 
boundary (NRB) techniques have been developed to simulate guided wave 
propagation in infinite domain with a finite size model. Although they 
have already been implemented in finite element methods (FEM), they 
are missing from the finite-difference-based LISA framework. It is thus the 
purpose of this paper to fill the gap of incorporating NRB and to develop a 
more efficient NRB method to absorb incident wave in the LISA framework.

In this study, two different categories of NRB, i.e., the non-reflective 
boundary condition (NRBC) and the absorbing boundary layer (ABL), have 
been investigated in the parallelized LISA scheme. For the implementation 
of NRBC, a set of general LISA equations considering the effect from 
boundary stress terms is obtained first. As a simple example, the Lysmer 
and Kuhlemeyer (L-K) model is applied here to demonstrate the easiness of 
NRBC implementation in LISA. The standard viscous boundary conditions 
from the L-K model are taken into the general LISA equations and then 
discretized, to obtain the final LISA scheme incorporating L-K model. Based 
on elasto-dynamic equations considering damping effect, the LISA scheme 
to incorporate the absorbing layers with increasing damping (ALID) is 
proposed as a representative of ABL implementation. Finally, an effective 
hybrid model combining L-K and ALID methods in LISA is also proposed 
in the paper, and guidelines for implementing the hybrid model will be 
presented. Factors such as absorbing region length and maximum damping 
coefficients play very important roles in the computational efficiency and 
absorbing efficiency for the method and will be discussed in details in the 
proposed paper. Case studies on a three-dimensional plate model compares 
the performance of hybrid method to that of L-K and ALID implemented 
independently. The simulation results demonstrate that best absorbing 
efficiency is achieved with this hybrid method. The proposed paper will 
conclude with discussions and suggestions for future work.

9805-31, Session 7

Detecting delaminations and disbondings 
on full-scale wing composite panel by 
guided waves based SHM system
Ernesto Monaco, Natalino D. Boffa, Vittorio Memmolo, 
Fabrizio Ricci, Leandro Maio, Univ. degli Studi di Napoli 
Federico II (Italy)

A full-scale lower wing panel made of composite material has been 
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designed, manufactured and sensorised within the European Funded 
research project named SARISTU. The authors contributed to the whole 
development of the system, from design to implementation as well as to 
the impacts campaign phase where Barely Visible and Visible Damages 
(BVID and VID) are to be artificially induced on the panel by a pneumatic 
impact machine. This work summarise part of the experimental results 
related to damages production, their assessment by C-SCAN as reference 
NDT method as well as damage detection of delimitations by a guided 
waves based SHM. The SHM system is made by customized piezoelectric 
patches secondary bonded on the wing plate acting both as guided waves 
sources and receivers. The paper will deal mostly with the experimental 
impact campaign and the signal analyses carried out to extract the 
metrics more sensitive to damages induced. Image reconstruction of the 
damages dimensions and shapes will be also described based mostly on 
the combination of metrics maps over the plate partial surfaces. Finally a 
comparison of damages maps obtained by the SHM approach and those 
obtained by “classic” C-SCAN will be presented analyzing briefly pros and 
cons of the two different approached as a combination to the most effective 
structural maintenance scenario of a commercial aircraft.

9805-32, Session 7

Incorporating scatterer responses in a 
sparse reconstruction approach to guided-
wave structural health monitoring
Andrew L. Golato, Sridhar Santhanam, Fauzia Ahmad, 
Moeness Amin, Villanova Univ. (United States)

Lamb waves are employed extensively in structural health monitoring to 
examine and monitor thin structures, such as plates and shells. Standard 
practice involves attaching a network of piezoelectric transducers to the 
surface of the structural plate member. The transducers are used for both 
transmission and reception of Lamb waves. The received signals contain 
components scattered from defects in the plate. In sparse reconstruction 
based approaches to imaging of defects, the signal models that have been 
typically used are based on point scatterer assumption. In reality, however, 
most defects are not point scatterers. In this paper, we consider a particular 
kind of defect, namely, an accumulated mass on the surface of the structural 
member. We capture the true scatterer response of a cylindrical mass 
attached to the surface of a plate. In the scattering problem, we consider 
the propagating and evanescent wave modes and obtain amplitude 
coefficients of the modes by matching boundary conditions at the defect. 
Lowest order plate theories are incorporated into the scattering response 
equations. A linear system of equations is obtained via projection functions 
and solved for the amplitude coefficients. The derived scatterer response 
is incorporated in the linear signal model, which relates the measurements 
with the image pixel values. As a result, the correlation between the model 
and reality is improved compared to the traditional point or isotropic 
scatterer assumption, thereby leading to improved image reconstruction. 

9805-33, Session 7

A temperature effects compensation 
technique for Lamb wave based SHM
Rahim Gorgin, Zhanjun Wu, Yuebin Zheng, Dalian Univ. of 
Technology (China)

In Lamb wave based structural health monitoring (SHM) techniques, 
damage scatter signals are usually utilized to investigate the damage 
which traditionally are obtained by comparing the current signal with a 
baseline. However, such a procedure is affected easily by operational and 
environmental variability. This study proposes a baseline-free damage 
imaging technique to compensate temperature effects in Lamb wave based 
SHM systems. First, a wave velocity determination process is presented 
to actively define the selected mode velocity without any need for the 
interpretation of the acquired signals. Then according to the defined wave 
velocity, the damage scatter wave is separated from other waves appear in 

the collected signal. Finally by relating the contrast at a focus point to the 
energy envelope of the damage scatter signal, a damage diagnostic image 
was constructed to highlight the most probable location of damage in the 
monitoring area. The experimental validation of the developed technique 
is conducted on an aluminum plate carrying an L shape crack, subjected to 
temperatures variations in a controlled thermal environment. The results 
confirm that the presented baseline-free damage imaging technique is a 
robust practical solution to the problem of detecting structural damage in 
the presence of unmeasured temperature changes.

9805-35, Session 7

Higher and sub-harmonic Lamb wave 
mode generation due to debond-induced 
contact nonlinearity
Christudas R. Bijudas, Anurup Guha, Indian Institute of 
Space Science and Technology (India)

Advanced damage detection techniques utilizing Lamb waves are leading 
to greater emphasis on condition-based maintenance and residual-life 
estimation with the aim of real-time monitoring of overall integrity of 
structures, instead of schedule-based maintenance, providing significant 
savings in maintenance cost of particularly aerospace industries.

Although, the damage detection techniques utilizing Lamb waves are 
having high sensitivity to damages and help in their early detection 
before any catastrophic failure occurs, false alarms arising due to damage 
in the actuator or/and sensor will lead to unnecessary downtime and 
loss of revenue, undermining the very essence of utilizing Lamb waves 
based damage detection techniques. One such case of damage in the 
form of partial-debond of PWTs originally bonded to an aluminium 
plate is considered here. The setup comprises of two PWTs bonded onto 
an aluminium plate of thickness 1.6mm. Partial-debonds of different 
debond percentages are deliberately introduced at different positions in 
the experimental setup as well as in the 2-D simulation. The frequency 
spectrum in the received signal, taken from one of the PWTs, is analysed 
using Fast-Fourier transform. The spectrum is found to contain higher and/
or sub-harmonics in case of partial-debond. Based on the Eigen-value and 
harmonic analyses of the free as well as of the bonded PWT, a frequency 
range is arrived at, within which the debond-induced contact nonlinearity 
(in terms of normalized magnitudes of higher and sub-harmonics), as 
a result of partial-debond, is higher than in any other frequency range. 
No amplification of the input signal at the prescribed frequency range is 
needed. Hanning windowed 20 cycles tone burst signal of 10 Vpp amplitude 
is given to the aluminium plate with a burst period of 300ms. Further 
experimental studies are done to distinguish the signature signal coming 
out from partial-debond of the PWTs from that of a genuine damage in the 
specimen.

9805-94, Session PTue

Long-term monitoring of structures 
through 3D point cloud analysis
Bahman Jafari, Ali Khaloo, David Lattanzi, George Mason 
Univ. (United States)

Modern remote sensing technologies have enabled the creation of high 
resolution and high fidelity 3D point cloud reconstructions of infrastructure 
systems. In particular, photogrammetric reconstructions using Dense 
Structure-from-Motion techniques can now yield point clouds with the 
necessary resolution to capture small-strain displacements. By tracking 
changes in these point clouds over time, displacements can be measured, 
potentially leading to strain and stress estimates for long-term structural 
evaluations. This paper presents a study into the accuracy of a comparative 
point cloud analysis technique for measuring displacements in high-
resolution point clouds of structural elements. Using a combination of a 
recently developed point cloud generation process and localized nearest-
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neighbors cloud comparisons, the analytical technique is designed for long-
term field scenarios and requires no artificial tracking targets or camera 
calibrations. A series of flexural laboratory experiments was performed 
in order to test the approach. The results indicate measurement accuracy 
on the order of +/- 0.5mm, making it suitable for the small-displacement 
analysis of a variety of large-scale infrastructure systems. Ongoing work 
seeks to extend this technique for point-cloud comparisons with as-built 
and finite element models. 

9805-95, Session PTue

Multi-field coupled sensing network for 
monitoring health of composite bolted 
joint
Yishou Wang, Xiamen Univ. (China); Xinlin Qing, Xiamen 
Univ. (China) and Beijing Aeronautical Science and 
Technology Research Institute of COMAC (China); Dong 
Liang, Xiamen Univ. (China)

Composite materials are being widely used as structural materials of new 
aircrafts. Bolted joints are often accounted in complex aircraft structures. 
How to monitor the damage in the composite bolted joints and evaluate 
its impact on the structure integrity of aircraft is a very important but 
challenging topic due to complex failure modes and severe service 
environment. Most of current works focus on the monitoring and evaluation 
of bolt loosening/tightening state using vibration-based and ultrasonic 
guided wave-based methods (linear and nonlinear). However, no enough 
attention on the detection of damage around composite hole has been 
received. This paper proposes a multi-field coupled sensing network for 
monitoring composite bolted joints, including the damage in composite 
laminated plates using piezoelectric sensor network, the damage around the 
bolt hole using eddy current sensing film, and lightning monitoring using 
current sensing coil. Major contributions of this paper include: 

(1) The concept of multifunctional sensor layer integrated with 
electromagnetic eddy sensing film, Rogowski coil and arrayed piezoelectric 
sensors is developed to detect the state and damage of composite joints. 

(2) The design of eddy current sensor coil for monitoring damage around 
the bolt hole is optimized by simulating the electromagnetic properties 
in composites. The process for integrating the eddy current sensor foil, 
Rogowski coil and piezoelectric sensor array in multifunctional sensor layer 
is developed. Technique of piezoelectric sensor signal feature extraction is 
proposed to correlate the damage growth.

(3) A new concept of smart composite joint with multifunctional sensing 
capability is proposed to manage the life-cycle health of composite bolted 
joints, from design, manufacturing, usage to maintenance.

9805-96, Session PTue

The application of data mining and cloud 
computing techniques in data-driven 
models for structural health monitoring
Shervin Khazaeli, Amir G. Ravandi, Srishti Banerji, 
Ashutosh Bagchi, Concordia Univ. (Canada)

Recently, data-driven models for Structural Health Monitoring (SHM) have 
been of great interest among many researchers. In data-driven models, the 
sensed data are processed to determine the structural performance and 
evaluate the damages of an instrumented structure without necessitating 
the mathematical modeling of the structure. A framework of data-driven 
models for online assessment of the condition of a structure has been 
developed here. The developed framework is intended for automated 
evaluation of the monitoring data and structural performance utilizing the 
internet technology and resources. The main challenges in developing such 
framework include: (a) utilizing the sensor measurements to estimate and 
localize the induced damage in a structure by means of signal processing 

and data mining techniques, and (b) optimizing the computing and storage 
resources with the aid of cloud services. The main focus in this paper is to 
demonstrate the efficiency of the proposed framework for real-time damage 
detection of a multi-story shear-building structure in two damage scenarios: 
additional mass, and reduction of stiffness in various locations. Several 
features are extracted from the sensed data by signal processing techniques 
and statistical methods. Machine learning algorithms are deployed to 
select damage-sensitive features as well as classifying the data to trace 
the anomaly in the response of the structure. Here, the cloud computing 
resources from Amazon Web Services (AWS) have been used to implement 
the proposed framework.

9805-97, Session PTue

Fabrication and characterization of nano 
structured Mg-doped Cds/AAO nano 
porous membrane for sensing applications
Hany S. Hamdy, Beni-Suef Univ. (Egypt)

No abstract available

9805-98, Session PTue

Rotor damage detection by using 
piezoelectric impedance
Yi Qin, Yi Tao, Yongfang Mao, Chongqing Univ. (China)

Rotor is a core component of rotary machinery. Once the rotor has the 
damage, it may lead to a major accident. Thus the quantitative rotor 
damage detection method based on piezoelectric impedance is studied in 
this paper. With the governing equation of piezoelectric transducer (PZT) 
in a cylindrical coordinate, the displacement along the radius direction 
is derived. The charge of PZT is calculated by the electric displacement. 
Then, by the use of the obtained displacement and charge, an analytic 
piezoelectric impedance model of the rotor is built. Given the circular 
boundary condition of a rotor, annular elements are used as the analyzed 
objects and spectral element method is used to set up the damage 
detection model. The Electro-Mechanical (E/M) coupled impedance 
expression of an undamaged rotor is deduced with the application of a low-
cost impedance test circuit. A Taylor expansion method is used to obtain 
the approximate E/M coupled impedance expression for the damaged rotor. 
After obtaining the difference between the undamaged and damaged rotor 
impedance, a rotor damage detection method is proposed. This method can 
directly calculate the change of bending stiffness of the structural elements, 
it follows that the rotor damage can be effectively detected. Finally, a preset 
damage configuration is used for the numerical simulation and experiment 
validation. Results have shown that the quantitative damage detection 
algorithm based on spectral element method and piezoelectric impedance 
proposed in this paper can identify the location and the severity of the 
damaged rotor accurately.

9805-99, Session PTue

Optimized sensor location for estimating 
story-drift angle for tall buildings subject 
to earthquakes
Sayuki Ozawa, Akira Mita, Keio Univ. (Japan)

In this research, optimum sensor location for estimating the story-drift 
angle using limited number of sensors for tall buildings subject to large 
earthquakes is presented. 

Recently, the structural health monitoring (SHM) systems are being 
installed into tall office buildings to show the safety of the buildings under 
an extremely large earthquake. However, these SHM systems rely on the 
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small number of sensors typically ranging from three to five assuming only 
the lower mode shapes can represent the total response and the mode 
shapes are not affected by the nonlinear behavior of the columns and 
beams. In addition, in most cases, the sensors are distributed uniformly 
assuming that the uniform distribution of sensors is the best for estimating 
the total response. This assumption may not be true, because the stiffness 
distribution of the tall buildings is not uniform and what we are most 
interested in is not the total response but the story-drift angle. 

Considering the situation, we propose a method to provide the information 
on the best location of sensors to properly estimate the story-drift angle. 
The previously proposed optimization methods were focusing on estimating 
the total response that is not always optimum for story-drift angles. We 
improved existing optimization methods and compared with the existing 
methods for several types for earthquakes. We found the criteria for better 
estimation of this angle is slightly different from the existing criteria. Finally, 
we test our method for buildings with large response so that the nonlinear 
behavior of the structural systems is not negligible. 

9805-100, Session PTue

The random field model of the spatial 
distribution of vehicle loads on long-span 
bridges
Zhicheng Chen, Hui Li, Yuequan Bao, Harbin Institute of 
Technology (China)

For long-span bridges, the spatial distribution of vehicle loads is very 
important for understanding exact loading conditions and behaviors of 
bridges. Previous stochastic models of vehicle loads failed to describe 
the complicated spatial correlation of vehicle loads. In this paper, a new 
stochastic model based on Markov random field is proposed to model 
the spatial distribution of vehicle loads on long-span bridges. The Markov 
random field is also called undirected graphical model, which has a finite 
set of nodes and a set of edges consisting of pairs of nodes. A lattice-
structured undirected graphical model is used to mode the vehicle loads 
on bridge. Each node corresponds to a cell of the bridge deck, and has 
two states according to whether there is any vehicle appears in the cell or 
not. A marked random variable is attached to each node to represent the 
amplitude of the total vehicle load applied on the corresponding cell of 
bridge deck. The node potential is defined to give a non-negative weight 
to each possible state of a node, and the edge potential is defined to give a 
non-negative weight to all state combinations of the two connected nodes. 
The junction tree algorithm is used to obtain the systematic solutions of 
inference problems of the graphical model. A Monte Carlo simulation based 
on the field test data on Hangzhou Bay Bridge is carried out to verify the 
effectiveness of the proposed model. 

9805-101, Session PTue

Wave propagation in sandwich plates 
with multi-periodic lattice cores: a novel 
dynamic design
Xin Fang, Jihong Wen, Jianfei Yin, DianLong Tu, National 
Univ. of Defense Technology (China)

Lattice sandwich plates are widely used in engineering due to their light 
specific density, high specific strength and stiffness. As a type of periodic 
structures, it exhibits pass/stop band characteristics for elastic wave 
propagation, which could be potentially used for vibration and wave control. 
To date, the core of the lattice sandwich plates is often made of a single 
type of lattice cell with one lattice constant. With such permutation, it 
can hardly achieve a stop band at low frequency regime when the lattice 
constants are small. 

This paper proposes a novel design of the lattice sandwich plate with 
multi-periodic lattice core which is composed of different lattice cells with 
difference lattice constants. Based on 3D-Kagome cells, the properties of 

wave propagation in the multi-periodic structures are investigated and 
experiments are established to verify this method. The results show multi-
periodic lattice core can achieve the good dynamic performance while 
maintaining the quasi-static mechanical properties. Broad stop bands will 
occur by modulating the topologies, the effective moduli and densities of 
differentiation lattice cells. The construction can suppress the vibration and 
sound transmission in lattice sandwich plates. 

9805-103, Session PTue

Energy transport and localization in 
disordered nonlinear lattices
Eunho Kim, Sean E. Phenisee, Jinkyu Yang, Univ. of 
Washington (United States)

Energy transport in lattice structures has been of significant importance 
not only from a fundamental scientific point of view, but also from an 
engineering standpoint for energy harvesting and impact mitigation 
applications. In particular, energy localization in disordered linear lattices 
(e.g., Anderson localization) has drawn significant interest. However, 
previous studies are focused mostly on linear systems, and it is only recent 
that scientists explored the effect of disorder in the setting of nonlinear 
lattices. In this study, we numerically and experimentally investigate energy 
transport in one-dimensional disordered nonlinear lattices consisting of 
spherical particles. We show that this system supports various types of 
wave structures from linear to weakly (e.g., breathers) and even highly 
nonlinear (e.g., solitary wave) waves by leveraging the tunable nonlinear 
Hertzian contact between beads. The degree of disorder in the system is 
also manipulated by changing the sequence of two types of particles with 
high contrast of their densities. By using this system, we report the interplay 
between nonlinearity and disorder and their effect on the energy transport 
properties in terms of energy localization and diffusion. More importantly, 
we experimentally verify that the enhancement of the nonlinearity of the 
system can completely change the landscape of energy transport compared 
to that of the linear system. The findings in this study can contribute to 
designing and building a highly efficient system for energy localization and 
dispersion by manipulating the degree of the system’s nonlinearity and 
disorder.

9805-104, Session PTue

Manipulating acoustic waves by acoustic 
metasurfaces
Ying Wu, King Abdullah Univ. of Science and Technology 
(Saudi Arabia); Jun Mei, South China Univ. of Technology 
(China)

We propose a design paradigm for a novel type of acoustic metasurface 
to achieve various wave manipulation possibilities. The metasurface is 
composed of carefully designed slits in a rigid thin plate. The effective 
refractive indices of different slits are different but the impedances are 
kept the same as that of the host medium. Numerical simulations based 
on finite-element method show that when the wavelength of a normally 
incident wave is small, the direction of the transmitted wave with nearly 
unity transmittance can be chosen by engineering the phase discontinuities. 
When the wavelength is large, even though the acoustic metasurface is 
impedance matched to the host medium, most of the incident energy is 
reflected back and the remaining portion is converted into a surface-bound 
mode. We show that the mechanisms of both the transmitted wave control 
and the high reflection with the surface mode excitation can be understood 
by two methods. One is the generalized Snell’s law, and another is a unified 
analytic model based on mode-coupling theory. The generalized Snell’s 
law can predict the direction of the transmitted wave at short wavelength 
and the existence of the surface bound mode at long wavelength. The 
analytic model can be used to evaluate the intensity and the direction 
of the transmitted and reflected waves. The design principle not only 
supplies the functionalities of reflection-type acoustic metasurfaces, but 
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also exhibits unprecedented flexibility and efficiency in various domains of 
wave manipulation for possible applications. We demonstrate some simple 
realization of such acoustic metasurface with real materials. 

9805-105, Session PTue

Embedded monitoring of CFRP 
composites under harsh environments 
using position varied fiber Bragg grating 
sensor arrays
Yurim Park, Jin-Hyuk Kim, Pratik Shrestha, Heejung Kwon, 
Chun-Gon Kim, KAIST (Korea, Republic of)

Application of composite materials in aerospace structures is increasing due 
to the outstanding properties the material provides, however, the problem 
of monitoring such composite structures exposed to harsh environments 
is still a posing issue. Composite materials exhibit significantly different 
failure modes and behavior compared to conventional metallic materials, 
causing their application to be more than difficult to predict let alone 
provide maintenance for under harsh environments. Low Earth orbit space 
structures are exposed to gradual but significant property degradation and 
damage from high-degree vacuum, ultraviolet radiation, thermal cycling, 
and atomic oxygen attack. Health monitoring of composite materials 
under such environments is critical. Fiber Bragg grating sensors allow for 
nondestructive and reliable structural monitoring of composite materials 
especially for extreme environments due to the intrinsic, advantageous 
properties of the sensors. For composite materials, thermal cycling and 
atomic oxygen attack of low Earth orbit are detrimental. In this study, 
FBG sensor arrays were embedded in CFRP composite plates in different 
thickness locations to provide health and damage monitoring of the material 
exposed to such environments. By embedding FBG sensors in varying 
positions in the thickness direction, relative differences in the obtained 
signals can be utilized for monitoring the overall health of the material with 
a focus on the exposed surface.

9805-106, Session PTue

Consolidating guided wave simulations 
and experimental data: a dictionary 
leaning approach
K. Supreet Alguri, Joel Harley, The Univ. of Utah (United 
States)

Understanding guided wave propagation in complex structures is a topic 
of significant interest in structural health monitoring. Since few analytical 
solutions exist for structures more complex than a thin rod or plate, 
numerical modelling is a popular approach for understanding complex wave 
behavior. Yet, using these models to improve experimental data analysis 
remains difficult. 

