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ABSTRACT

Energy harvesting of piezoelectric actuators has been studied in the past. One of
the biggest challenges is designing the circuitry necessary to harvest the energy of
high impedance piezoelectric actuators and determining what factors affect their
performance. Experiments have been conducted using a pre-stressed unimorph
ferroelectric actuator (Thunder) with matching circuitry to measure the electrical
energy produced by a single stroke mechanical action. This particular piezoelectric
actuator is a composite of a ceramic, a polyimide adhesive, and a metal pre-stressed
at elevated temperatures. The parameters varied for this particular set of
experiments were the adhesive composition, and the thickness and type of the
metal.  Displacement under no-load, capacitance, physical dimensional parameters,
and electrical energy output were measured for each configuration. The circuit
utilized to measure energy used a voltage regulator, and a combination of resistors,
and capacitors, so that the electric output of the actuators is controlled eliminating
voltage peaks.  The energy is then measured by the length of time the voltage can
be sustained when loaded with a resistor and appropriate capacitor. Input capacitors
were varied in order to measure the best possible combination circuitry for each
actuator. The results showed that increasing the conductivity of the polyimide
adhesive, determining the appropriate metal thickness, and varying the type of
metal used, are all characteristics that not only improve the electrical energy
produced but also allow for more flexibility in circuit design. There also seems to
be a definite trend between the geometry of the actuators and the energy produced.
This trend indicates that pre-stress plays a significant role in the output produced.
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INTRODUCTION

Due to the energy problems faced in the last few years, research into harvesting
energy using natural resources has become an area of great interest [1].
Government agencies have a renewed interest in applications where �energy from
the environment� can be used to provide either supplementary power to existing
devices, or enough power to energize remote devices. [2, 3].   For instance, military
applications could significantly benefit from a system that would integrate
harvesting energy from some human activity (such as walking, breathing, etc.) to
convert or store energy for later use to lengthen a mission [4].  Research has been
conducted on the possibility of harvesting energy through human mechanical
means, i.e., movement or functioning of the human body and using piezoelectric
materials in one form or another to convert or store that energy [5, 6].  The
feasibility of using piezoelectric actuators on a shoe for this purpose was explored,
and it was concluded that the energy transformation depends highly on the
application (low or high power, space available, shape adaptability, etc.)[6, 7].
Nevertheless, there is very little information available on the efficiency of
piezoelectric materials in generating electric power. Goldfarb and Jones studied this
phenomenon analytically and experimentally using piezoelectric stacks and
obtained efficiencies of only 40% [8]. Others such as Umeda et al have looked at
the efficiencies of a piezoelectric vibrator under various mechanical and electrical
boundary conditions, obtaining a maximum efficiency of 55 % [9]. The major
conclusion is that optimization of the system is needed to improve efficiency under
any conditions.  Hence, equivalent circuits and designs have to be considered on an
application basis.  For example, studies have shown that in BioMEMS applications,
the approach of using piezoelectric materials to supply the electrical energy needed
is a viable option. [10].

The present study describes the optimization of a part of the energy conversion
system�namely the piezoelectric actuator.  The actuator used for this study,
Thunder®, consists of a pre-stressed laminate that utilizes a PZT ceramic, a metal
substrate, and a polyimide adhesive [11].  It has been demonstrated that many
parameters in its construction affect its performance as an actuator [12, 13, 14].
However, the parameters that affect or influence its power conversion capabilities
have not been studied.  The main objective of this study is to identify and
investigate these factors.  The circuit utilized is a generic remote control switch, and
the devices deliver power based on mechanical to electrical transduction utilizing a
�standard� switch.

EXPERIMENTAL PROCEDURE

The THUNDER devices were fabricated from PZT 3195HD piezoelectric
ceramic plates, supplied by CTS wireless.  The adhesive utilized was the polyimide
LaRC-SI, and the metal substrates were brass or stainless steel, available from
McMaster-Carr. There were 16 different cases studied, and each case is an average
of 5 to 10 pieces.  A description of each is provided in Table I for the elements
made with stainless steel, and Table II for the brass pieces.  For each case, total



thickness, dome-height, capacitance, free displacement, and energy output were
measured.  A description of each one of the measurements made is provided below.