In this paper, we present a preliminary dictionary learning framework 
to address this challenge by consolidating the general characteristics of 
simulations with specific characteristics of experiments. Our approach is 
based on the fact that waves can be expressed as a summation of modes. 
We use dictionary learning to extract possible modal characteristics from 
numerical models and sparse recovery algorithms to learn the specific 
modes and amplitudes expressed in an experimental structure. 

As a proof of concept, we simulated Lamb waves in two aluminum 
plates: one with only the zero-order symmetric (S0) mode and the other 
(representing an experimental system) with only the zero- and first-order 
asymmetric (A0/A1) modes. We used dictionary learning to learn the 
possible modes from 10,000 simulated S0 measurements over time. We 
then used the resulting dictionary to learn the modes expressed in 24 of 
the A0/A1 measurements. From the results of these 24 observations, we 
successfully predicted 10,000 other A0/A1 measurements from the plate 
with a correlation of 0.94. In the paper, we illustrate similar success with 

experimental data. These results suggest how we can combine numerical 
simulations with a small number of local experimental measurements to 
make accurate, global predictions about experimental wave behavior. 

9805-107, Session PTue

Geometry control of long-span continuous 
girder concrete bridge during construction 
through finite element model updating
Jie Wu, South China Univ. of Technology (China) and The 
Univ. of Kansas (United States); Quansheng Yan, South 
China Univ. of Technology (China); Jian Li, The Univ. of 
Kansas (United States); Minyi Hu, South China Univ. of 
Technology (China)

In bridge construction, geometry control is critical to ensure that the final 
constructed bridge has the consistent shape as design. A common method 
is by predicting the deflections of the bridge during each construction phase 
through the associated finite element models. Therefore, the cambers of the 
bridge during different construction phases can be determined beforehand. 
These finite element models are mostly based on the design drawings and 
nominal material properties. However, the accuracy of these bridge models 
can be large due to significant uncertainties of the actual properties of the 
materials used in construction. Therefore, the predicted cambers may not 
be accurate to ensure agreement of bridge geometry with design, especially 
for long-span bridges. In this paper, an improved geometry control method 
is described, which incorporates finite element (FE) model updating during 
the construction process based on measured bridge deflections. A method 
based on the Kriging model and Latin hypercube sampling is proposed 
to perform the FE model updating due to its simplicity and efficiency. 
The proposed method has been applied to a long-span continuous girder 
concrete bridge during its construction. Results show that the method is 
effective in reducing construction error and ensuring the accuracy of the 
geometry of the final constructed bridge.

9805-108, Session PTue

Adaptive acoustic metamaterials with 
tunable effective mass densities
Rui Zhu, Yangyang Chen, Guoliang Huang, Univ. of Missouri 
(United States)

In this study, we first proposed a design strategy of active metamaterial 
by introducing electric component, which is connected to the LR elastic 
microstructure with electromechanical coupling element, into its unit 
cell. A continuum active metamaterial unit cell with tunable effective 
mass density was designed and fabricated. Transmission experiment was 
conducted on the metamaterial sample consisting of 9 active unit cells with 
shunted circuits. The measured transmission curves demonstrate tunable 
transmission dips which are well predicted by the developed multiphysical 
effective medium modal. Finally, impact testing was conducted on the 
fabricated active metamaterial sample which demonstrates potential 
applications in related engineering fields. 

9805-109, Session PTue

Initial strength gain monitoring of cement 
mortar using embedded piezoelectric 
sensors
Arun Narayanan, V.L. Subramaniam Kolluru, Indian Institute 
of Technology Hyderabad (India)

PZTs (Lead Zirconate Titanate) are the most commonly used type 
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of Piezoceramics which exhibit high elastic moduli and piezoelectric 
coefficients. Use of PZT patches and wafers has become popular in 
the field of structural health monitoring. A piezoceramic based sensor 
consisting of embedded water-proof piezoelectric patch is developed 
for assessing the progression of hydration and evolution properties for 
different cement mortar mixes. The method relies on monitoring changes 
in the electromechanical (EM) conductance of a PZT patch embedded 
into concrete. The three stages of hydration in cement mortar are verified 
for each mix proportion. Changes in properties of the mortar mixes were 
quantified using Root Mean Square Deviation and shift in frequencies. 
The experimental investigation shows that the early age hydration of 
cementitious material can be monitored effectively by analysing the EM 
admittance signature of the embedded PZT sensors.

9805-110, Session PTue

Finite element modelling of non-bonded 
piezo sensors for biomedical health 
monitoring of bones based on EMI 
technique
Shashank Srivastava, Indira Gandhi National Open Univ. 
(India); Suresh Bhalla, Alok Madan, Ashok Gupta, Indian 
Institute of Technology Delhi (India)

Extensive research for use of piezo sensors for biomedical health monitoring 
is going on and is in demand.One of the limitations of the piezo sensor in 
bonded mode based on EMI technique is that it can cause harmful effects to 
the humans in terms of irritation ,bone and skin disease. Thus this paper is a 
step towards simulating and analyzing the non-bonded configuration of the 
piezo sensor for gauging its effectiveness using FEA software. It has been 
noted that the conductance signatures obtained in non-bonded mode are 
significantly close to the conventional bonded configuration, thus giving a 
positive indication of its future use

9805-111, Session PTue

Remaining service life under seismic 
consideration
S. K. Dhawan, Abhinav Bindal, Indian Institute of 
Technology Delhi (India); Shashank Srivastava, Indira 
Gandhi National Open Univ. (India); Suresh Bhalla, 
Bishwajit Bhattacharjee, Indian Institute of Technology 
Delhi (India)

Concrete is primarily used in the form of reinforced concrete (RC) for 
construction of buildings, bridges and other important structures. Due to 
normal usage and environmental effects, the structure would gradually 
deteriorate, the rate of which needs to be worked out for the desired 
performance of the structure commensurate with the fulfillment of essential 
requirements of structural integrity and safety, both from strength as well 
as serviceability considerations. Requirements for residual life assessment 
would depend upon the current parameters, such as the residual cross-
sectional area, the Young’s modulus of elasticity and the in-situ material 
strength of the constituent materials – concrete and steel. 

This paper aims to study the dependence of the expected remaining 
service life of an RC Structure on the design seismic loads and the present 
condition of the structure, encompassing the residual material strength 
and the residual reinforcement area, towards the development of a rational 
methodology to estimate the expected remaining life of an existing RC 
frame type structure. The methodology development section is followed 
by a parametric study involving a ten-storeyed RC building frame under 
earthquake loads. Influence of various parameters such as concrete strength 
and residual rebar area on the expected remaining service life is studied in 
detail. The proposed methodology provides a simple but rational estimation 
of the remaining service life.

9805-112, Session PTue

Small-strain measurement in bridge 
connections using the digital image 
correlation technique
Niranjan Desai, Purdue Univ. (United States)

Structural health monitoring (SHM) is emerging as a vital tool to help civil 
engineers improve the safety, maintainability, reliability, and robustness of 
critical structures and assists infrastructure owners with timely information 
for the continued safe and economic operation of their structure. SHM 
involves implementing a strategy that identifies and characterizes damage 
or undesirable performance in engineering structures. The goal of this 
research project was to determine the smallest strains measurable using 
standard digital image correlation (DIC) based structural health monitoring 
equipment (NikonD800 camera and ARAMIS software package). This 
practical investigation that had strong ties to the industry was motivated 
by damage observed in an actual, real-world bridge. This damage was not 
detected in its initial stages. Doing so would have resulted in a significant 
reduction of repair costs. In order to accomplish this challenging task, a 
laboratory specimen that replicated a steel beam-to-column connection 
of the concerned bridge was constructed. Tests were performed on this 
specimen, involving progressively loading it in a manner in which it was 
loaded in the actual bridge, while simultaneously measuring the strains 
that developed in it using the aforementioned DIC-based equipment and 
software. Under the controlled conditions in the laboratory, the minimum 
resolution of the state-of-the-art ARAMIS system was determined. Due to 
the challenges faced in making these small-strain measurements even under 
highly controlled laboratory conditions, it was concluded that it is currently 
unrealistic to use the existing DIC technology in a real-world situation to 
measure strains as small as those that would need to be measured to detect 
the onset of damage in bridge connections. More work needs to be done in 
this area.

9805-36, Session 8

In-situ measurement of the height of 
condensed water in steam pipes with 
dynamic flow
Shyh-Shiuh Lih, Hyeong Jae Lee, Yoseph Bar-Cohen, Jet 
Propulsion Lab. (United States)

A method based on the use of enhanced filtered Hilbert envelope of the 
wave signal was developed in order to monitor the height of condensed 
water through the wall of steam pipes having dynamic flow conditions. A 
prototype testbed was designed and fabricated in this study to simulate the 
dynamic flow including the high-speed and disturbed water conditions. The 
developed signal processing algorithm was implemented into the system 
data acquisition algorithm, and a series of case studies was carried out to 
validate the developed signal processing codes. The results demonstrated 
that the developed water height measurement system with the novel 
signal processing method is an efficient and accurate tool for practical 
applications. Further analysis and development of the test system with 
multiple sensors and correlation methodology to facilitate the detectability 
and reliability for long term monitoring water height will also be discussed 
in the paper. 

9805-37, Session 8

Advanced signal processing technique for 
damage detection in steel tubes
Umar Amjad, Susheel K. Yadav, Cac Minh Dao, Kiet T. Dao, 
Tribikram Kundu, The Univ. of Arizona (United States)

The use of ultrasonic guided waves for damage detection in metal and 
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composite plates, pipes and rods is continuously increasing. Generally 
Guided wave modes are excited and detected by PZT (Lead Zirconate 
Titanate) transducers in transmission and reflection modes for this purpose. 
In most of the other studies the change in the strength (amplitude) of the 
received signal is related to the extent of damage, whereas in this study 
the change in the time-of-flight of the propagating waves is investigated 
and is related to the extent of damage in steel tubes. Advanced signal 
processing technique S-Transform is used for extracting the time-frequency 
information. The main advantage of using the time-of-flight information 
is that it is not affected by the bonding condition between the transducer 
and the specimen. Change in bonding conditions alters the recorded signal 
strength (amplitude). Therefore, if the specimen is not damaged but the 
transducer-specimen bonding is deteriorated then the received signal 
strength is altered but the time-of-flight remains the same and thus false 
positive predictions for damage can be avoided by monitoring the time-of-
flight instead of the received signal strength.

9805-38, Session 9

Estimation of the aging level of 
rejuvenated asphalt concrete pavements 
using nonlinear ultrasonics
Megan McGovern, William G. Buttlar, Henrique L. Reis, 
Univ. of Illinois at Urbana-Champaign (United States)

An ultrasonic non-collinear wave mixing to evaluate the efficacy of 
rejuvenators on restoring the properties of oxidatively aged asphalt and 
capable to be used in the field is presented. Longitudinal transducers 
were mounted on angle wedges to generate subsurface dilatational waves 
to allow for pavement evaluation when there is only access to one side. 
Because in the field the asphalt concrete (AC) pavement properties (i.e., 
ultrasonic velocities and attenuations) are unknown, a pre-determined 
fixed incident angle (based on the AC mixture type) was used. Oxidatively 
aged AC specimens were coated with rejuvenator (10% by weight of the 
binder) and left to dwell for varying amounts of time were evaluated using 
a ultrasonic wave mixing approach. It was observed that the rejuvenator 
had the effect of restoring the nonlinear properties to those corresponding 
to a virgin sample after a sufficient amount of dwell time. The ability of 
the rejuvenator to fully penetrate and act on the binder was observed to 
be dependent on the porosity and aggregate structure. As a result, some 
portions of the binder were restored to a greater extent than others. 

9805-39, Session 9

Wideband excitation in nonlinear vibro-
acoustic modulation for damage detection
Andrzej P. Klepka, Wieslaw J. Staszewski, Lukasz 
Pieczonka, Maciej Adamczyk, Tadeusz Uhl, AGH Univ. of 
Science and Technology (Poland)

The paper deals with the approach for structure excitation in nonlinear 
vibro-acoustic modulation technique (VAM) used for nondestructive 
damage detection. In its original form the two (low and high frequency) 
mono-harmonic signals were used for excitation. Next the sidebands 
amplitude is estimated from signal response spectra. Classically, the low 
frequency excitation is selected based on modal analysis test and high 
frequency excitation is selected a priori. This paper presents an different 
approach that allows use of wideband signals. This makes possible to 
simplify the testing procedure by omitting the modal test used to determine 
the value of low frequency excitation. Simultaneously use of wideband high 
frequency excitation solves the problem with selection of the frequency 
of acoustic wave. The use of broadband signals is associated with use 
different signal processing methods to determine the modulation index. The 
approach for estimation of modulation intensity based on nonstationary 
signals is also presented. Experimental testing of the proposed procedure 
is performed on laminated composite plates with barely visible impact 

damage that was generated in an impact test. Piezoceramic actuators are 
used for vibration excitation and a scanning laser vibrometer is used for 
non-contact data acquisition.

9805-40, Session 9

Damage visualization using synchronized 
noncontact laser ultrasonic scanning
Peipei Liu, Timotius Yonathan Sunarsa, Hoon Sohn, KAIST 
(Korea, Republic of)

This paper presents a damage visualization technique using a fully 
noncontact laser ultrasonic measurement system and a synchronized 
scanning strategy. The noncontact laser ultrasonic measurement system 
is composed of a Q-switched Nd:YAG laser for ultrasonic wave generation 
and a laser Doppler vibrometer (LDV) for ultrasonic wave detection. The 
laser beams for ultrasonic wave generation and detection are shot on the 
target structure with a constant tiny interval, and these two laser beams are 
synchronously moved over the scanning area. Through the synchronized 
scanning strategy, the detected ultrasonic waves own a much higher 
sensitivity to damage, especially to localized micro defects. In this paper, 
multiple linear and nonlinear features are extracted from the detected 
ultrasonic waves to localize and visualize the damage without relying on the 
baseline data obtained from the pristine condition of a target structure. The 
approach was capable of producing detailed images of fatigue crack and 
hidden wall-thinning in aluminum plates and a steel pipe section.

9805-41, Session 9

A nonlocal numerical approach for 
modeling of temperature-dependent 
crack-wave interaction
Piotr Kijanka, Adam Martowicz, Wieslaw J. Staszewski, 
Kajetan Dziedziech, AGH Univ. of Science and Technology 
(Poland)

In literature, logarithmic-in-time slow dynamics has been found for 
individual cracks in solids. This phenomenon was observed by various 
authors during both the crack acoustic conditioning and the subsequent 
relaxation. A temperature-dependent crack-wave interaction mechanism 
was suggested to be the source, which relates the log-time behavior to 
the essentially two-dimensional character of the heating and cooling of 
the crack perimeter and inner contacts. Likewise, this effect was found 
very essential for signal modulations. Therefore, the phenomenon of 
temperature-dependent crack-wave interaction for wave propagation is 
investigated in this paper. 

Numerical modeling is used to examine wave propagation primarily in 
the vicinity of a crack. The work presents simulations for a crack-wave 
interactions using nonlocal finite differences. The approach introduces an 
extended, i.e. nonlocal, region for interactions between pieces of modeled 
continuum media. This leads to more convenient model definition for wave 
propagation solutions. Less number of degrees of freedom is necessary 
to effectively mitigate inherent numerical dispersion. This characteristics 
originates from model discretization, applied to both time and spatial 
domains. As found in the studied case, accurate modeling for the 
phenomena of wave propagation and crack-wave interaction is also feasible 
for a crude mesh of the model nodes. 
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9805-42, Session 9

Nonlinear magnetoelectric effect in 
layered piezoelectric/magnetostrictive 
composites under combined magnetic 
field, stress, and electric field loading
Hao Xu, Yongmao Pei, Peking Univ. (China)

The nonlinear magnetoelectric effect in layered piezoelectric/
magnetostrictive composites under combined magnetic field, stress and 
electric field loading was investigated both theoritically and experimentally. 
To quantitatively describe the distortion of magnetoelectric frequency 
response, a nonlinear distortion coefficient was proposed, which revealed 
that the magnetoelectric distortion was the competition result of linear 
piezomagnetic and quadratic magnetostrictive effect. Moreover, the 
diagram of competition mechanism for these two effects was established, 
demonstrating that the nonlinear distortion could be tuned by interplay 
between frequency doubling and mechanical resonance effect, which 
was significant for the development of tunable nonlinear magnetoelectric 
devices.

9805-43, Session 10

Sculpting of stress waves in nonlinear 
mechanical metamaterials
Eunho Kim, Rajesh Chaunsali, Matthew Toles, Jinkyu Yang, 
Univ. of Washington (United States)

In this presentation, we report the feasibility of sculpting and tailoring stress 
waves propagating in nonlinear mechanical metamaterials. We first devise 
a 3D-printed enclosure that embeds a nonlinear mechanical metamaterial 
consisting of vertically stacked cylindrical particles. This device enables 
precise control of the contact angle between neighboring cylinders by 
rotating the enclosure, which results in tunable contact stiffness among 
the constituent elements. By using this device, we experimentally and 
numerically demonstrate the manipulation of the waveform and even 
the speed of the stress waves. Among various capabilities of stress wave 
sculpting/tailoring, we introduce two important features of this system in 
this presentation. One is turbulence-like wave attenuation of stress waves, 
when this tunable system exhibits a diatomic configuration with alternating 
soft and hard contacts. We observe various forms of nonlinear stress waves, 
which allow highly efficient transmission or attenuation of the stress waves 
depending on the stiffness ratio of the soft and hard contacts. In the case of 
wave attenuation, particularly, we verify turbulence-like wave propagation 
with evident low-to-high frequency and wavenumber cascading. The 
second feature to be presented is controllable acceleration/deceleration 
of propagating waves. For this, we tune the system to exhibit a graded 
architecture by gradually varying contact stiffness from one to the other 
ends. We find that this enables controllable acceleration or deceleration of 
nonlinear stress waves at will with minimum loss of energy. Interestingly, we 
observe the change of nonlinear wave speed is associated with the wave’s 
frequency components. This is opposite to the case of linear waves, where 
wave speed varies due to the changes of wavelength in graded materials. 
The capabilities of stress wave sculpting by the presented nonlinear 
mechanical metamaterials can be highly useful in engineering applications 
for mechanical wave modulation, filtering, and mitigation. 

9805-44, Session 10

Elastic hyperbolic metamaterial with 
anisotropic mass density
Rui Zhu, Yangyang Chen, Guoliang Huang, Univ. of Missouri 
(United States)

Wave propagation can be manipulated at a deep subwavelength scale 

through locally resonant metamaterial with unusual effective material 
properties. Acoustic hyperlens made of hyperbolic metamaterial can lead 
to superior-resolution ultrasonic imaging. In this paper, we have designed 
an elastic hyperlens with metamaterial possessing anisotropic effective 
mass density. The proposed elastic metamaterial unit cell consisting of 
a single-phase solid material has the ability to produce local resonances 
at different frequencies along the two principal directions and therefore, 
achieve strongly anisotropic effective mass density at a subwavelength 
scale. By using an elastic hyperlens made of the proposed elastic hyperbolic 
metamaterial, subwavelength longitudinal elastic wave imaging has been 
demonstrated numerically. Furthermore, adaptive unit cell design has 
been introduced to the elastic hyperbolic metamaterial and the tunable 
anisotropic mass density is achieved in a broad frequency range. 

9805-45, Session 10

Acoustic perfect absorber based on 
metasurface with deep sub-wavelength 
thickness
Badreddine Assouar, Yong Li, Univ. de Lorraine (France)

The concept of the coiling up space, based on which artificial structures 
could exhibit extreme acoustic properties, such as high refractive index, 
double negativity, near-zero index, etc., have been investigated intensively 
recently due to the fascinating underlying physics and diverse potential 
applications [1-3]. One of the most important functionality is the ability 
to shrink bulky structures into deep sub-wavelength scale. It is therefore 
intuitive to prospect that the concept of coiling up space, if could be 
extended into the perforated system, will benefit to significantly reduce the 
total thickness while keeping total absorption.

Conventional acoustic absorbers require a structure with a thickness 
comparable to the working wavelength, resulting major obstacles in real 
applications in low frequency range. We present a metasurface-based 
perfect absorber capable of achieving the total absorption of acoustic wave 
in extremely low frequency region. The metasurface possessing a deep sub-
wavelength thickness down to a feature size of ~ lambda/223 is composed 
of a perforated plate and a coiled coplanar air chamber. Simulations based 
on fully coupled acoustic with thermodynamic equations and theoretical 
impedance analysis are utilized to reveal the underlying physics and the 
acoustic performances, showing an excellent agreement. Our realization 
should have high impact on amount of applications due to the extremely 
thin thickness, easy fabrication and high efficiency of the proposed 
structure.

References
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9805-46, Session 10

Modeling of dissipative elastic 
metamaterials and their application for 
broadband wave mitigation
Yangyang Chen, Guoliang Huang, Univ. of Missouri (United 
States)

In this study, an elastic metamaterial with multiple dissipative resonators is 
presented for broadband wave mitigation by properly utilizing interactions 
from resonant motions and viscoelastic effects of the constitutive material. 
The working mechanism of the metamaterial to suppress broadband waves 
is clearly revealed in a dissipative mass-in-mass lattice system through both 
negative effective mass density and effective metadamping coefficient. 
Based on the novel metadamping mechanism, a microstructure design of 
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the dissipative metamaterial made of multi-layered viscoelastic continuum 
media is first proposed for efficient attenuation/absorption of a transient 
blast wave. It is found that the extremely broad low-frequency waves can 
be almost completely mitigated. The results of the study could be used 
in developing new multifunctional composite materials to suppress the 
shock or blast waves which may cause severe local damage to engineering 
structures.

9805-47, Session 10

Resonantly loaded thermoelastic stress 
analysis for on-site inspections
Rachael C. Tighe, Geoffrey P. Howell, Janice M. Dulieu-
Barton, Univ. of Southampton (United Kingdom); J. 
Philip Tyler, Enabling Process Technologies Ltd. (United 
Kingdom); Stephen Lormor, EDF Energy plc (United 
Kingdom)

Thermoelastic stress analysis (TSA) provides a full-filed map of the surface 
stresses by measuring the temperature field (using infra-red thermography) 
as the component undergoes cyclic loading within the elastic limit of 
its material. In the laboratory the cyclic load is generally applied using a 
servo hydraulic test machine. To enable TSA to be applied outside of the 
laboratory as an NDE technique a portable means of loading is required. 
Therefore, a means of exciting the component at its resonant frequency 
to generate sufficient stress to produce a measureable thermoelastic 
response must be identified. In the paper the proof of concept focussing 
on the excitation of a thin undamaged flat aluminium plate excited by a 
small permanent magnetic shaker is described. Once proof of concept 
was established the technique was tailored for an onsite application for 
the inspection of welds on a series of steam pipes found in a coal fired 
power station. Successful laboratory trials based on a realistic model 
of a steam pipe comprising a straight pipe with welded end plates are 
described. A pneumatic shaker set up is described that is capable of 
providing sufficient force at appropriate frequencies to excite the pipes on 
site enabling inspection of the pipe welds. The new portable TSA system 
is demonstrated on-site using a series of welds on five different pipes. The 
on-site demonstration showed that features in the welds could be identified 
and the techniques potential for the rapid inspection of welds. Further 
refining is required; however the paper describes the first important steps in 
developing a new tool for on-site non-destructive evaluations.

9805-48, Session 11

Origami-based mechanical metamaterials 
with tunable bistability and impact 
mitigation
Hiromi Yasuda, Jinkyu Yang, Univ. of Washington (United 
States)

We design, fabricate, and test origami-based mechanical metamterials 
composed of foldable origami structures, specifically Kresling origami 
patterns. The Kresling origami is a cylindrical structure that can support 
both axial and rotational motions under mechanical excitations. Notably, 
these two modes can be strongly coupled with each other, enabling wave 
mixing effects up on dynamic impact. In order to analyze the dynamics of 
the origami-based mechanical metamaterials, we first model the Kresling 
pattern as a truss structure by removing all facets and replacing crease 
lines by truss elements. We investigate the force-displacement relationship 
of the Kresling-based truss structure, which can be tuned by altering its 
initial geometrical configurations, such as height and rotational angle. In 
addition to the tunability of the constitutive properties, the Kresling pattern 
exhibits bistable behavior due to geometric nonlinearity. For experimental 
verifications, we fabricate a prototype of the Kresling structure and compare 
our analysis results with experimental results. Based on this, we then 
examine the dynamic characteristics of the Kresling-based mechanical 

metamaterials, in which the Kresling unit cells are stacked vertically. We 
conduct numerical simulations and analyze wave propagation in this system 
with the focus on the coupling of axial and rotational motions of each unit 
cell. If the system is subjected to compressive impact, we observe a unique 
wave dynamics such as rarefaction waves and wave mixing behavior. Based 
on these unique characteristics, the Kresling-based mechanical metamateirls 
have great potential for engineering applications such as impact absorbers 
and space structures.

9805-49, Session 11

Mechanically robust microfluidics and bulk 
wave acoustics to sort microparticles
Erin R. Dauson, Kelvin B. Gregory, David W. Greve, Gregory 
P. Healy, Irving J. Oppenheim, Carnegie Mellon Univ. 
(United States)

Sorting microparticles (or cells, or bacteria) is significant for scientific, 
medical and industrial purposes. Research groups have used lithium niobate 
SAW devices to produce standing waves, and then to align microparticles 
at the node lines in polydimethylsiloxane (PDMS, silicone) microfluidic 
channels. The “tilted angle” (skewed) configuration is a recent breakthrough 
producing particle trajectories that cross multiple node lines, making it 
practical to sort particles. However, lithium niobate wafers and PDMS 
microfluidic channels are not mechanically robust.

We demonstrate “tilted angle” microparticle sorting in novel devices that 
are mechanically robust, suitable for rapid prototyping, and manufacturable. 
We form our microfluidic system in a rigid polymethyl methacrylate 
(PMMA, acrylic) prism, sandwiched by lead-zirconium-titanate (PZT) 
wafers, operating in through-thickness mode with inertial backing, that 
produce standing bulk waves. The overall configuration is compact, solid, 
and mechanically robust, and actuating PZT wafers in through-thickness 
mode is highly efficient. Moving to this novel configuration introduced a new 
acoustics question involving internal reflections, but we show experimental 
images confirming the intended nodal geometry. 

Microparticles in “tilted angle” devices display undulating trajectories, 
where deviation from the straight path increases with particle diameter 
and with excitation voltage to create the mechanism by which particles are 
sorted. We show a simplified analytical model by which a “phase space” is 
constructed to characterize effective particle sorting, and we compare our 
experimental data to the predictions from that simplified model; precise 
correlation is not expected and is not observed, but the important physical 
trends from the model are paralleled in the measured particle trajectories.

9805-50, Session 11

Wideband MEMS capacitors for 
electrostatic energy harvesting from low 
frequency vibrations
Nuh S. Yuksek, Jianxiong Zhu, Zaichun C. Feng, Mahmoud 
Almasri, Univ. of Missouri (United States)

This paper introduces a novel wideband MEMS capacitor for power 
harvesting from low frequency sources with varying mechanical vibration 
spectra. The device consists of a single-cavity MEMS capacitor fixed at 
the free end of an aluminum cantilever clamped at one side, with a high 
resonance frequency of 605Hz matched with the capacitor, and two 
cantilevers made of Al sheet with low resonance frequencies of 18Hz 
and 25Hz, each with an impact mass attached at its unclamped end. The 
capacitor was fabricated on silicon substrate using surface micromachining 
technology. When the power harvester was subjected to low frequency 
vibration, the two low frequency cantilevers responded by vibrating at 
low frequencies with at least one of them vibrating close to its resonance 
frequency, and thus masses made impacts with the high resonance 
frequency cantilever repeatedly at two different locations exciting nonlinear 
oscillations. This has caused the high frequency cantilever along with the 
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capacitor to oscillate at its resonance frequency with decaying amplitude. 
After each impact, the absorbed energy by the two low-frequency 
cantilevers were transferred to the high resonance frequency cantilever and 
to the capacitor, and then to the electrical domain. The measured resonance 
frequency of the high frequency cantilever was 605 Hz. The bandwidth 
response was measured at a constant acceleration of 0.5g, 1g and 2g. The 
repeated impacts of the two masses with the high frequency cantilever 
resulted in a bandwidth broadening from 13Hz to 39Hz at 1g with 90 nW 
output power across an optimized load resistor 100 k.?. 

9805-51, Session 11

Double Dirac cones in two-dimensional 
phononic crystals
Jun Mei, South China Univ. of Technology (China); Ying 
Wu, King Abdullah Univ. of Science and Technology (Saudi 
Arabia)

In this work, we show that a double Dirac cone can be realized at the 
center of the Brillouin zone of a two-dimensional phononic crystal (PC) 
composed of a triangular array of core-shell cylinders embedded in a water 
host. For each cylinder, the inner core is iron rod and the shell is made of 
silicone rubber. We show that the double Dirac cone is induced by utilizing 
the accidental degeneracy of two double-degenerate Bloch states. Using 
a perturbation method, we demonstrate that the double Dirac cone is 
composed of two identical and overlapping Dirac cones whose linear slopes 
can also be accurately predicted from the method. Because the double 
Dirac cone occurs at a relatively low frequency, we reveal that a slab of 
our acoustic system can be mapped onto an acoustic zero-index medium 
(ZIM) by using a standard retrieval method. Here, we demonstrate with 
two examples the interesting wave transport behaviors in our systems. 
These examples unambiguously show that zero phase change and total 
transmission of plane waves can be simultaneously achieved, both in a 
straight waveguide and in a U-shaped narrow neck waveguide channel. 
Potential applications can be expected in diverse fields such as acoustic 
wave manipulations and energy flow control. 

9805-52, Session 11

Sound scattering of submerged shell 
coated with locally resonant sonic material
Jianfei Yin, Jihong Wen, Honggang Zhao, Dianlong Yu, 
National Univ. of Defense Technology (China)

Locally resonant sonic material (LRSM) has received much attention due to 
its predominance in low frequency sound absorption, which leads to many 
potential engineering applications for vibration and noise control including 
the design of underwater anechoic coatings. Very often in these studies, the 
LRSM is considered to have an infinite extent in order to obtain analytical 
solutions for the study of band structure and its applications in elastic wave 
manipulation. This paper, however, focuses on the acoustic characteristics 
of LRSM with finite scale when it is coated onto a spherical shell immersed 
in water. Sound scattering of the coated shell is calculated using a full 
scale finite element model in comparison with the theory based on 
transfer matrix method where the LRSM coating is treated as homogenous 
isotropic material with effective material properties. Good agreement is 
found between the two methods. It has been shown that for the LRSM 
coating with infinite extent, the first absorption peak caused by the overall 
resonance of the coating-backing system hardly affects the scattering 
characteristics compared with the bare shell. As for the second absorption 
peak of LRSM induced by the resonance of the local resonators, a significant 
reduction of sound scattering is found by up to 10dB in terms of target 
strength. Therefore, the LRSM coating is only possible to provide effective 
sound reflection reduction above the fundamental resonant frequency of the 
underwater object. By designing the geometrical and material parameters of 
the LRSM, sound reflection reduction can be achieved at low frequencies. 

9805-53, Session 11

Anomalous refraction of guided waves via 
embedded acoustic metasurfaces
Hongfei Zhu, Univ. of Notre Dame (United States); Fabio 
Semperlotti, Purdue Univ. (United States)

The concept of metasurface has recently opened new exciting directions 
to engineer the refraction properties in both optical and acoustic media. 
Metasurfaces are typically created by assembling arrays of sub-wavelength 
anisotropic scatterers able to mold incoming wavefronts in rather 
unconventional ways. Despite the concept of metasurface was previously 
explored for photonic and acoustic applications, very little work was done 
to investigate its use for the control of acoustic waves in solids. In this 
paper, we illustrate the design of acoustic metasurfaces embedded in 
thin-plate structures and realized by geometric tapers. These engineered 
discontinuities enable anomalous refraction of guided wave modes 
according to the generalized Snell’s law. The metasurfaces are made out 
of locally-resonant geometric torus-like tapers that provide discrete phase 
shifts able to cover a complete 2π range. These inclusions allow tailoring 
the spatial phase gradient along the metasurface so to achieve pre-defined 
refraction performance. We show by numerical simulations that anomalous 
refraction can be achieved on transmitted antisymmetric modes (A0) either 
when using a symmetric (S0) or antisymmetric (A0) incident wave, the 
former clearly involving mode conversion effects. Numerical results are 
validated via full field experimental measurements conducted on a tapered 
thin plate structure.

9805-54, Session 11

A design method for membrane-type 
acoustic metamaterials with magnetic 
tunability
Xing Chen, Yongmao Pei, Peking Univ. (China)

Membrane-type acoustic metamaterials are a kind of artificial structures, 
who can support extraordinary acoustic phenomena in the frequency of 
anomalous constitutive parameters. For accelerating their engineering 
application, we develop a design method based on the mass-weighted 
membrane structure. Such an elementary structure behaves like the mass-
spring system in low frequency, while the higher frequency response is 
dominant by the membrane’s properties. Motivated by these features, 
a simple formula is proposed to design the frequencies with zero-index 
effective density and shown to agree well with our finite element method 
results. Further, a doubly negative structure is proposed and the method is 
implemented to design the frequency regime with anomalous constitutive 
parameters. However, local resonant acoustic metamaterials suffer from the 
narrow band of operating frequency. One route is to develop active acoustic 
metamaterials, whose properties can be adjusted by external stimuli. 
Utilizing the features of membrane structures, a non-contact magnetic 
tuning approach is present theoretically and experimentally. The proposed 
method is shown to be simple and effective, paving a way for designing 
acoustic metamaterials devices.

9805-55, Session 11

Improving low-frequency acoustic 
absorption of sintered fibrous metals with 
metamaterials
Changru Chen, Yong Cheng, Shanshan Yao, Xiaoming 
Zhou, Gengkai Hu, Beijing Institute of Technology (China)

The sintered fibrous metals (SFM) are a kind of porous and light-weight 
structure materials, and used as damping materials for sounds and 
vibrations, especially under high-temperature environment. However, a thin-
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layer of fibrous metals has poor acoustic absorption at frequencies below 
1 kHz. In this work, we propose to incorporate membrane-type acoustic 
metamaterials to improve their acoustic absorption at low frequencies. 
Considering that the fibrous metals can be well represented by acoustic 
lossy fluids, we establish an acoustic model that can analytically characterize 
absorption properties of the compound structure. The results show that 
low-frequency acoustic absorption of SFMs can be greatly improved due 
to the metamaterial enhanced acoustic dissipation within SFM. Finally, we 
fabricate the SFM meta-composites and experimentally demonstrate the 
improvement of acoustic absorption at low frequencies. 

9805-56, Session 12A

Identifying geometric features of fatigue 
crack from acoustic emission signals
Jingjing Bao, Banibrata Poddar, Victor Giurgiutiu, Univ. of 
South Carolina (United States)

Acoustic emission (AE) caused by the growth of fatigue crack were well 
studied by researchers. Conventional approaches predominantly are based 
on statistical analysis. In this study we focus on identifying geometric 
features of the crack from the AE signals using physics based approach.

One of the main challenges of this approach is to develop a physics of 
materials based understanding of the generation and propagation of 
acoustic emissions due to the growth of a fatigue crack. As the geometry 
changes due to the crack growth, so does the local vibration modes around 
the crack. Our aim is to understand these changing local vibration modes 
and find possible relation between the AE signal features and the geometric 
features of the crack.

Finite element (FE) analysis was used to model AE events due to fatigue 
crack growth. This was done using dipole excitation at the crack tips. 
Harmonic analysis was also performed on these FE models to understand 
the local vibration modes. Experimental study was carried out to verify 
these results. 

Fatigue experiments were performed on several test coupons to generate 
fatigue cracks, and AE signals were collected. After the fatigue tests, 
piezoelectric wafer active sensors (PWAS) were used to excite the cracked 
coupons and the local vibration modes were captured using laser Doppler 
vibrometer. The preliminary results show that the AE signals do carry the 
information related to the crack geometry.

9805-57, Session 12A

Embedded and conventional ultrasonic 
sensors for monitoring acoustic emission 
during thermal fatigue
Blaine Trujillo, Andrei Zagrai, New Mexico Institute of 
Mining and Technology (United States)

Acoustic emission is widely used for monitoring pressure vessels, pipes, 
critical infrastructure, as well as land, sea and air vehicles. It is one of 
dominant approaches to explore material degradation under fatigue 
and events leading to material fracture. Addressing a recent interest in 
structural health monitoring of space vehicles, a need has emerged to 
evaluate material deterioration due to thermal fatigue during spacecraft 
atmospheric reentry. Thermal fatigue experiments were conducted, in which 
aluminum plates were subjected to localized heating and acoustic emission 
was monitoring by embedded and conventional acoustic emission sensors 
positioned at various distances from a heat source. At the same time, 
surface temperature of aluminum plates was monitored using IR camera. 
Acoustic emission counts collected by embedded sensors were compared 
to counts measured with conventional acoustic emission sensors. Both 
types of sensors show noticeable increase of acoustic emission activity as 
localized heating source was applied to aluminum plates. Experimental data 
demonstrate correlation between temperature increase on the surface of the 
plates and increase in measured acoustic emission activity. It is concluded 

that under particular conditions, embedded piezoelectric wafer active 
sensors can be used for acoustic emission monitoring of thermally-induced 
structural degradation.

9805-58, Session 12B

Validation of transverse isotropy of a 
honeycomb sandwich panel for NDT 
applications
Christoph Schaal, Steffen Tai, Ajit Mal, Univ. of California, 
Los Angeles (United States)

Due to their excellent strength-to-weight ratio, honeycomb sandwich 
panels are being increasingly used as load carrying primary components of 
lightweight aircraft and aerospace structures. The panels are often made out 
of a relatively thick honeycomb core bonded to polymer matrix composite 
sheets. Delamination of individual plies in the composite skins or disbonds 
at the skin-core interface can occur during service in these structures as 
they age. These hidden flaws, if undetected, can grow with continued 
use, become unstable and cause catastrophic failure the structure. Thus 
safety and integrity of aircraft and aerospace structures require careful 
monitoring of hidden flaws using noninvasive techniques. Current methods 
for detecting and characterizing flaws in structural components with 
complex geometric and material properties are neither accurate nor cost 
effective. Recent research carried out by the authors has demonstrated that 
guided ultrasonic waves has the potential to improve the state of the art in 
the nondestructive evaluation of a variety of relatively complex structural 
components. It is well known that for the successful application of ultrasonic 
nondestructive testing (NDT) methods, the propagation characteristics of 
guided waves have to be clearly understood through laboratory experiments 
and theoretical modeling. However, in most of these studies, the material 
models are often highly idealized in order to facilitate the analysis. For 
example, honeycomb and composite layers are modeled as homogeneous 
transversely isotropic. In this paper, the validity of the assumption is 
carefully investigated using a micromechanical model. The individual cells 
of the honeycombs are explicitly modeled using an efficient finite element 
approach, and the detailed properties of the guided waves propagating 
in the honeycomb composite plate are determined. Numerical results are 
validated through laboratory experiments.

9805-59, Session 12B

Real-time damage localization and 
quantification of high velocity impact in 
fiber reinforced composite structures
John McCrea, Joel Johnston, Chris Sorini, Aditi 
Chattopadhyay, Arizona State Univ. (United States)

Nearly all mechanical and aerospace structures and systems in service 
today are monitored and serviced via schedule-based maintenance (SBM). 
However, SBM can result in severely damaged parts being left in the system 
or can cause systems to be taken out-of-service to replace parts that 
have sufficient residual useful life (RUL). A more efficient and economical 
maintenance framework is one based on the current and predicted future 
condition and the life of the component, known as condition-based 
maintenance (CBM). An important application of CBM could be monitoring 
aircraft structures for ballistic, high velocity impact which causes the 
initiation of high local damage and the propagation of damage throughout 
the structure. The immediate localization and quantification of this damage 
then becomes essential to determine the aircraft’s current condition and 
decide if it is necessary to land for repairs or continue on with the mission 
before returning for repairs. Current literature defines methods of both 
active and passive damage localization; this paper explores high velocity 
damage regimes by using the impact to provide the impulse for the sensors 
to analyze and localize the damage. A piezoelectric sensor array was used 
for this study to passively detect the damage location and severity of high 
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velocity impact on carbon composite quasi-isotropic plates via a high 
velocity gas gun and perform localization in real time. 

9805-60, Session 13A

Probabilistic uncertainty quantification of 
wavelet-transform-based structural health 
monitoring features
Aral Sarrafi, Zhu Mao, Univ. of Massachusetts Lowell 
(United States)

In the application of Structural Health Monitoring (SHM), processing the 
online-acquired data plays a very important role, among which wavelet 
transform is an outstanding tool and compared to Fourier transform, it 
handles the non-stationarity in the time series in an adaptive fashion. 
When dealing with time-variant data, there are uncertainty from numerous 
resources inherent to the feature estimation, such as measurement noise, 
operational and environmental variability, hardware limitation, etc. The 
corruption from uncertainty will make the data interpretation ambiguous 
and thereby cause a lot of difficulty in making decisions with regard to the 
occurrence, location, severity and extent of damages. This paper derives 
a probabilistic model to quantify analytically the uncertainty of wavelet 
transform feature as a random variable, and probability density function 
derived in this work characterizes the distribution. As a validation, Monte 
Carlo testing is employed and outlier percentages observed from testing 
data is compared to the pre-set confidence threshold. By fully characterizing 
the uncertainty, the damage detection implementations may be facilitated 
with a quantified false alarm rate and miss catch rate.

9805-61, Session 13A

Advantages of correlation methods for 
high resolution SHM with ultrasonic waves
Wolfgang Grill, Gerhard Birkelbach, ASI Analog Speed 
Instruments GmbH (Germany)

Established and developed methods involving the correlation of the 
received signals with suitable references as well by digital and by analog 
signal processing are presented. Examples involving high resolution 
monitoring including ultrasonic SHM are given. The underlying principles are 
exemplified and results leading under favorable conditions even to extreme 
resolution are presented and discussed. Suitable applications involving 
SHM for aircraft components, parts of automobiles, and load carrying civil 
structures are identified.

9805-62, Session 13A

Flaw characterization of functionally 
graded materials through acoustic 
mapping
Rais Ahmad, California State Univ., Northridge (United 
States); Steve James, Aerojet Rocketdyne (United States)

Functionally Graded Materials (FGMs) are a new generation of engineered 
materials that is gaining renewed widespread interest in recent years 
due to their versatility of behavior. FGMs are increasingly evaluated and 
used in the fields of aerospace and biomedical industries. The research 
outlines an ultrasonic novel approach for material characterization of FGM, 
using acoustic mapping of the gradient layers and wavelet based signal 
processing techniques. Conventional Magnetic Resonance Imaging (MRI) 
can not be performed on these metallic implants. This novel approach 
presents a possible way to assess the integrity of the implants in ultrasonic 
procedure. In this research we demonstrate an ultrasonic technique to 
detect FGM anomalies. Titanium and Inconel 625 have been functionally 

grated using the hot isostatic process to produce a research component 
or implant. Artificial impurities were included to replicate anomalies inside 
the specimen. Acoustic interface contour maps are generated at critical 
locations of the gradient material using high frequency ultrasound. Through 
the mapping of these interfaces, the FGM layers material characteristics can 
be seen and explored. Using the ultrasonic reflective acoustic signals this 
research also explored the metallurgical structures of the FGM layers.

9805-63, Session 13A

A novel defect detection technique based 
on automatic detection of potential 
background
Masoumeh Aminzadeh, Thomas Kurfess, Georgia Institute 
of Technology (United States)

Automated defect detection from optical images is an efficient non-
destructive evaluation technique for surface and structure health inspection. 
Background subtraction is a widely-used technique for automated defect 
detection. In background subtraction, an image of the part with no defect, 
called background image, is generated and subtracted from the defective 
part image; the resulted large differences are then considered as defects. 
Depending on the characteristic of defects and intensity variations of the 
background (defect-free regions in the original image) different background 
generation techniques have been proposed. A very simple background can 
be generated by the mean value of the entire image. Other background 
generation techniques include simple techniques such as averaging and 
low-pass filtering and highly-computational techniques such as frequency-
domain filtering and polynomial fitting. All these techniques assume that 
defects constitute a small portion of the surface and that the background 
shows rather smooth intensity distribution, and otherwise produce 
erroneous results. In this paper, a new background generation technique 
is proposed that allows for efficient defect detection that works very 
well for large defects and at a low-computational load. In this technique, 
a defect-free region is generated by approximately locating defects (by 
local standard-deviation filtering) and removing them and their potentially 
defective neighborhoods from the original image. The resulted defect-free 
region is now used to generate the background either by using the mean 
value of the background or by locally interpolating the removed parts. The 
proposed method was implemented to several examples of surfaces with 
large defects and proved very effective. 