TABLE I. THUNDER ELEMENTS WITH A STAINLESS STEEL SUBSTRATE

Model PZT Thickness
Metal

Thickness Thickness Ratio
 (mm) (mm)  

A1 0.25 0.20 1.25
B1 0.25 0.20 1.25
C 0.25 0.20 1.25
D 0.51 0.20 2.50
E 0.20 0.15 1.33
F 0.20 0.20 1.00
G 0.20 0.25 0.80
H 0.20 0.30 0.67

1Element with a top layer of 1 mil Aluminum

TABLE II. THUNDER ELEMENTS WITH A BRASS SUBSTRATE

Model PZT Thickness
Metal

Thickness Thickness Ratio
 (mm) (mm)  

K1 0.20 0.15 1.33
L1 0.20 0.20 1.00
M2 0.20 0.15 1.33
N2 0.20 0.20 1.00
O 0.20 0.15 1.33
P 0.20 0.20 1.00
Q 0.20 0.25 0.80
R 0.20 0.30 0.67

1 50.8 mm wide
2 38.1 mm wide

Thickness Measurements.  Thickness was measured across the surface of the
elements at three different locations along the actuator�s length using a micrometer
(Mitutoyo ball tip digital micrometer).  The average value was then used.
Dome-Height Measurements.  Dome height was measured using a non-contact
laser (NAIS micro Laser Sensor LM10).  The sample was attached with Scotch tape
to a linear ball motion bearing slide from one end only Three different locations
along the length of the device were measured for the highest point on each element
and the results were averaged (See Figure 1)
Capacitance Measurements.  Capacitance is measured at 120 Hz using an LCR
Digibridge Meter (GenRad 1693).



FIGURE 1 Dome Height Measurement

Displacement Measurements. Displacement was measured at voltages between
100 to 600 Volts peak to peak at 1 Hz and no-load using a non-contact laser, a Trek
power supply, and a signal generator.  Simply supported boundary conditions were
used with one end free to translate and the other one clamped.

Output Energy.  The element is measured using the circuit shown in Figure 2,
placed on the fixture shown in Figure 3.  This device uses the red button to push the
actuator. The bright purple part is the clamp block for the Thunder element, the
green and blue represent the Thunder element as seen from a top view, the gold
represents the base-support, the light purple sections are the sides, and the black is
the tripping pin mechanism. At the end of the motion of the push bottom a trip pin
releases the Thunder element. The output energy of each element is then measured
using the circuit described with different input capacitors.  Output power is
measured by squaring the voltage produced (~3.3 Vrms), divided by the load
resistance (1 kΩ).  Energy output is calculated by multiplying the power and the
time of the duration of the signal.  See Figure 4 for a typical output curve.

FIGURE 2 Power Measurement Thunder Circuit
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FIGURE 3 Thunder Tripping Mechanism

FIGURE 4 Typical Output Waveform
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RESULTS

First Optimization Stage: Displacement performance of each element was
measured.  Generally, it was observed that an actuator that produces the highest
displacement does not necessarily produce the highest energy.

The optimization process starts by studying the properties of a standard Thunder
element.  This standard element has from the top down: a layer of aluminum, a
polyimide adhesive film, a PZT ceramic, and  a stainless steel substrate.  The
capacitance of this device is 176.60nF, much lower than that of the ceramic alone,
330nF.

If the element is strictly seen as a capacitor, then increasing the thickness
diminishes the value of the overall capacitance, since capacitance is inversely
proportional to thickness.  However, the decrease could also be due to poor contact
between the electroded PZT ceramic and the bottom stainless steel layer.  This
question does not arise with the top layer, since the aluminum is perforated to
ensure adhesion and to ensure point contacts. In order to test this theory, particles of
nickel were used to increase the conductivity of the polyimide adhesive layer.  The
particles are mixed thoroughly in the adhesive film before casting. The effects of
the conductive adhesive layer on displacement, thickness, and dome-height, were
negligible, however, capacitance and energy output were different as a result (See
Table III). The capacitance change was small (a 3% decrease form the standard),
however energy production improved by 15%.  Other advantages obtained included
more reliability in manufacturing and consistency when measuring energy.

TABLE III.  THUNDER MANUFACTURED WITH
NON - CONDUCTIVE ADHESIVE VS. CONDUCTIVE ADHESIVE

STANDARD CONDUCTIVE
Thickness (mm) 5.21 ± 0.056 5.41 ± 0.254
Dome Height (mm) 105.82 ± 4.343 109.35 ± 3.124
Capacitance (nF) 176.60 ± 7.110 171.90 ± 4.35
Max Displacement1 (mm) 27.84 ± 2.743 27.18 ± 1.702
Max Energy (µJ)2 206.91 ± 18.820 239.03 ± 8.660

1Simply Supported, one end fixed, other end free, no-load at
1Hz and 600 Volts peak to peak.
2Using 3.9 µF Capacitors.