9805-64, Session 13B

Study on electromechanical impedance 
characteristics of part of structures made 
of CFRP
Pawel H. Malinowski, Tomasz Wandowski, Szymon R. 
Opoka, Piotr Fiborek, The Szewalski Institute of Fluid-
Flow Machinery (Poland); Wieslaw M. Ostachowicz, The 
Szewalski Institute of Fluid-Flow Machinery (Poland) and 
Warsaw Univ. of Technology (Poland)

Carbon Fibre Reinforced Polymers (CFRP) are more and more used in many 
branches of industry. Researchers are developing numerous techniques of 
non-destructive assessment of the structures made out of CFRP such as 
guided waves, ultrasonics, laser induced fluorescence and others. In this 
research we focus on electromechanical impedance (EMI) technique. In this 
technique a piezoelectric sensor is either surface mounted or embedded 
into investigated host structure. The electrical quantities of the sensor are 
measured for wide frequency range. Due to piezoelectric effect the electrical 
response of the sensor is related to mechanical response of the structure 
to which the sensors is bonded to. In the reported research impedance 
spectra in the vicinity of the transducer thickness mode were investigated 
as well as the lower frequency range. The spectra that were analysed were 
gathered from samples with surface treatment such as thermal degradation 
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and samples adhesively bonded with film adhesive with symmetric and 
unsymmetric bond. Moreover, the samples with modified adhesive bonds 
were investigated. the These spectra for different cases were compared 
with reference measurement results gathered from pristine samples. The 
numerical investigation on the electromechanical impedance technique was 
also reported in this paper. Moreover, numerical indexes for comparison of 
the EMI characteristics were proposed. The comparison of the indexes was 
also conducted. In the experimental part of the research the piezoelectric 
transducer was mounted at the sample surface. Measurements were 
conducted using HIOKI Impedance Analyzer IM3570. 

9805-65, Session 13B

Rapid evaluation of mechanical boundary 
conditions using impedance based 
structural health monitoring
Ryan A. Kettle, Steven R. Anton, Tennessee Technological 
Univ. (United States)

Conventionally, structural health monitoring (SHM) has been primarily 
concerned with sensing, identifying, locating, and determining the severity 
of damage present in a structure that is in a static state. Instead, this study 
will investigate adapting the impedance SHM method to rapidly evaluate a 
mechanical system during a dynamic event. Also in contrast to conventional 
SHM, the objective will be not to detect damage but instead to detect 
changes in the boundary conditions as they occur during a dynamic event. 
Rapid detection of changes in boundary conditions in highly dynamic 
environments has the potential to be used in a wide variety of applications, 
including the aerospace, civil, and mining industries. A key feature of this 
work will be the use of frequency ranges higher than what is typically used 
for SHM impedance measurements, in the range of several Mhz. Using 
such high frequencies will allow for faster measurements of impedance, 
thus enabling the capture of variations in boundary conditions as they 
change during a dynamic event. Due to the difficulty inherent in measuring 
impedance at such high frequencies, an existing analytical model from the 
literature for impedance based SHM will be utilized.

9805-66, Session 13B

Development of novel general equation 
for multistage epicyclic gearset with 
corrected teeth: fixed-speed approach
Piotr Kijanka, Adam Jablonski, Kajetan Dziedziech, AGH 
Univ. of Science and Technology (Poland)

The paper illustrates a general equation in a new form, which allows 
calculating the characteristic frequencies of any kind of epicyclic gear sets 
with a ring, a sun, and planets. Moreover, presented equation takes into 
account corrected teeth (i.e. where the equality 2P+S=R is not fulfilled). This 
happens when gearboxes contain gears where corrected teeth procedure 
was adopted during designing stage. Presented solution can refine the 
configuration modules of the Condition Monitoring Systems (CMS) in such a 
way that allows to configure systems into larger groups than now available, 
i.e. multistage gear sets systems with epicyclic gears. Such CMS are capable 
of early mechanical faults detection, which prevents from costly critical 
repairs. For instance, fault detection of wind turbines is typically based on 
vibration and process signals analysis. Illustrated possible enhancement of 
configuration module is the basis for determining the energy bands in the 
spectra and envelope spectra in the process of identifying characteristic 
frequencies caused by gear defects. 

9805-67, Session 13B

Verification of recursive probabilistic 
integration method for probabilistic 
fatigue life management using non-
destructive inspections
Tzikang Chen, Chi-Yu Shiao, U.S. Army Research Lab. 
(United States)

A recursive probabilistic integration (RPI) algorithm was developed for 
damage tolerance analysis of fatigue life. RPI is an efficient simulation 
method which repeatedly uses of the baseline crack growth histories for 
various maintenance plans under various uncertainties, such as variation of 
material properties, initial flaw size, random processes of the fight loading, 
and probability of detection (POD). POD is one of the critical measurements 
for the inspection reliability of a SHM system. 

In order to populate the RPI method, a rigorous verification must be 
conducted. In reliable probabilistic analysis, Monte Carlos (MC) simulations 
is the most accepted method, if not the only method, to verify the 
simulation results.

 In this study, huge MC simulations were conducted with totally several 
trillion simulations were conducted for various flight conditions, material 
properties, inspection scheduling, POD and repair/replacement strategies. 
Since the MC simulations are time-consuming methods, the simulations 
were conducted parallel on DoD High Performance Computers (HPC) using 
parallel random number generators. 

Three cases were conducted as “gold standards” to verify the cumulated 
flight failure probability, the single flight failure probability for the RPI 
methods. The RPI method was able to generate similar results with 5 -7 
orders faster.

9805-68, Session 14A

A bio-inspired self-sensing composite UAV 
wing with structural and flight awareness 
capabilities
Fotios Kopsaftopoulos, Raphael Nardari, Yu-Hung Li, 
Pengchuan Wang, Fu-Kuo Chang, Stanford Univ. (United 
States)

The next generation of intelligent aerospace structures and air vehicles will 
be able to “feel”, “think”, and “react” in real time based on high-resolution 
state-sensing capabilities. The goal of current research is the development 
of technologies that will lead to autonomous “fly-by-feel” UAVs inspired 
by the unprecedented sensing and actuation capabilities of biological 
systems. These intelligent UAVs will be able to (i) sense the environment 
(temperature, ambient air pressure, etc.), (ii) sense their structural health 
state (detect, localize and quantify damage), and (iii) effectively interpret 
the sensing data to achieve real-time state awareness and improve the 
performance and control characteristics. 

In this work, the complete system design, integration, and experimental 
evaluation are presented for a bio-inspired self-sensing intelligent composite 
UAV wing. A total of 150 micro-sensors, including piezoelectric, strain, 
and temperature sensors, in the form of expandable sensor networks are 
embedded in the layup of a composite wing in order to enable its self-
sensing capabilities. In addition, advanced stochastic system identification, 
and diagnostic techniques are employed in order to accurately interpret 
the sensing data and extract real-time information on the aerodynamic 
loads, the wing dynamics and aeroelastic properties, and the structural 
health state. The experimental evaluation of the intelligent wing and 
the employed algorithms is demonstrated via wind tunnel experiments 
under various airspeeds and angles of attack for the identification of the 
coupled airflow-structural dynamics and their correlation with airflow 
separation and stall. Moreover, wind tunnel experiments are employed 
under healthy and damaged structural states to evaluate active sensing 
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structural health monitoring (SHM) approaches. The obtained results 
demonstrate the successful system-level integration and effectiveness of 
the data interpretation approaches, opening new perspectives for the next 
generation of “fly-by-feel” UAVs.

9805-69, Session 14A

Structural health monitoring with 
ultrasonic detection of stress and strain
Julian Grill, Wolfgang Grill, ASI Analog Speed Instruments 
GmbH (Germany)

A new method of stress and strain monitoring with guided ultrasonic waves 
is exemplified. Based on experimental results an analysis of the accessible 
range of structural health monitoring is presented. This involves monitoring 
of actual loads and deformations within the elastic regime as well as the 
regime of irreversible plastic deformation up until failure of the monitored 
specimen. Suitability aspects of the developed method for monitoring 
components of aircrafts and load carrying parts of automobiles are 
discussed.

9805-70, Session 14A

Sensing human physiological response 
using wearable carbon nanotube-based 
fabrics
Long Wang, Univ. of California, Davis (United States); 
Kenneth J. Loh, Univ. of California, San Diego (United 
States); Helen S. Koo, Univ. of California, Davis (United 
States)

Flexible and wearable sensors for human monitoring have received 
increased attention. Besides detecting motion and physical activity, 
measuring human vital signals (e.g., respiration rate and body temperature) 
provide rich data for assess the subjects’ physical or psychological 
condition. Instead of using conventional, bulky sensing transducers, the 
objective of this study was to design and test a wearable, fabric-like 
sensing system. In particular, multi-walled carbon nanotube (MWNT)-latex 
thin films with different MWNT concentrations were first fabricated using 
spray coating. Freestanding MWNT-latex films were then sandwiched 
between two layers of stretchable fabric using iron-on adhesive to form the 
wearable sensor. Second, to characterize its strain and temperature sensing 
properties, the fabric sensors were subjected to uniaxial and cyclic tensile 
mechanical and thermal load tests. The wearable sensors exhibited relatively 
stable electromechanical and temperature sensing responses. In addition, 
its strain sensitivity increased as MWNT concentrations were also increased; 
in contrast, temperature sensing sensitivity did not seem to depend on 
MWNT concentrations. Finally, the wearable sensors were installed on a 
human subject for monitoring basic human motions and for validating 
its performance. Furthermore, several sensors were incorporated into a 
stretchable band and was worn on the body when the subject underwent 
different sets of prescribed motions. Overall, the resulting wearable fabric 
sensor design exhibited advances such as flexibility, easy of fabrication, light 
weight, low cost, noninvasiveness, and user comfort. 

9805-71, Session 14A

Fiberoptic sensor for flow and viscosity 
measurement
Wei-Chih Wang, Jonthan Leung, Univ. of Washington 
(United States)

A sensitive fluid viscosity and flow measurement using optical intensity 
based sensor is presented. The sensing principle makes use of the 

damping characteristic of a vibrating optical fiber probe with fix-free end 
configuration. The viscosity and mass flow are determined by measuring 
the vibration of a sinusoidally excited taunted optical fiber under different 
flow conditions. By measuring the frequency response of the fiber probe, 
viscosity and mass flow can be deduced from the damping coefficient of 
the response. Experimental results are presented for sucrose solutions of 
different concentrations with a viscosity varying from 1 to 15 cP and air flow 
from 0.1m/s to 10cm/s.

9805-113, Session 14A

Ultrasonic inspection of multiple-rivet-hole 
lap joint cracks using global analytical with 
local finite element approach
Md. Yeasin Bhuiyan, Univ. of South Carolina (United 
States); Yanfeng Shen, Univ. of Michigan (United States); 
Victor Giurgiutiu, Univ. of South Carolina (United States)

Combined analytical and finite element approach (CAFA) has been 
introduced for the detection of multiple rivet holes cracks. Finite element 
analyses have been performed on local damage area in spite of the whole 
large structure and transfer function based analytical model is used to 
analyze the full structure. “Scattered cube” of complex valued wave damage 
interaction coefficient (WDIC) that involves scattering and mode conversion 
of Lamb waves around the damage is used as coupling between analytical 
and FEM simulation. WDIC is captured for multiple angles of incident Lamb 
mode (S0 and A0) over the frequency domain to analyze the cracks of 
multiple-rivet-hole lap joint. By analyzing the scattered cube of WDICs over 
the frequency domain and azimuthal angles the optimum parameters can 
be determined for each angle of incidence and the most sensitive signals 
are obtained using WaveformRevealer2D (WFR2D). These sensitive signals 
confirm the detection of the butterfly cracks in rivet holes through the 
installment of the transmitting and sensing PWASs in the proper locations 
and selecting the right frequency of excitation.

9805-73, Session 14B

A curvature based approach using long-
gage fiber optic sensors
Kaitlyn S. Kliewer, Branko Glisic, Princeton Univ. (United 
States)

Fiber Bragg grating (FBG) sensors offer a significant advantage for 
structural health monitoring due to their ability to simultaneously monitor 
both static and dynamic strain while being durable, lightweight, capable of 
multiplexing, and immune to electro-magnetic interference. Drawing upon 
the benefits of FBG sensors, this research explores the use of a series of 
long-gage fiber optic sensors for damage detection of a structure through 
dynamic strain measurements and curvature analysis. Typically structural 
monitoring relies upon detecting structural changes through frequency and 
acceleration based analysis. However, curvature and strain based analysis 
may be a more reliable means for structural monitoring as they show more 
sensitivity to damage compared to modal parameters such as displacement 
mode shapes and natural frequency. Additionally, long-gage FBG strain 
sensors offer a promising alternative to traditional dynamic measurement 
methods as the curvature can be computed directly from the FBG strain 
measurements without the need for numerical differentiation. Small scale 
experimental testing was performed using an aluminum beam instrumented 
with a series of FBG optical fiber sensors. Dynamic strain measurements 
were obtained as the aluminum beam was subjected to various loading and 
support conditions. From this, a novel normalized parameter based on the 
curvature from the dynamic strain measurements has been identified as a 
potential damage sensitive feature. Theoretical predictions and experimental 
data were compared and conclusions carried out. The results demonstrated 
the potential of the novel normalized parameter to facilitate dynamic 
monitoring at both the local and global scale, thus allowing assessment of 
the structures health. 
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9805-74, Session 14B

Identification of steady-state structural 
temperature distributions to facilitate a 
temperature driven method of structural 
health monitoring
John Reilly, Princeton Univ. (United States)

Structural Health Monitoring seeks to characterize the health and 
performance of a structure from combinations of recorded sensor data 
and analytic techniques. Temperature is normally considered noise in this 
analysis, obstructing the goal of measuring the mechanical response of the 
structure while thermal loads on a structure can actually induce comparable 
strains to these mechanical loads. Characterizing a relationship between 
the temperature of the structure and the resultant strain and displacement 
can provide a deep understanding of the structural condition. In order to 
begin characterizing this three-dimensional relationship, time periods with 
relatively steady-state, i.e., uniform temperature distributions, need to be 
identified from the measured data. These periods of uniform temperature 
distribution in the structure show a thermal response as free as possible 
from thermal gradients across the structure, and simplify the separation 
of thermal and mechanical effects. An algorithm was created to identify 
these desirable time periods with data of interest. Finding time periods 
with a completely uniform temperature distribution can be impossible, 
and consequently a suitable temperature interval was chosen to produce a 
set of data with a reasonable approximation to a uniform distribution. The 
algorithm is validated on a real structure – Streicker Bridge at Princeton 
University campus. 

9805-75, Session 14B

Field testing of Martlet wireless sensing 
system on an in-service pre-stressed 
concrete highway bridge
Xi Liu, Xinjun Dong, Yang Wang, Georgia Institute of 
Technology (United States)

In structural health monitoring (SHM) applications, wireless sensing systems 
have drawn great interest owing to faster installation process and lower 
system cost compared to the traditional cabled sensing system. As a 
new-generation wireless sensing system, Martlet features high-speed data 
acquisition and extensible layout, which allows easy interfacing with various 
types of sensors. This paper presents a field test of the Martlet sensing 
system installed at an in-service pre-stressed concrete highway bridge on 
SR113 over Dry Creek in Bartow County, Georgia. Four types of sensors are 
interfaced with Martlet in this test, including accelerometers, strain gages, 
strain transducers and magnetostrictive displacement sensors. In addition, 
thermocouples and an infrared camera are used to monitor the temperature 
change of the bridge through the day. The acceleration, strain and 
displacement response of the bridge due to traffic and ambient excitation 
are measured. To obtain the modal properties of the bridge, impact hammer 
tests are also performed. The results from the field test demonstrate the 
reliability of the Martlet wireless sensing system. In addition, detailed modal 
properties of the bridge are obtained from the acceleration data collected in 
the test. 

9805-76, Session 14B

Validation of long-term measurements 
from FBG sensors
Hiba Abdel-Jaber, Branko Glisic, Princeton Univ. (United 
States)

Temperature monitoring has been of increased importance in recent years 
due to the need for temperature measurements in order to compensate 

other measurement parameters, such as strain, and the increased 
attention to understanding thermal behaviors of structures in order 
to assess their performance and condition. To ensure the accuracy of 
thermal compensation and study of thermal behavior, reliable long-term 
temperature measurements are required. In this paper, two methods that are 
aimed at validating long-term temperature measurements are created and 
their application is presented. The methods differ in the type of data they 
use for the purpose of validation. The first method relies on the existence 
of two independent temperature sensors at the same location. Validation is 
performed by comparing the measurements from the two sensors to one 
another, and discrepancies between the two data sets indicate malfunction 
or drift in at least one of the sensors. The second method is applicable to 
the more general case where only one temperature sensor is available at 
a given location. The method thus utilizes ambient temperature data from 
a nearby weather tower to validate measurements from the sensor. The 
two methods are applied to temperature measurements from FBG sensors 
installed on Streicker Bridge on the Princeton University campus. The 
methods successfully identified and characterized malfunction and drift 
in some of the sensors and confirmed stable measurements in other sensors.

9805-77, Session 14B

Identifying minute damage in composite 
bridge structures using the location of 
neutral axis and finite element analysis
Xi Li, Branko Glisic, Princeton Univ. (United States)

The neutral axis of a loaded composite beam structure is the curve along 
which the section experiences zero bending strain. When no axial loading 
is present, the neutral axis passes through the centroid of stiffness of the 
beam cross-section. In the presence of damage, the centroid of stiffness, 
as well as the neutral axis, shift from the healthy position. According to 
literature, a change in location of the neutral axis can be associated with 
damage in the corresponding cross-section. In this paper, the movement 
of neutral axis near locations of minute damage in a composite bridge 
structure was studied using finite element analysis and experimental results. 
The finite element model was developed based on a physical scale model 
of a composite simply-supported structure with controlled minute damage 
in the reinforced concrete deck. The structure was equipped with long-
gauge fiber optic strain sensors at a healthy reference location, as well as 
two locations of damage. A total of 12 strain sensors were installed during 
construction and used to monitor the structure during various loading 
events. This paper attempts to explain experimental results which showed 
that the observed positions of neutral axis near damage locations were 
higher than the predicted healthy locations in some loading events; and 
advise on efficient sensor placement strategies that could lead to more 
reliable results. Preliminary analysis showed that the finite element model 
has the potential to explain the behavior of the physical structure. 

9805-78, Session 15A

Effects of asphalt rejuvenators on thermal 
and mechanical properties of asphalt 
pavements
Nicholas Farace, Zhe Sun, William G. Buttlar, Henrique L. 
Reis, Univ. of Illinois at Urbana-Champaign (United States)

The effectiveness of rejuvenators for restoring thermal and mechanical 
properties in oxidized asphalt mixtures was investigated via acoustic 
emission (AE) and Disk-shaped Compact Tension (DC(T)) testing for 
determining their mechanical properties and embrittlement temperatures, 
respectively. During the DC(T) testing the fracture energies and peak loads 
were evaluated to measure the resistance of the rejuvenated asphalt to 
low temperature cracking. The AE testing monitored the acoustic emission 
activity while the specimens were cooled from room temperature to -40 
°C to estimate the temperature at which thermal cracking began (i.e. the 
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embrittlement temperature). Specimens, oven-aged at 135oC for 36 hours, 
were treated with different amounts of rejuvenator (10%, 15%, and 20% by 
weight of binder content) and left to dwell for increased amount of time 
periods varying from one to eight weeks. It was observed that the AE results 
showed an improvement of embrittlement temperature with increasing 
dwell times. The 8 weeks specimens had cooler embrittlement temperatures 
than the virgin specimens. It was also observed that the DC(T) peak loads 
were restored to levels of the virgin specimens, and the DC(T) fracture 
energies were improved to levels beyond that of the virgin specimens. 

9805-79, Session 15A

Reflective SOA fiber cavity adaptive laser 
source for measuring dynamic strains
Heming Wei, Northwestern Univ. (United States) and 
Dalian Univ. of Technology (China); Yinian Zhu, Sridhar 
Krishnaswamy, Northwestern Univ. (United States)

Smart sensors based on Optical fiber Bragg gratings (FBGs) are suitable 
for structural health monitoring of dynamic strains in civil, aerospace, 
and mechanical structures. In these structures, dynamic strains with high 
frequencies reveal acoustic emissions cracking or impact loading. It is 
necessary to find a practical tool for monitoring such structural damages. 
In this work, we explore an intelligent system based on a reflective SOA 
(R-SOA)-FBG composed as a fiber cavity for measuring dynamic strain 
in intelligent structures. The ASE light emitted from a R-SOA laser and 
reflected by a FBG is amplified in the fiber cavity and coupled out by a 90:10 
coupler, which is demodulated by a low frequency compensated Michelson 
interferometer using a PID controller and is monitored via a photodetector. 
As the wavelength of the FBG shifts due to dynamic strain, the wavelength 
of the optical output from the laser cavity shifts accordingly, which is 
demodulated by the Michelson Interferometer. Because the R-SOA has a 
quick transition time, the R-SOA- FBG fiber cavity shows an ability of high 
response to the FBG reflective spectrum shift, of which the frequencies 
response can extend to megahertz. The system shows high signal noise ratio 
(SNR) and high sensitivity.

9805-80, Session 15A

Ultrasonic imaging using wave structure-
based weights and global matched 
coefficients
Simone Sternini, Thompson V. Nguyen, Francesco Lanza di 
Scalea, Univ. of California, San Diego (United States)

In the field of non-destructive evaluation of structures, 2D and 3D 
imaging of internal flaws is a critical task. Defect imaging allows to make 
informed follow-up decisions based on the morphology of the flaw. This 
paper will present advances in ultrasonic tomography for the 2D and 3D 
visualization of internal flaws in solids. In particular, improvements to 
the conventional tomographic imaging algorithms have been made by 
utilizing a mode-selective image reconstruction scheme that exploits the 
specific displacement field, respectively, of the longitudinal wave modes 
and the shear wave modes, both propagating simultaneously in the test 
volume. The specific mode structure is exploited by an adaptive weight 
assignment to the ultrasonic tomographic array. Such adaptive weighting 
forces the imaging array to look at a specific scan direction and better 
focus the imaging onto the actual flaw (ultrasound reflector). Moreover, 
the introduction of a global matched coefficient, computed through the 
matching of measured and expected times of flight for each pixel, is 
illustrated. The benefits deriving from the application of this coefficient to 
conventional imaging frameworks are shown. This study shows that the 
adaptive weighing based on wave structure and the integration of the global 
matched coefficient improve image contrast and resolution compared to 
a conventional ultrasonic imaging technique based on a delay-and-sum or 
minimum variance distortionless method. Results will be shown both from 
numerical models and experimental tests of simulated flaws in solids.