Second Optimization Stage: Once it was determined that the conductivity of
the polyimide adhesive influenced the energy produced, subsequent Thunder
elements were fabricated using a conductive adhesive.  Next, the top aluminum
layer effect was investigated.  A summary of the results is shown in Table IV.  Note
that thickness, dome-height, and capacitance changes again are not significant.
However, a 25% increase in displacement is observed when the aluminum layer is
removed.  Furthermore, there is evidence that the energy production would be
higher, although the values could not be measured.  The circuit for the standard
remote switch utilizes a regulator that can dissipate up to 25 Volts only.  If the
regulator receives more voltage, it burns up.  In the case of the elements with no



aluminum top, higher voltages were observed, indicating that higher energy levels
would have been obtained.

TABLE IV.  THUNDER MANUFACTURED WITH TOP VS. NO TOP LAYER

TOP NO-TOP
Thickness (mm) 5.49 ± 0.25 5.33 ± 0.12
Dome Height (mm) 109.35 ± 3.12 111.73 ± 2.68
Capacitance (nF) 171.9 ± 4.35 178.5 ± 4.19
Max Displacement (mm) 27.18 ± 1.70 33.93 ± 1.14
Max Energy (uJ) 239.03 ± 8.66 NA*

*Voltage produced higher than the circuit could dissipate,
hence energy could not be measured

Third Optimization Stage: Different ratios of metal to total thickness were
utilized for this stage.  Two types of metal were used  stainless steel and brass.
These cases are described in Table I and II.  The results obtained for maximum
displacement and metal thickness ratio, defined as the metal thickness divided by
the measured total thickness of the actuator, are shown in Figure 6.  In this case, it
seems that the metal thickness ratio describes maximum peak displacement
independently of the metal used.

FIGURE 5 Displacement vs. Metal Thickness Ratios
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Finally to look at the energy output, the metal thickness ratio and the dome height
do not seem to be the relevant parameters, especially when considering pieces with
a different width.  Since dome height plays a dominant role on the output energy of
the pieces, but does not include the width of the element, the volume under the
device was considered.  By using the measured dome height, a radius of curvature
and a length of an arc can be calculated to obtain the area of a segment of a circle.
Then, to obtain the volume under the actuator or volume displaced, the area is
multiplied by the actuator�s width.  In this manner cases with a different width can
be considered.  See Figure 6.

FIGURE 6 Maximum Output Energy vs. Volume Displaced

It can be seen from the data above that there is a pattern between the maximum
energy output and the volume displaced and that the results can be applied to curved
actuators easily.  There is still the need to investigate the effects of different width
to length ratios since all the pieces had the same length.  Also, the amount of active
material, PZT, is not accounted for directly, all the pieces used here had metal
extensions.

The dome height of the device, and thus the volume under the device are
undoubtedly dependent upon the type of metal used. Several researchers have
shown that the mismatch between the moduli and CTE of the metal substrate and
the PZT ceramic are primarily responsible for the actuator configuration, namely
the curved geometry of the final device [15]. Table V lists the mechanical, physical
and electrical properties of the metals used and compares them to those of the PZT
ceramic. It is noted that the stainless steel used was initially annealed (full hard),
increasing its Young�s modulus. However, after undergoing the Thunder fabrication
process at 300°C, the modulus decreases by 50-55%, to a value approximated at 95
GPa as shown in the Table V. The values of modulus for the aluminum and brass
metals do not change appreciably.
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TABLE V.  MATERIAL PROPERTIES

Material Modulus of elasticity
(GPA)

Poisson�s
ratio

CTE
(µm/m-°C)

Volume resistivity
(Ohm-cm)

Aluminum 69 0.33 24 3E-6
Stainless steel 95 17 7E-6

Brass 100-110 20
PZT 67 3

An independent variable using the metal thickness ratio and the mismatch of
Young�s modulus is defined as

metal

PZT

total

metal

E
E

t
t=γ

The above expression was chosen since the dome height should increase as the
metal thickness decreases and the Young�s modulus of the metal increases. Plotting
the dome height and the energy as a function of this new ratio shows that they are
no longer a function of metal type. See Figures 7a and 7b.  The displacement
behavior does not follow a similar trend because it is believed to be influenced by
the geometry (hence the new ratio) as well as enhanced piezoelectric behavior of
the PZT due to the pre-stress.