9805-81, Session 15A

Performing modal analysis for multi-metric 
measurements: a discussion
Rohan N. Soman, Katarzyna Majewska, Maciej Radzienski, 
Polish Academy of Sciences (Poland); Wieslaw M. 
Ostachowicz, Polish Academy of Sciences (Poland) and 
Warsaw Univ. of Technology (Poland)

Damage detection in the structures is an active research area since decades. 
Number of the research studies has been done to meet this objective, 
particularly, the identification of the damage size and location. Most of the 
methods mainly use modal data obtained from accelerometers for global 
monitoring of the system. Unfortunately, damage of the structure usually 
occurs at a local level and hence the success of the global methods is 
limited to capturing higher levels of damage. On the other hand, if strain 
sensors which are local level sensors are employed, the focus of the damage 
detection becomes local with limited sensing range, and the detection is 
possible when the damage occurs in the vicinity of the sensors only. 

Thus in order to overcome the shortcoming of the local and global 
approaches, a multi-metric approach is proposed. The research deals with 
Level 3 damage detection of simple beam-like structure using data acquired 
from fibre Bragg strain sensors (FBG) and Laser Doppler Vibrometer (LDV). 
The combination of sensors allows better performance in different damage 
scenarios. In addition it improves the performance in the presence of 
measurement noise. Thus through the combination of these multi-metric 
measurements damage detection can be made more robust.

The methodology was employed on simple beam-like structure in different 
support conditions and under different excitations. The results for damage 
detection based on multi-metric sensing show a marked improvement in the 
performance as compared to the use of individual sensors.

9805-82, Session 15A

Underwater camera with depth 
measurement
Wei-Chih Wang, Chi-Leung Tsui, Univ. of Washington 
(United States)

The objective of this study is to develop an RGB-D (video + depth) camera 
that provides three-dimensional image data for use in the haptic feedback 
of a robotic underwater ordnance recovery system. Two camera system was 
developed and studied. First depth camera relies on the structured light 
(as used by the Microsoft Kinect) where the displacement of an object is 
determined by variations of the geometry of a projected pattern. The other 
camera system is based on a Time of Flight (ToF) depth camera. The results 
of the structural light camera system shows that due to the camera system 
requires a stronger light source with a similar operating wavelength and 
bandwidth for longer working distance in water, this approach might not 
be robust enough for our proposed underwater RGB-D camera system. The 
ToF camera system instead, allows an arbitrary placement of light source 
and camera. The intensity output of the broadband LED light source could 
be expand by array and can be modulated comfortably with any waveform 
and frequencies required of the TOF camera. Cameras were evaluated and 
experiment were conducted to verify the results. 

9805-83, Session 15A

Piezoelectric-based smart sensing 
system for I-type steel structural health 
monitoring
Chen Zhang, Haifeng Zhang, Univ. of North Texas (United 
States); Tzuyang Yu, Xingwei Wang, Univ. of Massachusetts 
Lowell (United States)
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In recent decades, I-type steel has become one of the most important 
engineering materials being applied in several areas including mechanical, 
civil and constructional engineering. To ensure safety and proper 
maintenance, an effective and accuracy structural health monitoring 
method/system for I-type steel is urgently required. This pa-per proposes 
a smart sensing system for I-type steel crack detection that is based on 
the energy diffusivity (attenuation) between two individual piezoelectric 
transducers (PZTs). Sensor (one of the PZTs) responses are analyzed and 
applied to characterize the health status of the I-type steel structure. Lab 
experiments are carried out for effective evaluation of this approach in 
structural health monitoring. In addition, orientation and other important 
characteristics of crack distribution are studied by analyzing the energy 
diffusivity with artificially cuttings at different orientations, locations as 
well as depths/widths. By calculating and analyzing the energy diffusivity 
variation of the sensor responses, not only can the cracks in the I-type steel 
structure be detected, but also the orientation, location and severity of 
cracks can be determined. Moreover, instead of utilizing an actuator and a 
sensor, a couple of PZTs sensors are employed, which offers the potential for 
in field, in situ sensing with the sensor arrays. This smart sensing system can 
be applied in railway, metro and iron-steel structures for I-type steel health 
monitoring applications. 

9805-84, Session 15A

Photonic crystal fiber based chloride 
chemical sensors for corrosion monitoring
Heming Wei, Northwestern Univ. (United States) and 
Dalian Univ. of Technology (China); Chuanyi Tao, Yinian 
Zhu, Sridhar Krishnaswamy, Northwestern Univ. (United 
States)

A fiber-optic chloride chemical sensor is presented for chloride ion 
monitoring. The sensor is based on long period gratings (LPG) inscribed 
in a photonic crystal fiber (PCF) coated with a thin film that is sensitive to 
chloride ions. This kind of sensor based on optical fibers has a compact 
size and is immune to electromagnetic interference. The paper details the 
fabrication of the sensors and the results show a fast response and a high 
sensitivity to chloride based solution. The sensor is suitable for detecting 
chloride-induced corrosion in RC structures. 

9805-85, Session 15A

Nonlinear phased array imaging
Jack Potter, Anthony J. Croxford, Univ. of Bristol (United 
Kingdom)

A technique is presented for imaging acoustic nonlinearity within a 
specimen using ultrasonic phased arrays. Acoustic nonlinearity is measured 
by evaluating the difference in energy of the transmission bandwidth within 
the diffuse field produced through different focusing modes. The two 
different modes being classical beam forming, where delays are applied 
to different element of a phased array to physically focus the energy at a 
single location (parallel firing) and focusing in post processing, whereby one 
element at a time is fired and a focused image produced in post processing 
(sequential firing). Although these two approaches are linearly equivalent 
the difference in physical displacement within the specimen leads to 
differences in nonlinear effects. These differences are localized to the areas 
where the amplitude is different, essentially confining the differences to the 
focal point. Direct measurement at the focal point are however difficult to 
make.

In order to measure this the diffuse field is used. It is a statistical property 
of the diffuse field that it represents the total energy in the system. If the 
energy in the diffuse field for both the sequential and parallel firing case 
is measured then the difference between these, within the input signal 
bandwidth, is largely due to differences at the focal spot. This difference 
therefore gives a localized measurement of where energy is moving out of 
the transmission bandwidth due to nonlinear effects.

This technique is used to image fatigue cracks and other damage types 
undetectable with conventional linear ultrasonic measurements.

9805-86, Session 15B

Low-cost, quantitative assessment of 
highway bridges through the use of 
unmanned aerial vehicles
Andrew Ellenberg, Antonios Kontsos, Franklin L. Moon, 
Ivan Bartoli, Drexel Univ. (United States)

Many envision that in the near future the application of Unmanned Aerial 
Vehicles (UAVs) will impact the civil engineering industry. Use of UAVs 
is currently experiencing tremendous growth, primarily in military and 
homeland security applications. It is only a matter of time until UAVs will 
be widely accepted as platforms for implementing monitoring/surveillance 
and inspection in other fields. Most UAVs already have payloads as well as 
hardware/software capabilities to incorporate a number of non-contact 
remote sensors, such as high resolution cameras, multi-spectral imaging 
systems, and laser ranging systems (LIDARs). Of critical importance to 
realizing the potential of UAVs within the infrastructure realm is to establish 
how (and the extent to which) such information may be used to inform 
preservation and renewal decisions. Achieving this will depend both on our 
ability to quantify information from images (through, for example, optical 
metrology techniques) and to fuse data from the array of non-contact 
sensing systems. Through a series of applications to both laboratory-scale 
and field implementations on operating infrastructure, this paper will 
present and evaluate (through comparison with conventional approaches) 
various image processing and data fusion strategies tailored specifically 
for the assessment of highway bridges. Example scenarios that guided 
this study include the assessment of delaminations within reinforced 
concrete bridge decks, the quantification of the deterioration of steel 
coatings, assessment of the functionality of movement mechanisms, and the 
estimation of live load responses (inclusive of both strain and displacement).

9805-87, Session 15B

A full-field approach to move from 
qualitative to quantitative performance 
assessment of bridges
John B. Braley, A. Emin Aktan, Franklin L. Moon, Drexel 
Univ. (United States)

The collapse of the “Silver” Bridge in 1967 led the way to inspection 
standards and ultimately made bridge condition assessment a routine 
endeavor. However, this effort via visual inspection has largely left the 
industry with little value with regards to identifying the drivers of poor 
performance. Even while advanced sensing and evaluation technologies 
have become commonplace, the qualitative performance metrics based on 
visual inspection remain predominant and fail to consistently and accurately 
identify the true condition of the bridge, or provide any knowledge as to 
how that condition may change over time. Today, we are in the unique 
position in which modern technology and computing power can augment 
established practice to uncover the true drivers of bridge performance. A 
creative approach is needed that integrates all available data from sources 
including sensing technologies, inspection records, heuristics and computer 
modelling to better identify and monitor performance issues. While this 
must be performed on numerous structures before we can hope to decouple 
all of the factors that contribute to a given bridge’s condition, a single 
structure should be evaluated to determine the necessary parameters 
for specimen selection, experimentation, and data retrieval, visualization, 
processing, integration and archival. This paper presents an overview of this 
effort in which various responses of a bridge system together with inputs 
(live load, maintenance, etc.) and its environment will be captured through 
a diverse array of sensor types sampled at different spatial and temporal 
resolutions (including long term), so that the many factors that influence 
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bridge performance can begin to be explored in a quantitative and objective 
manner. This will ultimately establish which measurable indices are most 
useful to assess and forecast performances related to service, strength and 
durability limit states.

9805-88, Session 15B

Single model parameter estimation 
response to distortions of typical highway 
bridges
David Masceri, Franklin L. Moon, Drexel Univ. (United 
States)

Model-experiment correlation is frequently used to improve the predictive 
ability of finite element bridge models and it is a commonly held 
understanding that any calibrated model developed through structural 
identification (StID) is more accurate than its a priori precursor. This implicit 
and widely held misconception that calibration always improves the 
predictive capabilities of a model is rooted in a misunderstanding of the 
internal processes that link experimental structural phenomena to model 
updating behavior. Single model and deterministic parameter estimation 
methods, while easy to implement and accessible to most engineers, 
fail to sufficiently address the non-uniqueness of calibration solutions, 
and thus have the potential to be misleading. Advanced algorithms that 
provide probabilistic estimations of model parameters or model forms 
can effectively quantify this non-uniqueness, but their high cost and time 
requirements significantly limit their use in practice. This paper introduces 
a new strategy to leverage the relatively rapid and low cost, deterministic 
updating approaches together with a series of independent “truth checks” 
to provide an effective and efficient means of model updating for typical 
highway bridges. Presented is an investigation into how bridge irregularities 
affect deterministic, gradient-based parameter estimation algorithms. A 
series of case control studies were performed using 3D geometric element-
based FE models where models with distorted parameters were substituted 
for an in situ structures and analytical results were used to simulate dynamic 
experimental data. The behavior of the model updating algorithms in 
response to simulated localized and global distortions was studied along 
with effects on typical simulated bridge responses of interest.

9805-89, Session 15B

Towards the large scale structural 
identification of highway bridges: 
applications of a rapid modal testing 
system
John DeVitis, David Masceri, A. Emin Aktan, Franklin L. 
Moon, Drexel Univ. (United States)

The Structural Identification (St-Id) paradigm provides a framework 
to assess the structural performance of civil infrastructure with 
objective, quantitative metrics. This is accomplished through controlled 
experimentation to measure in-situ behavior of the structure. The physical 
measurements are subsequently interpreted to assess the state of the 
structure and ultimately provide actionable deliverables (i.e. load rating). 
This portion of the process requires significant effort, expertise, and access 
to the structure to effectively execute, thus making this a costly effort. 
Consequently condition assessment through experimentation is a largely 
under-utilized tool on common highway bridges. The THMPR (Targeted 
Hits to Measure Performance Responses) system, aims to provide a rapid, 
repeatable method of experimental evaluation and data reduction and 
interpretation that is cost-effective for application at a large scale. The 
THMPR system pairs a self-contained modal impact trailer and stream-
lined modal parameter identification software with automated FE model 
generation and calibration software. Experimentation is conducted by 
roving the system along the bridge deck and performing local impact tests 
at targeted locations during brief lane closures or traffic slow-downs. Local 

modal parameters (frequencies and mode shapes) are extracted and a 
subset of common reference sensors are used to integrate these parameters 
to a full global modal parameter set. Key features of the current system 
prototype are presented as well as a comparison of modal parameters 
obtained through a field trial in which the THMPR system was utilized in 
tandem with a traditional multi-reference impact testing approach. 

9805-90, Session 15B

Comparison of air-coupled GPR data 
analysis results determined by multiple 
analysts
Nicole Martino, Roger Williams Univ. (United States); 
Kenneth Maser, Infrasense, Inc. (United States)

Current bridge deck condition assessments using ground penetrating radar 
(GPR) requires a trained analyst to manually interpret substructure layering 
information from radargrams in order to proceed with an intended analysis 
(pavement thickness, concrete cover, effects of rebar corrosion, etc.) For 
example, a recently developed method to rapidly and accurately analyze 
air-coupled GPR data based on the effects of rebar corrosion, requires that 
a user “picks” a layer of rebar reflections in each radargram collected along 
the length of the deck. These “picks” have information like signal amplitude 
and two way travel time. Unlike the data from low speed ground-coupled 
equipment, which produces an image of every bar, the high-speed air-
coupled system detects several bars simultaneously and the result in the 
data is what appears as a “layer” rather than a series of individual bars.

When a deck is new, or has little rebar corrosion, the resulting layer of 
rebar reflections is readily evident and there is little room for subjectivity. 
However, when a deck is severely deteriorated, the rebar layer may be 
difficult to identify, and different analysts may make different interpretations 
of the appropriate layer to analyze. The research presented here looks into 
the resulting differences in data interpretation among two trained users. 

Three highly corroded bridge decks in Massachusetts, were assessed with a 
number of nondestructive evaluation techniques including 2GHz air-coupled 
GPR. Two analysts separately selected the rebar layer in each radargram, 
choosing as much information as possible, even in areas of significant 
deterioration. The post processing of the selected data points was then 
completed and the results from each analyst were contour plotted to 
observe any discrepancies. 

The paper describes the differences in data for the various conditions, the 
results of the two different analyses, and the differences in the final output. 
The significance of the observed differences is also discussed. 

9805-91, Session 15B

Similarities and differences in bare 
concrete deck deterioration curves from 
periodical multi NDE technology surveys
Nenad Gucunski, Jinyoung Kim, Kien Dinh, Rutgers, The 
State Univ. of New Jersey (United States)

Reinforced concrete decks are in most cases the fastest deteriorating 
components of a bridge due to the multitude of influencing factors: direct 
traffic loading and environmental effects, maintenance activities (salting), 
etc. Among many deterioration types, corrosion induced deterioration is the 
most common problem in reinforced concrete decks. The study concentrates 
on the condition assessment of bridge decks using complementary NDE 
techniques. The assessment has three main components: assessment of 
corrosive environment and corrosion processes, concrete degradation 
assessment, and assessment with respect to the deck delamination. The 
study concentrates on a complementary use of five NDE techniques: impact 
echo (IE) to detect and characterize delamination, ground penetrating radar 
(GPR) to describe corrosive environment and detect delamination, half-cell 
potential (HCP) to assess corrosion activity, ultrasonic surface waves (USW) 
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method to describe concrete quality by measuring concrete modulus, 
and electrical resistivity (ER) to estimate the corrosion rate by measuring 
concrete resistivity. There are also secondary benefits of the use of the 
five techniques, like e.g. mapping of the concrete cover from GPR surveys. 
The ability of the NDE methods to objectively characterize deterioration 
progression is illustrated by the results from NDE surveys of ten bridges of 
different ages in New Jersey during a period of one year, and three surveys 
of a bridge in Virginia during a period of five years. The deterioration 
progression is illustrated by condition maps and condition indices. As 
demonstrated in the paper, the results from periodical NDE surveys have 
high potential for development of more realistic deterioration and life cycle 
cost models for bridge decks. 

9805-92, Session 15B

A device for remotely tap-testing difficult-
to-access structures using aerial robots
David D. Mascareñas, Los Alamos National Lab. (United 
States)

Tap-testing and related techniques such as chain dragging are widely used 
in practice to perform manual inspections of civil infrastructure. These 
techniques are used to detect locations in concrete decks of bridges to 
indicate where rebar has disbanded from concrete. The biggest challenge 
associated with applying tap testing during a visual inspection is gaining 
access to the structure of interest. In this work a tap-testing device is 
developed to be deployed onboard an aerial robot. The purpose of this 
device is to allow a structural inspector to perform tap-testing using an 
aerial robot while reducing the challenges associated with accessing the 
structure. 

9805-93, Session 15B

Detecting structural damage by motion 
magnified video
Yongchao Yang, David D. Mascareñas, Los Alamos National 
Lab. (United States)

Structural damage is typically a local phenomenon which initiates and 
propagates from subtle deterioration to catastrophic component- and 
system- level failure. Detecting subtle structural damage at as early stage 
as possible is critical for immediate warning and assessment of structural 
health condition before such catastrophe and requires structural health 
monitoring (SHM) in real time. While non-destructive testing (NDT) 
techniques are able to detect even small internal structural defect, it is 
difficult and expensive to conduct them in a high temporal resolution 
for detecting damage in time when structures are subjected to not only 
operational loads but also extreme events. Video cameras, with high 
temporal and spatial sensing resolution as well as advanced automated 
computer vision algorithms, are capable of continuously providing 
surveillance of structures and detect subtle damage promptly. In this study, 
small damage is detected at early stage by extracting and magnifying the 
subtle motion within the recorded surveillance videos of structures.
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9806-1, Session 1

Nondestructive cell evaluation techniques 
in SOFC stack manufacturing (Keynote 
Presentation)
Christian Wunderlich, Fraunhofer-IKTS CMD (Germany)

Independent from the specifics of the application a cost efficient 
manufacturing of fuel cells and other stack components leading to 
reliable long-life stacks is the key for the commercial viability of the SOFC 
technology. 

Tensile and shear stresses are most critical for ceramic components and 
especially for thin electrolyte membranes as used in SOFC cells. Although 
stack developers try to reduce tensile stresses acting on the electrolyte by 
either matching CTE of interconnects and electrolytes or by putting SOFC 
cells under some pressure – at least during transient operation of SOFC 
stacks ceramic cells will experience some tensile stresses. 

Electrolytes are required to have a high Weibull characteristic fracture 
strength. Practical experiences in stack manufacturing have shown that 
fracture strength data generated by ball-on-ring tests of electrolyte samples 
give limited information on electrolyte or cell quality. In addition, the cutting 
process of SOFC electrolytes has a major influence on crack initiation.

Typically, any single cell crack in one the 30-80 cells in series connection will 
lead to a premature stack failure drastically reducing stack service life. Thus, 
for statistical reasons only 100% defect free SOFC cells must be assembled 
in stacks. This underlines the need for an automated inspection. So far, 
only manual processes of visual or mechanical electrolyte inspection are 
established. Fraunhofer IKTS has qualified the method of optical coherence 
tomography for an automated high throughput inspection. Alternatives like 
acoustical methods are still under investigation. 

9806-2, Session 1

Thermal-energy behavior of cool 
roThermal-energy behavior of cool 
roofing membranes with phase change 
materialsofing membranes with phase 
change materials
Anna Laura Pisello, Cristina Piselli, Veronica Lucia 
Castaldo, Univ. degli Studi di Perugia (Italy); Luisa 
Fernanda Cabeza, Univ. de Lleida (Spain); Franco Cotana, 
Univ. degli Studi di Perugia (Italy)

Assistant professor with >5 years of experience @UNIPG- Dept. of 
engineering. He graduated cum laude in Building Engineering from 
Polytechnic University of Milan in 2009 and received his PhD in Energy 
Engineering from University of Perugia in 2013. She was previously visiting 
scholar at Columbia University (NY, USA), Baruch College (NY, USA), 
co-mentor of PhD students at Virginia Tech (VT, USA) and she is currently 
Erasmus+ Fellow visiting professor at University of Lleida, Spain. Her main 
research field is building physics with particular interest in building energy 
efficiency and innovative materials. She is member of the editorial board 
of 5 international journals and author of more than 35 peer reviewed 
international journal papers. She won three international research awards 
in 2013-14 and she is the proposal contact and task manager of 2 current 
funded Horizon 2020 project at CIRIAF (UNIPG).

9806-48, Session 1

Investigating effectiveness of activated 
carbons of natural sources on various 
supercapacitors
Md. Shahnewaz Sabit Faisal, Ramazan Asmatulu, Wichita 
State Univ. (United States)

Activated carbon can be produced from natural sources, such as pistachio 
and acorn shells, which can be an inexpensive and sustainable sources of 
natural wastes for the energy storage devices, such as supercapacitors. 
The carbonaceous materials used in this study were carbonized at the 
temperatures of 700°C and 900°C after the stabilization process at 240 
°C for two hours. These shells showed approximately 60% carbon yield. 
Carbonized nutshells were chemically activated using1wt% potassium 
hydroxide (KOH). Activated carbon powders with polyvinylidene 
fluoride (PVdF) were used to construct carbon electrodes. A 1M of 
tetraethylammonium tetrafluoroborate (TEABF4) and propylene carbonate 
(PC) were used as electrolytes. Electrochemical techniques, such as 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS) were used for characterization of the supercapacitors. Scanning 
electron microscopy (SEM) was used to inspect the surface texture of the 
activated carbons. Activated pistachio shells carbonized at 700°C showed 
more porous surface texture than those carbonized at 900°C. Effects of 
the carbonization temperatures were studied for their electrochemical 
characteristics. The shells carbonized at 700°C showed better 
electrochemical characteristics compared to those carbonized at 900°C. The 
test results provided about 27,083 µF/g specific capacitance at a scan rate 
of 10mV/s. This study showed promising results for using these activated 
carbons produced from the natural wastes for supercapacitor applications.

9806-4, Session 2

Investigating the effects of low 
temperature on composite materials
Siavash Shoja, Viktor Berbyuk, Anders Boström, Chalmers 
Univ. of Technology (Sweden)

Effects of temperature on composite materials is a very well-known problem 
which has been investigated in many studies. However the majority of the 
studies are focused on effects of high temperature. Understanding the 
effects of low-temperature has major importance in composite parts and 
components which are operating in cold climate conditions such as e.g. 
wind turbines operating in cold climate regions. Many of the wind turbines 
are working at high altitudes with cold weather and they face related issues 
such as icing problems.

In this study first the effects of low temperature on stiffness and damping of 
a composite plate is investigated experimentally in a cold climate chamber 
using guided wave propagation. The experiments have been performed on a 
plate with rectangular cross section with dimensions 800cm ? 20cm ? 2cm 
made of glass fiber and vinylester. This material is used to manufacture rotor 
blades of wind turbines. The temperature range is from room temperature 
to -20°C and Multichannel Analysis of Surface Wave (MASW) method used 
as the measurement and analysis method. The plate is excited from one 
side using a magnetostrictive Terfenol-D based actuator and the signal 
is detected on the surface of the plate using 24 accelerometers as the 
receiving channels. The number of channels gives reasonable accuracy to 
measure the phase and group velocity of the wave. Analysis of the obtained 
results has shown that lowering the temperature increases the group 
velocity of the wave and decreases the damping effect.
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A 3D computational model was also developed to simulate the guided wave 
propagation in a composite plate with the same setup as in the experiment. 
The model was calibrated using the experimental data in order to include 
the effect of temperature. The stiffness of the matrix and damping of the 
composite are varied based on the changes in temperature which made the 
developed FE model temperature dependent.

9806-5, Session 2

Smart patch integration development of 
compression connector structural health 
monitoring in overhead transmission lines
Hong Wang, Jy-An J. Wang, Oak Ridge National Lab. 
(United States); Fei Ren, Temple Univ. (United States); 
John Chan, Electric Power Research Institute, Inc. (United 
States)

Compression connectors in overhead transmission lines are made by 
crimping a soft aluminum sleeve onto two ends of conductors to be joined. 
Such connectors are ubiquitous in high-voltage power delivery systems. 
The performance of the connectors has been increasingly degraded in the 
U.S. because of the overloaded transmission lines. Electric utilities currently 
conduct scheduled inspections including thermal and electric measurements 
to maintain transmission lines. However, information about the structural 
integrity of connectors cannot be obtained. An energized smart patch can 
link the on-line measurements to the structural health of connectors and the 
pullout strength and provide a means to determine this value, a capability 
not covered by existing inspection methods. 

Aluminum conductors steel reinforced (ACSRs) currently used in high 
voltage overhead transmission are designed to operate at temperatures 
near 100oC and, for limited periods of time (e.g., during emergencies), at 
temperatures as high as 125oC. There are several piezoceramic systems 
available to meet such temperature requirement, for example, lead zirconate 
titanate [(Pb(Zr,Ti)O3, PZT], or modified BSPT (bismuth strontium lead 
titanate, BiScO3-PbTiO3). The integration of these materials to a host 
structure like aluminum-based compression connectors presents substantial 
challenge because of the large difference in the coefficients of thermal 
expansion and multiple interfaces involved including those of PZT to 
electrode, electrode to wiring, and electrode to substrate. Aluminum plates 
with equivalent physical and mechanical properties to those of aluminum 
sleeves in compression connectors were prepared as a host structure for 
the PZT integration study. Mounting of smart patches to the host structure 
was investigated by examining a variety of candidate methods to fulfill 
specified functions. Copper adhesive tape and direct bonding were tested 
as electrode methods. High temperature electrical conductive epoxy and 
soldering were studied for electric wiring. Various commercial adhesives 
were investigated including high temperature epoxies and cements. 

The aluminum plate specimens with PZT integrated were tested under 
thermal cycling in open air environment under temperature condition 
similar to that of ACSRs at 125oC. The electromechanical impedance (EMI) 
measurements were conducted in room temperature after each thermal 
cycle. An AD5933 evaluation board was used in the EMI measurements. The 
configuration of the evaluation board was studied and the measurement 
conditions were examined including different frequency and voltage ranges. 
EMI data were analyzed by using root mean square deviation based on 
the conductance of EMI signals because that can potentially serve as a 
damage index of structural health monitoring of overhead connectors. The 
direct bonding of PZT patches onto an aluminum substrate by using the 
high temperature epoxies survived more than 20 thermal cycles at target 
temperature 125oC. On the other hand, the mounting of PZT patches using 
the cements exhibited early failure. The root cause of various failures was 
analyzed. Finally, the integration approach of smart patches of overhead 
compression connector has been proposed for future study.

9806-6, Session 2

Simultaneous measurement of distributed 
temperature and strain using Raman OTDR 
with fiber Bragg gratings
Il-Bum Kwon, Korea Research Institute of Standards 
and Science (Korea, Republic of); Jong Hyun Byeon, 
FIBERPRO, Inc. (Korea, Republic of); Min Yong Jeon, 
Chungnam National Univ. (Korea, Republic of)

Fiber-optic sensors have been investigated to monitor aerospace structures, 
civil structures, biomedical engineering, and industrial process. These 
sensors have many advantages, such as electro-magnetic immunity, small 
size, distributed and long distance sensing. In particular, fiber optic Raman 
optical time domain reflectometry can be used to measure distributed 
temperature based on Raman scattered light. In this work, a novel fiber 
optic sensor is proposed to measure simultaneously distributed temperature 
and strain in a long sensing fiber line. The distributed temperature can be 
measured by using Raman anti-Stokes light in the long sensing fiber line 
and the strain can also be measured by using the fiber Bragg gratings 
(FBGs) in the long sensing fiber line. The pump light is provided by a 
pulsed laser diode operating at 1550 nm with the pulse duration of 10 ns. 
It is amplified up to 23 dBm through an erbium-doped fiber amplifier. The 
anti-stokes Raman back-scattering from the test fiber, which consists of 
4-km long optical single-mode fiber, is selected by an optical band-pass 
filter and detected by a photo-detector. And the reflected wavelengths 
from the FBGs in the test fiber are detected by using the optical band-
pass filter. The distributed temperature in the test fiber can be achieved by 
measuring the intensity variation of anti-Stokes Raman scattered light. The 
center wavelengths of the FBGs are selected to avoid the crosstalk with 
the wavelength of the Raman pulsed pump light. The center wavelengths 
of FBGs were 1547.65 nm, 1550.06 nm, 1552.45 nm, and 1555.08 nm, 
respectively. The wavelength shifts from the tension were found to be 0.1 
nm, 0.17 nm, 0.29 nm, and 0 nm. The corresponded strains were 90, 154, 
264, and 0 micro-strain respectively. And we have been measured the 
distributed temperature using 50-m long optical fiber from 30? to 70? with 
10? intervals. The temperature resolution of our proposed distributed Raman 
temperature sensor is obtained less than 1 ? over 4-km long test fiber.

9806-7, Session 2

Quantification and optimization of the 
value of SHM and NDE for offshore energy 
systems
Anu Hanish Nithin, Piotr Omenzetter, Univ. of Aberdeen 
(United Kingdom)

This paper discusses a mathematical framework that allows quantifying 
the net value of SHM/NDE applications taking into account the inherent 
stochastic uncertainties in the sensor and data processing algorithm 
performance. The framework underpins optimisation of the timing, type and 
extent of monitoring and visual inspections and actions following from such 
assessments, including do-nothing, repair or replace. Examples are shown 
from offshore energy systems concerning monitoring and management of 
such common deterioration issues as fatigue and corrosion.

9806-8, Session 2

Adaptive pitch control of wind turbines 
under uncertainties
Yuan Yuan, Jiong Tang, Univ. of Connecticut (United 
States)

In this research, model reference adaptive control is examined for the pitch 
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control of wind turbines that may suffer from reduced life owing to extreme 
loads and fatigue when operated under a high wind speed and internal 
structural uncertainties. Specifically, we aim at making a trade-off between 
the maximum energy captured and the load induced when the wind 
turbine is under unhealthy status. The adaptive controller is designed to 
both regulate generator speed and mitigate component loads when blade 
structural stiffness uncertainties exist in the system under turbulent wind 
field. The proposed algorithm is tested on the NREL offshore 5-MW baseline 
wind turbine. The effects on fatigue and extreme loads are studied with the 
presence of uncertainties and its performance is compared with those of 
the gain scheduled proportional integral (GSPI) control and the disturbance 
accommodating control (DAC). The results show the blade root flapwise 
load can be reduced at a slight expense of optimal power output and the 
performance could be guaranteed under blade element stiffness variation.

9806-9, Session 3

Energy harvesting from dancing: for 
broadening in participation in STEM fields
Yonas Tadesse, The Univ. of Texas at Dallas (United States)

This paper proposes a novel design that is suitable to harvest energy from 
human motions such as dancing and use the device to engage young 
students in Science, Technology, Engineering and Math (STEM) fields. The 
device was designed for a dominant human operational frequency range 
of 1–5 Hz and it can be wearable by human subjects. We proposed to 
incorporate hip-hop music coupled with energy harvesting technologies 
for motivation and energy generation. Hip-hop was selected because it is 
becoming a global culture irrespective of race, and is adaptable to many 
groups. Most hip-hop videos on YouTube are viewed more than 100 million 
times. Perhaps, integrating the energy harvesting research with hip-hop 
might enhances students’ engagement in science, and needs investigation

9806-10, Session 3

U-shape magnetostrictive vibration based 
power generator for universal use
Toshiyuki Ueno, Kanazawa Univ. (Japan)

Vibration based power generation technology which realizes battery-free 
wireless electronics is utilized in various fields. Author has invented novel 
power generation device using Fe-Ga alloy (Galfenol) with large inverse 
magnetostrictive effect, good machinability and high ductility. The device 
is based on parallel beam consisting of Fe-Ga plate wound with coil and 
yoke accompanied with bias magnet. When bending force is applied on 
the device, the magnetization inside the plate varies with induced stress 
due to the inverse magnetostrictive effect. In vibration, the time variation 
of the magnetization generates voltage on the wound coil. Here, author 
proposes U shape device for universal use. The device has U shape yoke 
including the parallel beam is accompanied with two legs to adjust the 
resonant frequency and reduce mechanical loss attributed on fixed end. In 
this presentation, two configurations using 6 x 0.5 x 12mm Galfenol plate are 
presented. One is the device with long legs with weight at the tip suitable 
for vibration of low acceleration. For example, the prototype exhibited 
1 V open voltage and 1.6 mW power under vibration of 29 Hz and 0.2G 
useful for power souse of wireless health monitoring of bridge and factory 
machine. The other is with light legs equipped with frequency up conversion 
mechanism consisting of cantilever and permanent magnet to induce free 
vibration of high frequency. The prototype exhibits more than 10V open 
voltage (frequency of 600Hz) and provides more than 0.5mJ energy by 
pushing the cantilever once. Author has also succeeded demonstration 
of battery free-remote using the device easily integrated into consumer 
electronics.

9806-11, Session 3

Magnetoelastic beam with extended 
polymer for low frequency vibration 
energy harvesting
Alwathiqbellah Ibrahim, Shahrzad Towfighian, Mohammad 
Younis, Quang Su, Binghamton Univ. (United States)

Nonlinear energy harvesting from ambient vibration sources is one of the 
main focus on research in last few years. Nonlinear resonators are used 
due to their higher amplitudes and larger bandwidth. In this paper we 
are proposing a piezoelectric nonlinear energy harvester with magnetic 
interactions. Magnetic force induces bi-stability, softening and hardening 
effects leading to higher amplitudes, larger bandwidth and thus higher 
output power. The contribution of this manuscript is increasing the vibration 
amplitude and lowering the resonant frequencies of nonlinear harvester to 
make them more suitable for low frequency ambient energy harvesting. 
The proposed harvester is a composite cantilever beam consisting of a 
piezoelectric material with an extended polymer strip that has a magnetic 
tip facing another magnet at a distance. A drop in resonant frequency 
from 100 Hz to 56 Hz is achieved due to the polymeric material extension. 
The static and dynamic behaviors are investigated for the mono and bi-
stable regimes. Symmetry breaking and saddle-node static bifurcations 
phenomena are also reported. The variation of the first natural frequency 
with the separation distance between the two magnets is explored. 
Extensive frequency response curves of the beam, including stable and 
unstable solutions, are obtained using the shooting method.

9806-12, Session 3

Multiple patch-based piezoelectric energy 
harvesters integrated to a thin plate with 
AC-DC conversion: analytical modeling 
and numerical validation
Amirreza Aghakhani, Ipek Basdogan, Koç Univ. (Turkey); 
Alper Erturk, Georgia Institute of Technology (United 
States)

Plate-like structures are widely used in numerous automotive, marine 
and aerospace applications. Power output investigations of piezoelectric 
patch harvesters integrated to these structures require accurate models for 
energy harvesting performance evaluation and optimization. The equivalent 
circuit modeling of the cantilever-based vibration energy harvesters for 
estimation of electrical response has been proposed in the recent years. 
However, equivalent circuit and analytical modeling of multiple patch-
based piezoelectric energy harvesters integrated to thin plates including 
nonlinear circuits has not been studied in the literature. In this article, first, 
equivalent circuit model of the multiple patch-based harvester connected 
to a resistive load is built in electronic circuit simulation software SPICE 
and voltage frequency response functions (FRF) for series and parallel 
connection of patches are validated against analytical distributed-parameter 
model. Then, analytical formulation for the DC voltage output to point force 
FRF is derived while piezoelectric patches in series/parallel configurations 
are connected to a standard AC-DC circuit. The analytic model is based 
on the idea of assuming an equivalent load impedance for piezoelectric 
capacitance and AC-DC circuit elements. The analytic results are validated 
numerically via SPICE simulations. Finally, DC Voltage and power outputs 
of the harvester are compared for the series and parallel connection of 
piezoelectric patches. 
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9806-13, Session 3

Modeling, experimental verification, and 
application of a low-frequency zigzag 
energy harvester based on impact 
principle
Shengxi Zhou, Daniel J. Inman Sr., Univ. of Michigan 
(United States); Junyi Cao Sr., Xi’an Jiaotong Univ. (China)

In order to solve the challenging issue of supplying energy for 
electromechanical devices in the body, this paper presents a novel low-
frequency zigzag energy harvester based impact principle. In principle, 
the proposed harvester can efficiently harvest low-frequency vibration 
energy in both horizontal and vertical directions. Based on Euler-Bernoulli 
beam assumptions specific boundary conditions, and the impact principle, 
a theoretical model of the proposed harvester is presented. The effect of 
the distance between the zigzag structure and piezoelectric material on 
the nonlinear dynamic response of the proposed harvester is researched. 
The phase plane portrait of the response displacement and the response 
velocity, Poincare map of the phase plane portrait, the time-domain 
output voltage and its fast Fourier transformation (FFT) are employed to 
completely analyze nonlinear characteristics of the proposed harvester. 
Experiments are carried out to verify the theoretical results. In addition, 
the voltage response of the proposed harvester under some measured 
vibration signals from human heartbeat, throat vibration, chest vibration, leg 
vibration, abdomen vibration. The results show a good performance of the 
proposed harvester in efficiently harvesting low-frequency vibration energy 
from human body.

9806-15, Session 4

Highlights and challenges in 
nondestructive evaluation for metallic 
and composite structures (Keynote 
Presentation)
Wieslaw M. Ostachowicz, The Szewalski Institute of Fluid-
Flow Machinery (Poland) and Warsaw Univ. of Technology 
(Poland)

The paper presents methods and techniques oriented towards structural 
health monitoring (SHM) and (ENDT) for both metallic and composite 
structures. Particularly the paper is dedicated to the vibration–based 
methods, elastic waves propagation phenomenon, fibre optic sensors, laser 
sensing, electromechanical impedance, acoustic emission, and terahertz 
method. Selected numerical modelling aspects of the phenomena related to 
the mentioned methods are addressed.

Moreover it covers the main disciplines which are related to above 
mentioned techniques as piezoelectric sensors and transducers, a problem 
of sensor placement, damage mechanics and signal processing. The 
signal processing approach is crucial allowing extracting damage related 
features from the gathered signals. It also includes a variety of techniques 
being related to diagnostics (damage size estimation and damage type 
recognition) and prognostics.

Investigated damage is in the form of mechanical failures as cracks, 
delaminations, debonding, bridging, voids. Also methods dedicated to 
thermal degradation, moisture and chemical contamination are shown. 
Presented methods are also suitable for performance of bonded joints 
assessment. Separate part of the paper is dedicated to influence of external 
factor (temperature, load) on investigated methods. The characteristic 
of each method is summarized by a critical look giving advantages and 
disadvantages that need to be addressed in future research.

Promising combination of selected techniques should lead to an innovative 
approach to ensure safety operation of structures. All problems have been 
dealt with a hybrid experimental–numerical approach. 

9806-16, Session 5

Development of novel general equation 
for multistage epicyclic gearset with 
corrected teeth: non-constrained approach
Piotr Kijanka, Adam Jablonski, Tomasz Barszcz, AGH Univ. 
of Science and Technology (Poland)

A large number of commercial systems for condition monitoring of 
most common planetary gearboxes used in wind turbines and mining 
machinery have been developed for years. However nowadays, multistage 
constructions are encountered in industries. These are not necessarily 
planetary, but generally epicyclic. Current state of the art, according to 
the authors’ knowledge, does not give general equations for a case where 
multistage systems are considered, where some of the gears consist all 
moving parts. Hence, currently available CMS systems are not suitable for 
condition monitoring of these kinds of systems.

The paper presents a new general equation, which allows calculating the 
characteristic frequencies of any kind of multistage gear sets, as a result 
of theoretical investigation. Illustrated solution does not assume a fixed 
speed of any element. Moreover, presented equation takes into account 
corrected teeth, making developed equations most general from all 
available in tribology science. Presented scientific development is currently 
implemented in a modern European CMS.

9806-17, Session 5

Quantifying voids effecting delamination 
in carbon/epoxy composites: static and 
fatigue fracture behavior
Issa A. A. Hakim, Univ. of Dayton (United States) and 
Fraunhofer IKTS-MD (Germany) and Omar Al-Mukhtar 
Univ. (Libya); Steven Donaldson, The Univ. of Dayton 
(United States); Norbert G. Meyendorf, Iowa State Univ. 
of Science and Technology (United States); Daniel May, 
Mohamed Abo Ras, AMIC GmbH (Germany); David 
Walter, Bundesanstalt für Materialforschung und -prüfung 
(Germany)

Carbon fiber composite materials have become materials of choice for wind 
turbine blades due to their high specific stiffness, strength and fatigue life to 
weight ratio. The high cycle fatigue resistance of composite materials used 
in wind turbine blades is a major uncertainty in predicting the reliability of 
wind turbines over their design lifetime. Delamination or interlaminar failure 
is a serious failure mode observed in composite structures which leads to a 
loss of local stiffness. Manufacturing process defects such as voids degrades 
the fatigue life and delamination resistance of the blade’s composite. The 
purpose of this research it to describe the effect of voids on delamination 
in carbon/epoxy composites: static and fatigue interlaminar fracture 
behavior under mode I and mode II loading of wind turbine carbon fiber 
composites. Sample of carbon fiber-reinforced epoxy matrix composites 
were fabricated using hand layup vacuum bagging method at three different 
vacuum levels to vary the void volume fraction. Since void content is a key 
element in this research, it was characterized and quantified using four 
different nondestructive methods for comparison and accuracy purpose; 
ultrasonic acoustic microscopy, eddy current, Thermography and X-Ray 
laminography. The results of nondestructive methods showed that a general 
trend of increasing in void volume fraction with decreasing vacuum. This is 
because the use of higher vacuum pressure reduces the void content in the 
laminates.
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9806-18, Session 5

Terahertz ISAR, infrared thermography, 
and x-ray imaging of large area wind 
turbine blade defects
Robert Martin, Christopher S. Baird, Robert H. Giles, 
Univ. of Massachusetts Lowell (United States); Andrew 
Schoenberg, Composites Engineering and Research 
Lab. (United States) and Southern Maine Community 
College (United States); Christopher Niezrecki, Univ. of 
Massachusetts Lowell (United States)

During the manufacture of wind turbine blades, internal defects can form 
which negatively affect their structural integrity and can lead to premature 
failure. The purpose of this research was to conduct preliminary testing 
of three non-destructive evaluation techniques that have the potential to 
scale up to larger areas. The three techniques investigated were: Terahertz 
frequency fully-polarimetric inverse synthetic aperture radar (ISAR), infrared 
thermography, and x-ray imaging. The terahertz ISAR technique employed 
standard polarimetric radar cross-section processing, and additionally 
applied an optimized polarimetry transformation known as the Euler 
transformation. Also, image back-rotation and compositing algorithms 
were used to combine multiple ISAR images into a single image to aid in 
defect detection. ISAR data was collected using a frequency modulated 
continuous wave 100 GHz radar system. The infrared technique utilized a 
FLIR T440 camera and applied first and second time derivatives to thermal 
recordings to enhance defect detection. The x-ray technique utilized a 
commercial airport cargo x-ray scanner. Multiple fiberglass samples with 
defects representative of manufacturing wind turbine blade defects were 
investigated using each of the three techniques. Out-of-plane defects and 
resin dry patches were the primary defects of interest in these samples. 
Images were created of each sample using each of the three techniques. 
Comparing these images with defect diagrams of the samples indicated that 
these three techniques effectively indicate the presence of certain defects.

9806-19, Session 5

Neuro-fuzzy computing for vibration-
based damage localization and severity 
estimation in an experimental wind turbine 
blade with superimposed operational 
effects
Simon Hoell, Lloyd’s Register Foundation Ctr. for Safety 
and Reliability (United Kingdom) and Univ. of Aberdeen 
(United Kingdom); Piotr Omenzetter, Univ. of Aberdeen 
(United Kingdom)

The increasing demand for carbon neutral energy in a challenging economic 
environment is a driving factor for advancements in renewable energy 
in recent years. For the wind energy sector, potential energy outputs 
are enhanced by erections of ever larger wind turbines (WTs) in remote 
areas where wind speeds are higher and more predictable. Low masses 
of WT blades (WTBs) are key structural design considerations for these 
developments facilitated by novel composite materials. However, the WT’s 
long-term safety and reliability is affected by higher flexibilities and lower 
buckling capacities of these WTBs. Additionally, intervals for physical 
inspections are rigidly defined by international standards and guidelines. 
This practice applied to large WTs in remote sites causes significantly 
increasing operation and maintenance costs. Effective structural health 
monitoring (SHM) of WTs can make a difference by scheduling maintenance 
actions according to the actual state and, with it, reducing the risk of 
dramatic failures.