FIGURE 7a. Dome Height vs. Ceramic-Metal Ratio
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FIGURE 7b. Output Energy vs. Ceramic-Metal Ratio

It is noted that the final dome height is also a function of the repoling due to
electrostatic strains resulting from alignment of dipoles with the electric field [14].

SUMMARY AND CONCLUSIONS

Energy output of a curved actuator, Thunder, was measured with the
objective of optimizing and investigating the effects the materials may have on its
construction.  All the elements were monitored for displacement, dome-height, and
energy output.  It was demonstrated that by making the adhesive conductive and
eliminating the top layer, significant improvements in energy output could be
accomplished, however, not an improvement in displacement.  The results also
showed that the actuator could be adjusted in such a way that the same energy
output could be obtained with different materials by adjusting the thickness ratios.
This phenomenon showed that the metals mechanical and electrical properties have
a significant effect and the values of these properties strongly influence numerical
simulations.  The same could be possible for adjusting width and length, however
that effect was not investigated thoroughly in this study.  There was enough
evidence to suggest that the volume of the actuator can be tailored to suit a
particular application where space is a concern.  In other words, optimizing the
actuator size and composition is crucial when considering the analysis of a system.
Finally, it was demonstrated that many factors affect energy production and some of
the parameters depend solely on the materials that the actuator is built with.

0

50

100

150

200

250

300

0.25 0.27 0.29 0.31 0.33 0.35 0.37 0.39 0.41 0.43 0.45

Ceramic-Metal Ratio, γγγγ

M
ax

im
um

 E
o 

( µ µµµ
J)

Brass

Steel



REFERENCES

1. Kennearly, Christine. 2000. �Here�s a potent new source of electricity � you,� The San Diego
Union Tribune 17, 9, 08-08-2000.

2 . Stacey Evers. 1997. �The Americas: DARPA to reap benefits of �energy harvesting,� Jane�s
Defence Weekly, 18, 1-26-97.

3. Nunuparov, M., �Batteryless Lighting Remote Control,�
http://www.gpi.ru/~martin/batteryless_lighting.htm

4. McGraw-Hill Incorporated. 1997. �DARPA explores energy harvesting to power military
equipment,� Aerospace Daily, 363, 09-08-97.

5. Nunuparov, M., �Piezopower Converter,� http://www.gpi.ru/~martin/piezopower_converter.htm
6. Starner, T. 1996. "Human-powered wearable computing," IBM SYSTEMS Journal, Vol. 35, pp.

618.
7 . Kymissis, J., Kendall, C., Paradiso, J., Gershenfeld, N. 1998. "Parasitic Power Harvesting in

Shoes," Second IEEE International Conference on Wearable Computing.
8 Goldfarb, M., Jones, L. D. 1999. "On the Efficiency of Electric Power Generation with

Piezoelectric Ceramic," Journal of Dynamic Systems, Measurement, and Control, Vol. 121, pp.
566-571.

9. Umeda, M., Nakamura, K., Ueda, S. 1996. �Analysis of the Transformation of Mechanical
Energy to Electrical Energy Using Piezoelectric Vibrator,� Japanese Journal of Applied Physics
� Part 1 Regular Papers and Short Notes, Vol. 35, N.5 pt. B, pp.3267-3274.

10. Ramsay, M. J., Clark. W. W. 2001. "Piezoelectric Energy Harvesting for Bio MEMS
Applications," SPIE 8th Annual International Symposium on NDE for Health Monitoring and
Diagnostics, March 4-8, 2001.

11. Mossi, K., Selby, G., Bryant, R. 1998. "Thin-Layer Composite Unimorph Ferroelectric Driver
and Sensor Properties," Elsevier Science, Materials Letters 35 (1998) 39-49.

12. Wise, S. A. 1998. "Displacement properties of RAINBOW and THUNDER piezoelectric
actuators", Sensors and Actuators A, Vol. 69, 1998.

13. Pinkerton, J. L., and Moses, R. W. 1997. "A feasibility study to control airfoil shape using
THUNDER", NASA TM 4767, 1997.

14. Ounaies, Z., Mossi, K., Smith, R., Berndt, J. 2001. "Low-Field and High Field Characterization
of Thunder Actuators," SPIE 2001 Conference, 4333-66,  March 2001.