Vibration-based SHM methods have an edge over other available techniques 
due to their moderate instrumentation requirements and the applicability 
for continuous monitoring of complex structures in harsh environments. 

These advantages are results of availability of mature sensing techniques 
and utilization of global vibration responses from ambient and operational 
excitation sources, where elastic waves encompass the entire structure 
due to low damping and long wave lengths. Therefore, the present paper 
proposes a novel multi-step approach for vibration-based structural 
damage localization and severity estimation for the application in operating 
WTs. First, the multi-blade coordinate transformation is applied to raw 
acceleration signals for linearizing and removing of cyclo-stationarities 
caused by periodic changes in the system due to rotor rotations. Second, 
time series correlations are estimated for constructing initial damage 
sensitive feature (DSF) vectors. Third, to further reduce unmeasurable 
and controllable effects from varying excitation characteristics and 
measurement noise, initial DSFs are transformed with the help of principal 
component analysis (PCA). Then, PCA scores from the healthy state and 
selected reference damage states are used to select subsets of principal 
components (PCs) that maximize the statistical distance between the two 
DSF distributions. This significantly reduces computational efforts while high 
damage sensitivity is assured. These scores from selected PCs are then used 
for creating an adaptive neuro-fuzzy inference system (ANFIS), which is an 
artificial neural network comprising logical principles from fuzzy inference 
systems. Multiple ANFISs are trained using the selected scores as system 
inputs and known damage locations and extents of the corresponding 
reference damage states as outputs. Further phases are model validation 
with a second set of inputs and known damage cases for assuring 
appropriates of the identified system and the actual detection phase. The 
advantage of ANFISs over other neural soft-computing techniques is the 
simplified model structure due to the use of fuzzy rules and membership 
functions.

This method is applied to a small scale WTB made of a glass-fiber reinforced 
epoxy composite material. Physical experiments are performed in the 
laboratory, where the WTB is contact-free excited with a fan generating air 
stream and damage scenarios are introduced non-destructively by attaching 
small masses. For incorporating effects from the operation of a WT, 
numerical simulations of an operating WT are performed. A finite element 
model of the WTB is created and calibrated with experimentally identified 
modal analysis parameters, i.e. natural frequencies, modal damping ratios 
and mode shapes. Then, sectional stiffness properties are extracted as 
inputs for a simplified combined modal and multi body dynamic model 
of the physical WT. Aerodynamic simulations of the operating WT are 
performed with this model to generate acceleration time series at locations 
equal to the physical sensor positions. Signals from the physical experiments 
are then superimposed to the simulated signals in order to achieve the 
desired realistic conditions. Insights form this work will pave the way for 
future developments of effective vibration-based SHM systems to facilitate 
improved safety and reliability of WTs at lower costs.

9806-20, Session 6

NDE for additive manufactoring
Alexander Michaelis, Fraunhofer-IKTS (Germany)

No abstract available

9806-21, Session 6

Artificial feel device on aircraft control 
stick using magneto-rheological foam 
feedback system
Vignesh Manoharan, Daewon Kim, Embry-Riddle 
Aeronautical Univ. (United States)

The feasibility of using a Magneto-Rheological (MR) foam force feedback 
device in providing artificial feel force on aircraft control stick is studied. The 
primary objective of this research is to develop a novel feel force system 
that can overcome drawbacks of existing systems and also to build a new 
device that satisfies the FAA regulations. Conventional feel force systems in 
aircraft use servo motors, hydraulics, and springs but all of which consume 
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a large amount of space and have complicated mechanisms. In this paper, 
a mathematical model of the MR feedback device is investigated to find a 
relationship between magnetic field density and shear stresses exerted by 
porous MR foam. Electro-magnetic analysis is performed on the magnetic 
circuit and the magnetic flux density results are equated with the numerical 
model. After numerical modeling, the device is fabricated with a simple 
piston and cylinder assembly. The system is experimentally validated by 
integrating a joystick with LabVIEW. A laser displacement sensor is utilized 
to monitor the piston displacements and the entire closed loop force-
feedback control process is achieved using data acquisition systems. The 
developed system is compared with existing feel force devices. The results 
are further discussed and juxtaposed to the FAA regulations.

9806-22, Session 6

A novel methodology for self-healing at 
the nanoscale in CNT/epoxy composites
Elizabeth Quigley, Siddhant Datta, Aditi Chattopadhyay, 
Arizona State Univ. (United States)

Self-healing materials with the ability to partially or completely repair 
the damage inflicted upon them have become a key area of interest to 
the materials research community. Improving the understanding of the 
properties and effectiveness of smart/multifunctional materials extends 
their serviceable life as well as prevents catastrophic failure, allowing for 
their safer implementation in aircraft and civil platforms. Self-healing 
materials generally contain microcapsules that release a healing agent under 
the application of stress or load which causes nano-/microlevel cracking in 
the material. In the case of polymeric self-healing materials, the formation 
of cracks breaks the microcapsules and the healing agent binds with a 
facilitating compound to form hardened polymeric regions in areas where 
the crack has formed. This paper will present a novel technique focusing on 
carbon nanotubes (CNTs) filled with a healing agent to provide self-healing 
capabilities at the nanoscale and enhanced strength of the material that 
microcapsules currently do not have the ability to impart. The structure of 
CNTs is suited for this application because they are nanosized, hollow, and 
easily available. Furthermore, the fabrication of the filled CNTs and their 
performance when employed in CNT/epoxy composites will be explored in 
detail in this paper. 

9806-23, Session 6

Ensuring near-optimum homogeneity and 
densification levels in nano-reinforced 
ceramics
Konstantinos G. Dassios, Nektaria-Marianthi Barkoula, 
Panagiota Alafogianni, Univ. of Ioannina (Greece); 
Guillaume Bonnefont, Gilbert Fantozzi, Institut National 
des Sciences Appliquées de Lyon (France); Theodore E. 
Matikas, Univ. of Ioannina (Greece)

The development of a new generation of high temperature ceramic 
materials for aerospace applications, reinforced at a scale closer to the 
molecular level and three orders of magnitude less than conventional fibrous 
reinforcements, by embedded carbon nanotubes, has recently emerged 
as a uniquely challenging scientific effort. The properties of such materials 
depend strongly on two main factors: i) the homogeneity of the dispersion 
of the hydrophobic medium throughout the ceramic volume and ii) the 
ultimate density of the resultant product after sintering of the green body 
at the high-temperatures and pressures required for ceramic consolidation. 
The present works reports the establishment of two independent 
experimental strategies which ensure achievement of near perfect levels of 
tube dispersion homogeneity and fully dense final products. The proposed 
methodologies are validated across non-destructive evaluation data of 
materials performance.

9806-24, Session 6

A methodology for evaluation of aging 
process for control of reliability
Volodymyr V. Skliarov, National Scientific Ctr. “Institute of 
Metrology” (Ukraine)

Currently, the operational lifecycle of the most of nuclear power plants 
in Ukraine is over 30 years. During the designed operational lifecycle the 
materials of NPP equipment were exposed to operational aging.

According to the classical definition: “The aging of metals is the change in 
the mechanical, physical and chemical properties of metals and alloys in the 
process of maturing. Aging is caused by the thermodynamic nonequilibrium 
of the original state and the gradual approximation of the structure to the 
equilibrium state in a sufficient diffusion mobility of atoms”. The analysis 
of mechanisms of aging of materials and evaluation of the measurement 
properties and characteristics of materials with long operational lifecycle 
allows to prevent the damage of the equipment. Selection of methods and 
means of nondestructive inspection allows to determine the change of 
material properties of the operational mechanisms of damage, to perform 
non-destructive testing of NPP equipment and carry out preventive safety 
measures.

Accounting and analysis of potential mechanisms of aging and methods of 
control on the identifying the aging processes will allow to create a step by 
step methodology for the calculating by existing software systems.

9806-25, Session 7

Four point bending analytical-
experimental assessment for detecting 
failure and damage in environmental 
barrier coated CMC specimen
Ali Abdul-Aziz, Martha H. Jaskowiak, Ramakrishna T. Bhatt, 
NASA Glenn Research Ctr. (United States)

Interest in multilayer coatings system is becoming essential to engine 
manufacturers since it provides needed protections for engine components 
and in particular the hot sections ones. Among these protective multilayers 
is the environmental barrier coating (EBC) which is currently being 
investigated as a shield for fiber reinforced ceramic matrix composites 
substrates. However, these EBC’s experience various types of failure 
mechanisms such as spallation when undergoing complicated operating 
and environmental conditions typically experienced by gas turbine engines. 
In order to model and validate the failure characteristics of the EBC, the 
fracture strength and kinetics of the crack growth in the EBC layers need to 
be experimentally determined under engine operating conditions. 

A multi layered barium strontium aluminum silicate (BSAS) based EBC-
coated, melt infiltrated silicon carbide fiber reinforced silicon carbide 
matrix composite (MI SiC/SiC) specimen was tested under 4-point 
bending condition at room temperature. Multiple tests were performed 
on coated specimens with increasing predetermined stress levels until 
final failure. During loading, the damage occurring in the composite was 
monitored by digital image correlation (DIC) camera. After unloading from 
the predetermined stress levels, the specimen was examined by optical 
microscopy and scanning electron microscope (SEM). Finite element 
analyses were carried out to model the experimental conditions and 
correlate analytical data with the test results in an effort to characterize 
the failure state of the coating layers and calibrate the experimental tests. 
Results indicate optical microscopy could not resolve the primary or 
secondary cracks developed during loading until failure. On the other hand, 
DIC did provide information of a primary crack at of the ultimate tensile 
strength and this crack grew with increasing stress and eventually led to 
final failure of the specimen. Analytically, the results obtained predicted the 
failure sequence of the coating layers due to the bending load applied. 
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9806-26, Session 7

Performance of PZT stacks under 
high-field electric cycling at various 
temperatures in heavy-duty diesel engine 
fuel injectors
Hong Wang, Sung-Min Lee, Hua-Tay Lin, Oak Ridge 
National Lab. (United States); Randy Stafford, Cummins, 
Inc. (United States)

Lead zirconate titanate [PZT, Pb(Zr, Ti)O_3] multilayer actuators in heavy-
duty diesel engine fuel injectors involve a high-field driving condition to 
maximize the strain output of the actuators. However, the high electric field 
also causes increased tensile stress associated with mismatched strains, 
increased dynamic overshoot, enhanced field concentration near the active–
inactive transitional zone, and increased piezoelectric/ dielectric hysteresis. 
These changes raise significant concerns about fatigue and failure in PZT 
stacks. The reliability of PZT stacks was studied previously in various testing 
conditions, including semi-bipolar and unipolar modes, rated electric field 
and multiple of the rated electric field, with and without mechanical pre-
load, ambient and electric fluid environments, etc. Driving large-size stacks 
of several tens of microfarads to required level of electric field presents 
a significant challenge to the electronics. An alternative approach was 
developed recently to test large PZT stacks by using extracted multilayer 
actuators. The extracted actuators are subunits of a prototype stack 
consisting of 10 or 20 PZT layers. The internal and external electrodes of 
the extracted specimens were preserved and the extracted was shown to 
perform equivalently in a typical electric cycle test.

The effect of temperature on the performance PZT stacks is critical because 
these stacks are required to work properly in the fuel injectors where a 
certain degree of temperature is applied. On the other hand, temperature 
factor was studied related to the performance of PZT stacks under rated 
voltages in some earlier studies, in which the response of the stacks was 
mainly characterized in terms of mechanical strain. A systematic study on 
the PZT stacks under high field electric cycling with temperature coupled is 
not available.

The 10-layer PZT plate specimens or stacks were examined in this study. 
The specimens were extracted from commercial stacks. The original stack 
size was 11.5?11.5?54.0 mm. The specimens were tested in a modified ORNL 
piezodilatometer where electronic fluid FC-40 was used as medium to 
control the surface dielectric breakdown of testing setup, and an immersion 
heating device installed to heat the FC-40 to target temperatures. The 

testing protocol consisted of two procedures: a cycling procedure at defined 
temperature and a measurement procedure at room temperature when the 
cycling reached the designated numbers of cycles. The PZT plate specimens 
were tested under 3.0 kV/mm 100 Hz to 10^8 cycles at room temperature 
(19^oC) and 50^oC. Both the piezoelectric and dielectric responses of the 
PZT specimens were tested and evaluated. The piezoelectric coefficient 
(d31) showed a different fatigue rate than dielectric coefficient e33. At the 
same time, the fatigue rates of d31 and e33 at 50^oC increased and became 
more than twice those of room temperature, respectively. Finally, the 
fatigue-induced microstructural damages to PZT specimens were examined 
using optical microscope and further discussed with respect to the extent 
of piezoelectric and dielectric fatigues. The results can serve as input for 
further design optimization of the PZT stacks in the related applications. 

9806-27, Session 7

Optimization of various parameters of 
polanga (Calophyllum Inophyllum) based 
biodiesel engine through modified genetic 
algorithm using different sensors
Shefali Dhingra, Kurukshetra Univ. (India)

The paper presents the optimization of performance (BSFC and BTE), 
combustion (Pmax) and emission (CO, NOx, HC and smoke opacity) 
parameters in a polanga biodiesel engine by predicting major engine input 
parameters (blending ratio, compression ratio and load torque) through 
preliminary investigations. The various readings are presented in a system 
generated software using Lab view. The different sensors are attached 
in the engine for predicting the exact value in the system. The pareto 
solutions are found using RSM-NSGA-II programme. Validation tests are 
therefore conducted from pareto solutions (randomly selected) to check the 
authenticity of the results. 

9806-28, Session 8

Impact damage identification of 
composite vessels through acoustic 
emission on-line monitoring
Dong-Jin Yoon, Byeong-Hee Han, Il-Sik Kim, Choon-Su 
Park, Il-Bum Kwon, Korea Research Institute of Standards 
and Science (Korea, Republic of)

Acoustic emission technology (AET) have been used for the structural 
health monitoring of large structures such as pressure vessel, civil structures, 
and aerospace structures. Especially, comparing to other nondestructive 
testing technology, it is one of the most powerful techniques being able 
to detect damages and to identify damage location during operations. 
In order to assess the existence, the location, and the degree of damage 
by external impact in the high pressure cylindrical composite structures, 
we have used two kinds of new source location algorithms. One is based 
on the AE energy contour map which is independent of wave velosity in 
the composite materials. This measurement of energy distribution in the 
composite materials is much better than conventional time arrival difference 
method in its detectability point of view. The other one is conventional zonal 
location that says the most probable area of damages. This study describes 
the new concept of inspection of damage existence and location after long 
time keeping of vessels, and discusses how they can be verified for the 
exact damage location and for the degree of impact damage of cylindrical 
composite structures. In case of the in-service inspection, the existence and 
the degree of damage are discriminated by AE signal level based on pre-
acquired damage information, and the location of damages were decided 
by zonal location method. On the other hand, in case of on-line monitoring, 
energy contour map based source location method will be applied. From 
experimental results, the new proposed damage assessment algorithm is 
verified for assessing the unexpected external impact damages in cylindrical 
multi-layered composite structure. 
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9806-29, Session 8

Evaluation of the stability of large-sized 
electrical equipment to the seismic 
impacts by NDE method
Volodymyr V. Skliarov, National Scientific Ctr. “Institute of 
Metrology” (Ukraine)

The main task of the electrotechnical equipment of a nuclear power plant 
(NPP) is to ensure the safe operability of NPP in the event of nuclear 
accidents and seismic impacts. The electrotechnical equipment located 
at the NPP is specially tested for vibration, shock and seismic influences 
resistance. Qualification of equipment according with the IEC and the IAEA 
standards and laws is based on the analysis of the initial parameters of a 
given earthquake, finite element modeling of the bearing structures and 
the database for experimental development on vibration resistance of the 
components. The general requirements for electrotechnical equipment 
in terms of resistance to mechanical external factors are defined in 
GOST 17516.1-90 Electrical articles. General requirement for environment 
mechanical stability.

9806-30, Session 8

Develop an piezoelectric sensing based on 
SHM system for nuclear dry storage system
Linlin Ma, Zhenhua Tian, Stephen Howden, Bin Lin, Xiaoyi 
Sun, Lingyu Yu, Univ. of South Carolina (United States)

In US, there are over 1482 dry cask storage system (DCSS) in use storing 
57,807 fuel assemblies. Monitoring is necessary to determine and predict the 
degradation state of the systems and structures. Therefore, nondestructive 
monitoring is in urgent need and must be integrated into the fuel cycle 
to quantify the “state of health” for the safe operation of nuclear power 
plants (NPP) and radioactive waste storage systems (RWSS). Innovative 
approaches are desired to evaluate degradation and damage of used fuel 
containers under extended storage. Structural health monitoring (SHM) is 
an emerging technology that uses in-situ sensory system to perform rapid 
nondestructive detection of structural damage as well as long-term integrity 
monitoring. It has been extensively studied in aerospace engineering over 
the past two decades.

This paper presents the development of a SHM and damage detection 
methodology based on piezoelectric sensors technologies for steel 
canisters in nuclear dry cask storage system. Durability and survivability 
of piezoelectric sensors under temperature influence are first investigated 
in this work by evaluating sensor capacitance and electromechanical 
admittance. Toward damage detection, the PES are configured in pitch catch 
setup to transmit and receive guided waves in plate-like structures. When 
the inspected structure has damage such as a surface defect, the incident 
guided waves will be reflected or scattered resulting in changes in the wave 
measurements. Sparse array algorithm is developed and implemented using 
multiple sensors to image the structure. The sparse array algorithm is also 
evaluated at elevated temperature.

9806-37, Session PTue

Energy harvesting under excitation of 
clamped-clamped beam
Ashok K. Batra, Al-Muatasim Alomari, Mohan D. Aggarwal, 
Alak Bandyopadhyay, Alabama A&M Univ. (United States)

In this article, a piezoelectric energy harvesting has been developed 
experimentally and theoretically based on Euler-Bernoulli Theory. A PVDF 
piezoelectric thick film has attached along of clamped-clamped beam under 
sinusoidal base excitation of shaker. The results showed a good agreement 
between the experimental and simulation of suggested model. The voltage 

output frequency response function (FRF), current FRF, and output power 
has been studied under short and open circuit conditions at first vibration 
mode. The mode shape of the clamped-clamped beam for first three 
resonance frequency has been modeled and investigated using COMSOL 
multiphysics and MATLAB.

9806-38, Session PTue

A study on the multilayer π-type 
thermoelectric power generation module 
using the metal direct bonding technology
Hiroshi Sato, National Institute of Advanced Industrial 
Science and Technology (Japan); Teturo Yanaseko, 
Yokohama National Univ. (Japan); Yuki Hirayama, Hiroshi 
Asanuma, Chiba Univ. (Japan)

The thermoelectric power generation device can take out electric 
energy from thermal energy directly. In order to transform a difference 
of temperature into electric power efficiently, it is common to make 
the thermoelement of N-type and P-type into pi structure. Since the 
thermoelectric power of an element was small, much pi structures needed 
to be connected with series, but when a large number were connected with 
series, there was a problem that internal resistance will become large. 

In this study, we propose a new stacked π-type structure sandwiched 
between an insulating layer using a metal direct bonding technology. By 
using this technique, significantly lowered layered structure the electrical 
resistance of the joint portion, because it can be produced by laminating at 
least one hundred sheets at a time, even when using a metal material having 
low Seebeck effect, a sufficiently practical level It can boost the voltage, 
a possible cost reduction of the device itself. Further, since the laminated 
π type structure fabricated Each interface is tightly bonded by eutectic 
reaction, it is possible to use a structure having a power generation function. 

9806-39, Session PTue

Thermally super-insulated and flaming 
retardant 3D graphene scaffolds with 
hierarchical honeycomb microstructures
Qiangqiang Zhang, Harbin Institute of Technology (China); 
Menglong Hao, Purdue Univ. (United States); Xiang Xu, Hui 
Li, Harbin Institute of Technology (China); Timothy Fisher, 
Purdue Univ. (United States)

Thermally super-insulated and flaming retardant 3D graphene scaffolds 
(GSs) were fabricated by a modified hydrothermal method and a direct 
oriented freeze-casting strategy. The porous frameworks consisted of 
graphene sheets present well-connected honeycomb microstructures. Due 
to the zigzag aligned networks of graphene cellular walls, the effective 
pathways for heat transferring are greatly extended rather than those 
of directly arrayed micropatterns. The as-formed GSs demonstrates 
super-insulating and flaming retardant properties that performs better 
than traditional polymer-based insulated foam with ultralight weight 
and mechanical robustness. Oxidized GSs exhibits a ultralow thermal 
conductivity of ~1 mW/(mK), which is less than 40% that of dry air (25 mW/
(mK)) and 1/3 of expanded polystyrene (30 - 40 mW/(mK)). The thermal 
conductivity of GSs is not only linearly dependent on bulk density, but 
also can be tuned adjusting porosity of microstructure (effective density). 
A significant threshold hopping of thermal conductivity presents at 50% 
compressive deformation of GSs, the in-situ observations in SEM illuminate 
the mechanism of tunable thermal conductivity under the evolution of 
heat transfer pathway in microstructures. In addition, the experimental 
results demonstrate that thermal conductivity is incrementally dependent 
on ambient temperature increase, and the GSs has outstanding flaming 
retardant with mechanical robustness (2% stress) after flaming treatment. 
GSs is verified its promising applications in thermal super-insulated and 
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flaming retardant materials, and even a useful strategy to design porous 
nanomaterial with expected thermal conductive capacity based on special 
channels and pathways for heat transfer.

9806-40, Session PTue

Acoustic metamaterial bar with non-linear 
spring-mass cells
Rongxiang Cao, Weili Cao, Institute of Automation (China)

In this paper we present experimental and theoretical results on an 
acoustic metamaterial that exhibits negative effective mass and negative 
effective stiffness. A one-dimensional acoustic metamaterial with an group 
of non-linear spring-mass cells in a bar was fabricated. The frequency 
characteristics of the acoustic metamaterial has the same form as that of 
the permittivity in metals due to the plasma oscillation. We also provide a 
theory to explain the simulation results. And numerical simulations reveal 
that the actual working mechanism of the proposed metamaterial bar is 
based on the concept of conventional mechanical vibration absorbers. It 
uses the incoming elastic wave in the bar to resonate the integrated spring-
mass-damper absorbers to vibrate in their optical mode at frequencies close 
to but above their local resonance frequencies to create shear forces and 
bending moments to straighten the beam and stop the wave propagation. 
Moreover, we design a finite periodic system composed of such basic units 
to confirm that the modeling and analysis techniques are available.

9806-41, Session PTue

The effect of corrosion on the fatigue life 
of SiC particle reinforced aluminum matrix 
composites
Panagiota Aikaterini T. Dalla, Ilias K. Tragazikis, Dimitrios A. 
Exarchos, Theodore E. Matikas, Univ. of Ioannina (Greece)

The corrosion behavior of metal matrix composite structures is an important 
factor of material performance and occurs via electrochemical reactions 
at the interface between the metallic matrix and the reinforcement. 
The corrosion rate is determined by equilibrium between two opposing 
electrochemical reactions, the anodic and the cathodic. When these two 
reactions are in equilibrium, the flow of electrons from each reaction type 
is balanced, and no net electron flow occurs. In the present study, Al-SiC 
tensile-shape samples are immersed in NaCl solution having their gage area 
appropriately covered with sol-gel to allow the formation of selective pitting 
corrosion, while the rest of the material is completely sealed. In order to 
investigate the effect of pitting corrosion on the material performance, the 
specimens were subjected to mechanical fatigue. The effect of corrosion 
on the fatigue life was assessed using two complimentary nondestructive 
methods, infrared thermography and acoustic emission.

9806-42, Session PTue

Detection of damage in advanced 
composite materials using laser Doppler 
vibrometry
Theodoti Z. Kordatou, Ilias K. Tragazikis, Theodoros E. 
Matikas, Univ. of Ioannina (Greece)

Laser Doppler Vibrometry (LDV) is a nondestructive technique providing 
non-contact, full field damage assessment of advanced materials. The 
present study focuses on the development of an advanced methodology 
for the visualization of the interaction between acoustic waves and near-
surface damage in the material. In particular, the new methodology has 
been applied for the detection of damage in Al-SiC metal matrix composites 
undergone cyclic mechanical loading. LDV was used to visualize and 

measure the amplitude and velocity of Rayleigh surface waves propagating 
in the Al-SiC specimens. Rayleigh waves are experimentally generated 
using a piezoelectric contact transducer. The variation in the Rayleigh 
wave amplitude and velocity, measured using the LDV during mechanical 
fatigue, was associated with the level of damage. The development of 
such a methodology allows for real-time damage assessment in composite 
materials and structures.

9806-43, Session PTue

Acoustic emission signatures of fire 
damaged modes in fiber reinforced 
concrete 
Anastasios C. Mpalaskas, Univ. of Ioannina (Greece); 
Dimitrios G. Aggelis, Danny Van Hemelrijck, Vrije Univ. 
Brussel (Belgium); Theodore E. Matikas, Univ. of Ioannina 
(Greece)

The mechanical behavior of two types of fiber-reinforced concrete after 
extensive thermal damage is studied in this paper. The difference of these 
two types is in the shape of the steel fiber that is used for reinforcement, 
one corrugated and the other with hooked end. After being exposed to 
direct fire action at the temperature of 850oC, specimens were subjected 
to bending and compression in order to determine the loss of strength and 
stiffness in comparison to intact specimens and between the two types.

The fire damage was assessed using nondestructive evaluation techniques, 
specifically ultrasonic pulse velocity (UPV) and acoustic emission (AE). 
Apart from the good, well known, correlation of UPV to strength (both 
bending and compressive), strong correlations were observed between 
UPV and the absorbed fracture energy. In addition, AE parameters based 
mainly on the energy of the emitted signals after cracking events showed 
a similar or, in certain cases, better correlation with the mechanical 
parameters and temperature. This demonstrates the sensitivity of AE to 
the fracture incidents which eventually lead to failure of the material and 
it is encouraging for potential in-situ use of the technique, where it could 
provide indices with additional characterization capability concerning the 
mechanical performance of concrete after it subjected to fire.

9806-44, Session PTue

Correlation between acoustic emission 
parameters and strength of marble
Anastasios C. Mpalaskas, Univ. of Ioannina (Greece); 
Dimitrios G. Aggelis, Vrije Univ. Brussel (Belgium); 
Theodore E. Matikas, Univ. of Ioannina (Greece)

The present paper occupies with the acoustic emission (AE) monitoring 
of fracture of marble. The specimens belong to two different types and 
were tested in three-point bending after being ultrasonically interrogated. 
Consequently they were repaired by means of suitable EPOXY agent and 
mechanically loaded again. Apart from the well-known correlation of pulse 
velocity to strength, which holds for the materials of this study, AE provides 
some unique insight in the fracture of the media. Parameters like the 
frequency content of the waveforms, and their duration among others show 
a transition in relation to the load. According to the their strength class the 
specimens exhibit distinct AE characteristics even at low load, enabling to 
judge their final strength class after having sustained just a small percentage 
of their ultimate capacity. This work discusses the passive monitoring 
of marble fracture and shows that AE parameters that have been used 
to successfully characterize cementitious materials provide good results 
in monolithic materials like marble as well. Repaired specimens are also 
monitored by AE which is again used to provide insight and characterize 
their restoration. It is suggested that AE monitoring during a proof loading 
can provide good information on the potential strength class, which is 
especially useful for repaired specimens, where the pulse velocity cannot be 
easily used.
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9806-45, Session PTue

Design of piezoelectric transformer 
for DC/DC converter with evolutionary 
optimization method
Dejan Vasic, Lionel Vido, Lab. of Systems and Applications 
of Information and Energy Technologies (France) and 
Ecole Normale Supérieure de Cachan (France)

Piezoelectric transformers were adopted in recent year due to their many 
inherent advantages such as safety, no EMI problem, low housing profile, 
and high power density, etc. The characteristics of the piezoelectric 
transformers are well known when the load impedance is a pure resistor. 
However, when piezoelectric transformers are used in AC/DC or DC/
DC converters, there are non-linear electronic circuits connected before 
and after the transformer. Consequently, the output load is variable and 
due to the output capacitance of the transformer the optimal working 
point change. This paper starts from modeling a piezoelectric transformer 
connected to a full wave rectifier in order to discuss the design constraints 
and configuration of the transformer. Different from the typical optimal 
loading condition of the transformer, the optimization method adopted 
here is an evolutionary one. We start with the formulation of the objective 
function and constraints; then the results give different sizes of the 
transformer and the characteristics. In other word, this method is looking 
for a best size of the transformer for optimal efficiency condition that is 
suitable for variable load. Furthermore, the size and the efficiency are found 
to be a trade-off. This paper proposes the complete design procedure to 
find the minimum size of PT in need. The completed design procedure is 
discussed by a given specification. The PT derived from the proposed design 
procedure can guarantee both good efficiency and enough range for load 
variation.

9806-46, Session PTue

Development of an advanced, high-
frequency GPR technique for the 
assessment of concrete structures: from 
modeling predictions to experimental 
results
Eleni Cheilakou, Theodoros E. Matikas, Univ. of Ioannina 
(Greece)

Large public infrastructure facilities around the world like nuclear reactor 
containment, dams, cooling towers and bridges require constant inspection 
to prevent the occurrences of catastrophic failure. Current inspection routine 
of large vertical concrete structures is especially time consuming and cost-
intensive due to the process of gaining access to the outside of the building, 
which invariably involves erecting scaffolding before manual inspection 
commences. The present research work is part of a collaborative project 
that aims to develop a wall climbing vortex robot technology for the rapid 
and automated scanning of large vertical concrete structures, deploying 
a combination of novel Non Destructive Inspection techniques, in specific 
Ground Penetrating Radar (GPR) and Low Frequency UT. 

The main objective of this paper is to develop a portable, advanced 
and high operating frequency GPR prototype subsystem to be carried 
by the robot, which will be able to provide an increased sensitivity and 
resolution in terms of defects detectability at a penetration depth range 
up to 40-50 cm in concrete. For this purpose, the theoretical assessment 
of multiple GPR antenna-frequency approaches was initially performed 
using electromagnetic wave simulation tools for the propagation of radar 
waves within concrete, aiming to predict the required antenna frequency 
and characteristics that are most effective in detecting internal concrete 
elements and defects of interest found in realistic structures. Form the 
modeling results obtained, which are described in this paper, a portable, 
advanced, single-channel GPR subsystem was developed, which uses 
a high-frequency shielded dipole antenna in monostatic arrangement 

and operates at a central operating frequency of 2600 MHz. Finally, the 
evaluation of the performance of the developed GPR technology was 
carried out under laboratory conditions, where concrete samples of varying 
dimensions and with different embedded structural features of known 
characteristics were tested. The validation results produced from this study 
indicated the high potential and efficiency of the developed GPR subsystem 
to accurately detect internal concrete features with superior resolution and 
with sufficient penetration for concrete to be adequately resolved in depths 
up to 40 cm.

9806-47, Session PTue

Polarization and electrochemical 
Impedance techniques to measure 
corrosion resistance of newly fabricated 
nanocrystalline Al-Fe-Cr alloy
Asiful Seikh, Muneer Baig, King Saud Univ. (Saudi Arabia); 
Hany Rizk Ammar, Suez Univ. (Egypt)

In this study, nanocrystalline aluminium alloy was produced from metallic 
powders with addition of 10wt. %Fe and 5wt. %Cr processed using 
mechanical alloying (MA) technique. The initial powders were processed 
in a planetary ball mill for 150 hours at room temperature in an inert 
atmosphere. The processed powders were consolidated and sintered using 
a high frequency induction heat sintering (HFIHS) machine to form bulk 
samples. The consolidation pressure, heating rate, temperature and time 
of sintering will be 50MPa, 823K/min, 823K, 6minutes, respectively. The 
crystallize size of the bulk samples will be calculated from the peak profile 
obtained through X-Ray diffraction (XRD). The corrosion resistance of 
nanocrystalline aluminium alloy was studied in 3.5% NaCl solution at room 
and higher temperatures using electrochemical impedance spectroscopy 
(EIS) and linear polarization resistance (LPR) techniques. Linear 
polarization resistance curves, Nyquist data and Bode curves obtained by 
electrochemical impedance spectroscopy, suggest that the alloy have good 
resistance to corrosion in sodium chloride solution at room temperature as 
well as at higher temperatures.

9806-31, Session 9

NDE applications in micro electronic 
industries
Norbert G. Meyendorf, Iowa State Univ. of Science and 
Technology (United States); Martin Oppermann, TU 
Dresden (Germany); Peter Krueger, Fraunhofer IKTS-MD 
(Germany)

New concepts in assembly technology boost our daily life in an unknown 
way. High end semiconductor industry today deals with functional structures 
down to a few nanometers. ITRS roadmap predicts an ongoing decrease 
of the “DRAM half pitch” over the next decade. Packaging of course is 
not intended to realize pitches at the nanometer scale, but has to face the 
challenges of integrating such semiconductor devices with smallest pitch 
and high pin counts into systems. System integration (SiP, SoP, Hetero 
System Integration etc.) into the third dimension is the only way to reduce 
the gap between semiconductor level and packaging level interconnection. 
The described development is mainly driven by communication technology 
but also other branches like power electronics benefit from the vast 
progress in integration and assembly technology.

The challenge of advanced packaging requires new nondestructive 
evaluation (NDE) techniques for technology development and production 
control. In power electronics production the condition monitoring receives a 
lot of interest to avoid electrical shortcuts, dead solder joints and interface 
cracking. It is also desired to detect and characterize very small defects like 
transportation phenomenon or Kirkendall voids. For this purpose imaging 
technologies with resolutions in the sub-micron range are required.
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The paper discusses the potentials and the limits of NDE techniques, 
illustrated by crack observation in solder joints, evaluation of micro 
vias in PCBs and interposers and the investigation of solder material 
composition and other aftermaths of electro migration in solder joints. 
Applied radiographic methods are X-ray through transmission, multi-energy 
techniques, laminography, CT and nano-CT. To complete the main part 
the gained results of x-ray tests are compared to other NDE methods like 
ultrasonic and thermal microscopy. Future needs and requirements of NDT 
methods are derived. Some information on damage induced by the radiation 
will be presented as well.

9806-32, Session 9

Sensitivity analysis of laser-based 
ultrasonic wave generation using finite 
element method
Seyed Mehdi Mirsadeghi, Ron Hugo, Simon Park, Univ. of 
Calgary (Canada)

Ultrasonic methods are known as powerful and reliable tools for detecting 
defects and anomalies in the structures. The non-contact methods for 
ultrasonic nondestructive evaluation are of interest, considering the 
advantages over contact techniques where damage detection depends on 
contact conditions (pressure, coupling medium and contact area). Lasers 
as a source for generating waves through the thermoelastic expansion of 
the material are studied, because they can provide wide-band diagnostic 
signals which are capable of locating small defects, and are suitable for 
harsh environment (high temperature, corrosive). Laser-based wave 
generation depends on a number of laser parameters such as laser power, 
pulse duration and wavelength, and the target structure parameters such 
as the thickness of the aluminum plate. Using a pulsed laser, the types of 
propagating waves in thin plates are typical Lamb waves, however, when we 
have thicker plates it is showed that higher frequencies and higher modes 
of Lamb waves should be studied. In particular, the transient thermoelastic 
process is modeled and numerically simulated in Abaqus to study the 
characteristics of the laser-generated ultrasonic waves. The results from 
the finite element method are represented in terms of displacement and 
temperature. The numerical results reveal the sensitivity analyses of the 
generated ultrasonic waves to the laser parameters, and can be used to 
select the desired parameters for implementing the experimental laser-
based nondestructive evaluation system for different types of structures.

9806-33, Session 10

Wide operation frequency band 
magnetostrictive vibration power 
generator using nonlinear spring constant 
by permanent magnet
Shogo Furumachi, Kanazawa Univ. (Japan)

We study magnetostrictive vibration based power generator using iron-
gallium alloy (Galfenol). This generator has advantages over conventional, 
such as piezoelectric or moving magnet types, in the point of high 
efficiency, highly robust and low electrical impedance. Generally, the 
generator exhibits maximum power when its resonant frequency matches 
the frequency of ambient vibration. In other words, the mismatch of 
these frequencies results in significant decrease of the output. One of the 
solutions is making the spring constant of generator non-linear, then the 
resonant frequency is distorted toward the lower frequency by softening 
the constant or to the higher by hardening. Therefore, the magnetic force of 
permanent magnet is exerted on the generator. The generator here consists 
of Galfenol plate of 6 ? 0.5 by 12 mm wound with coil, U-shaped yoke and 
permanent magnet for bias. In addition the generator is accompanied with 
vibration plates to fixed and free ends of the yoke, and pair of permanent 
magnets on the edges of the plates to exert attractive or repulsive force. The 
non-liner effect was evaluated by half band width of frequency of generated 

voltage and displacement under vibration. The experimental results show 
that the band width with magnets is 4.6 times larger than that without 
magnets. The band width is also increased (the resonance is distorted more) 
with longer vibration plate. The wide band frequency operation device with 
generating power of mW order is useful for power source of wireless heath 
monitoring system of bridge and factory machine.

9806-34, Session 10

Fatigue study and improve reliability 
of cantilever type micro piezoelectric 
energy harvesters reinforced with flexible 
adhesive conductive tape
Ting-Kai Lin, Yu-Chieh Hsieh, Wen-Jong Wu, National 
Taiwan Univ. (Taiwan)

Cantilever type piezoelectric energy harvester (PEH) is widely adopted in 
the design of vibration energy harvesters because it is simple, effective and 
easy to fabricate. When the PEH is working under excitation of continuous 
vibration sources, like mounting on motors, reliability and durability is 
a major concern. The failure mode and fatigue issues will be important 
design considerations in field applications. Since the largest strain of a 
cantilever structure is located in the clamping position of fixed end, the 
location is therefore the weakest point of the structure and the hot zone 
of mechanical cracks. The failure mode due to fatigue under long time 
excitation of vibration sources is typically continuously developing small 
cracks on the piezoelectric PZT films till tearing the surface electrodes and 
caused open circuit to the output circuitry. Therefore, extending the lifetime 
with minimize the surface electrodes cracking becomes a key point for field 
applications.

Previously, we focused on the output performance of PEH. At PowerMEMS 
2014, we presented a high performance PEH based on PZT thin films 
fabricated with a homemade PZT deposition equipment on stainless steel 
substrates. We confirmed that the stainless steel based PEH can generate 
better output power than silicon based devices under the same vibration 
excitation levels, and also the stainless based PEH can have longer lifetime 
when excited at higher vibration levels due to better mechanical strength. In 
this study, we tried to further reinforce the PEH with a conductive adhesive 
tape sticking on the surface electrode near the clamping position. We 
investigated the change of failure mode and mechanical behaviors, including 
the frequency bandwidth and non-linearity of the piezoelectric energy 
harvester. 

The PEH devices was mounted on a shaker for long time testing with 
vibration frequency set around 120 Hz at 0.5 g, 0.6 g, and 0.7 g acceleration 
vibration levels. The electrodes of the PEH device were cracked after 13 
million cycles under 0.5 g and 1 million cycles under 0.6 g. The PEH has 
significant output power decreasing after the electrode is cracked and 
before being fully open circuit. The cracks of stainless steel substrate 
was also found after 1 million cycles under 0.7 g vibration. For the device 
reinforced with conductive adhesive tape, we can see a steady output 
without degradation extended to more than 1.5 million cycles under 0.7 
g vibration. The other interesting finding in this study is with the added 
damping after adhering the conductive tape, the frequency bandwidth 
increased from 1.5 Hz to 4 Hz under 0.5 g vibration level while the resonance 
frequency increased from 105 Hz to 128 Hz. Moreover, the reinforced devices 
have much better stability and linearity performance compared with the 
original devices. We also test different sizes of conductive adhesive tape 
sticking on surface electrode. All the experimental details and discussion of 
the flexible conductive adhesive tape reinforced PEH will all be detailed in 
this paper. 
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9806-35, Session 10

Parameter study and optimization for 
piezoelectric energy harvester for TPMS 
considering speed variation
Amin Toghi Eshghi, Soobum Lee, Univ. of Maryland, 
Baltimore County (United States); Hanmin Lee, Young-
Cheol Kim, Korea Institute of Machinery and Materials 
(Korea, Republic of)

In this paper, we perform design parameter study and design optimization 
for a piezoelectric energy harvester considering vehicle speed variation. 
Initially, a FEM model using ANSYS is developed to appraise the 
performance of a piezoelectric harvester in a rotating tire. The energy 
harvester proposed here uses the vertical deformation at contact patch area 
from the car weight and centrifugal acceleration. This harvester is composed 
of a beam which is clamped at both ends and a piezoelectric material is 
attached on the top of that. The piezoelectric material possesses the 31 
mode of transduction in which the direction of applied field is perpendicular 
to that of the electric field. To optimize the harvester performance, we 
would change the geometrical parameters of the harvester to obtain the 
maximum power. One of the main challenges in the design process is 
obtaining the required power while considering the constraints for harvester 
weight and volume. This two concerns are addressed in this paper. Since 
the final goal of this study is the development of an energy harvester with 
a wireless sensor system installed in a real car, the real time data for varied 
velocity of a vehicle are taken into account for power measurements. This 
study concludes that the proposed design is applicable to wireless tire 
sensor systems.

9806-36, Session 10

Design and experimental evaluation 
of flextensional-cantilever based 
piezoelectric transducers for flow energy 
harvesting
Hyeong Jae Lee, Stewart Sherrit, Phil Walkemeyer, Jet 
Propulsion Lab. (United States); Luis Phillipe Tosi, Tim 
Colonius, California Institute of Technology (United States)

Cantilever type piezoelectric harvesters, such as bimorphs, are typically 
used for vibration induced energy harvesting. However, a major drawback 
of a piezoelectric bimorph is its brittle nature in harsh environments, 
precipitating short life-times as well as output power degradation. The 
emphasis in this work is to design robust, highly efficient piezoelectric 
harvesters that are capable of generating electrical power in the milliwatt 
range. Various harvesters were modeled, designed and prototyped, and 
the flextensional actuator based harvester, where the metal cantilever is 
mounted and coupled between two flextensional actuators, was found 
to be a viable alternative to the cantilever type piezoelectric harvesters. 
Preliminary tests show that these devices equipped with 5x5x36 mm two 
piezoelectric PZT stacks can produce greater than 40 mW of power at flow 
rates of 15-20 L/min.

9806-49, Session 10

Comparative studies between different 
nanofiber photocatalysts for water 
splitting
Abdulaziz Alharbi, Ibrahim M. Alarifi, Wichita State Univ. 
(United States); Waseem S. Khan, Majmaah Univ. (Saudi 
Arabia); Ramazan Asmatulu, Wichita State Univ. (United 
States)

Overall water splitting using photocatalyst has become a topic of recent 
investigation, since it has the potential of producing hydrogen for clean 
energy using photon energy under sunlight. An extensive number of solid 
photocatalysts have been studied for overall water splitting in recent 
years. In this study, two methods were employed to synthesize two 
different photocatalysts for water splitting. The first method describes 
the synthesis of nickel oxide-loaded strontium titanate (NiO-SrTiO3) 
particles on electrospun polyacrylonitrile (PAN) nanofibers incorporated 
with graphene nanoplatelets for overall water splitting. The electrospun 
PAN fibers were first oxidized at 270oC for two hours and subsequently 
immersed in a solution containing ethanol, titanium (IV)-isopropoxide 
[C12H28O4Ti] and strontium nitrate [Sr(NO3)2]. This solution was then 
treated with NiO nanoparticles dispersed in toluene. The surface treated 
PAN fibers were annealed at 600?C in air for 1 hour to transform fibers into 
a crystalline form for improved photocatalyst performance. In the second 
method, coaxial electrospinning process was used to produce core/shell 
strontium titanate/nickel oxide (SrTiO3-NiO) nanofibers. In coaxial method, 
poly (vinyl pyrrolidone) (PVP) was dissolved in deionized (DI) water, 
and then titanium (IV) isopropoxide [C12H28O4Ti] and strontium nitrate 
[Sr(NO3)2] were added into the solution to form the inner (core) layer. 
For outer (shell) solution, polyacrylonitrile (PAN) polymer was dissolved in 
dimethylformamide (DMF) at a weight ratio of 10:90 and then nickel oxide 
was mixed with the solution. Ultraviolet (UV) spectrophotometry and static 
contact angle measurement techniques were employed to characterize the 
structural properties of photocatalysts produced by both methods and a 
comparison was made between the two photocatalysts. The morphology 
and diameter of the nanofibers were observed by scanning electron 
microscopy (SEM). The structure and crystallinity of the calcined nanofibers 
were observed by means of X-ray diffraction (XRD).
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