15. Capozzoli, M., Gopalakrishnan, J., Hogan, K., Massad, J., Tokarchik, T., Wilmarth, S., Banks,
H.T., Mossi, K.M., and Smith, R.C. March 1999. �Modeling Aspects Concerning Thunder
Actuators,� Proceedings of SPIE, The International Society For Optical Engineering:
Mathematics and control in smart structures, #3667, 1999 March: Newport Beach; CA, Page:
719-729.

http://www.gpi.ru/~martin/batteryless_lighting.htm
http://www.gpi.ru/~martin/piezopower_converter.htm

	MAIN MENU
	How to Use This CD-ROM
	Search the Proceedings
	Author Index
	Print

	Table of Contents
	SESSION MA-1: FRACTURE - 1
	Modeling of Facesheet Crack Growth in Titanium-Graphite Hybrid Laminates (122)
	Mode II Fracture Toughness of Stitched Composites (138)
	Damage Mechanisms in Mixed-Tow Hybrid, Center-Notched Tension Panels (091)
	Impact Fracture Behavior of Glass Bubbles Filled Epoxy Resins (059)
	A Modeling for Energy Release Rate of Fiber/Matrix Interfacial Fracture Based on a Variational Approach (235)

	SESSION MA-2: SYNTHETIC MULTIFUNCTIONAL MATERIALS
	Nanostructured Epoxies as Adhesives and Matrices for Multifunctional Composites (212)
	Development of Multifunctional Metallic-Intermetallic Laminate (MIL) Composites with Particulate-Based Damping (203)
	Consumable Structural Composites as Bipropellant Fuels for Spacecraft Orbital Propulsion (194)
	Fibrous Reinforcement in Marine Invertibrates: Mechanical Response of Biological Porous Materials (202)
	Composite Materials with Multifunctional Structure-Power Capabilities (195)

	SESSION MA-3: INFRASTRUCTURE-BRIDGES AND PERSPECTIVES
	FM 3284 FRP Bridges, San Patricio County, Texas-Background and Design (231)
	First GFRP Pedestrian Bridge in Japan (120)
	Developing FRP Products for America's Infrastructure (143)
	Design, Construction, and Mechanical Property Tests of Model Driveway Bridge Made of GFRP for Emergency Use (197)
	Consideration of Safety Factor and Design Code on FRP Bridges Built in Japan (198)

	SESSION MA-4: AUTOMOTIVE APPLICATIONS - 1
	On the Design and Analysis of a Cost Competitive Vehicle (018)
	Conducting Dynamic Impact Tests of Composites Using a "Free-Flight" Drop Tower Facility (152)
	Energy Absorption Properties and Crush Behavior of Braided FRP Tube Fabricated by Triple Layered Braiding (161)
	Development of Composite and Steel Composite Tubes for Stiffness Critical Structures (024)
	Energy Absorption in Grid-Stiffened Composite Structures Under Transverse Loading (153)

	SESSION MA-5: SANDWICH CONSTRUCTION - 1
	Failure Modes of Composite Sandwich Beams under Low-Velocity Impact (048)
	The Fracture Properties of Lightweight Fiber-Reinforced Aluminum Foam Sandwich Structures (062)
	Evaluation of the Effect of Impact Damage on the Mechanical Response of Composite Sandwich Structures (128)
	Manufacture of Fiber-Reinforced-Foam Composite Sandwich Structures (082)
	Mechanics of Delaminations in Stitched Sandwich Structures: An Experimental and Computational Investigation (095)

	SESSION MA-6: JOINING
	Effects of Three Dimensional Scaling on Joining Strength of Composite Laminates (012)
	Stress Analysis of Adhesively-Bonded Composite Joints Having Varying Bondline Thickness (083)
	Prestress of Adhesively Bonded Skin/Flange Assemblies (064)
	High Reliability Joining of Metal and Composite Components (123)
	Testing and Prediction of Co-Cured Composite Single Lap Joints with Modified Interface under Cyclic Loading (163)

	SESSION MB-1: FRACTURE - 2
	Fracture Mechanics Analysis of the Single-Fiber Pull-Out Test and the Microbond Test Including the Effects of Friction and Th
	Reliability of Composite Laminates Against Fracture Based on the Stochastic J-Integral Using Conventional and Exact Field Ele
	Analytical/Experimental Examination of Cracks in a 0° Composite Laminate Containing a Central Hole (104)

	SESSION MB-2: MULTIFUNCTIONAL MATERIALS - 1
	Combinatorial Synthesis and Magneto-Mechanical Characterization Of An Elastomer-Based Terfenol-D Composite (147)
	Magnetostructive Particulate Composite Damping (148)
	Intertially Stabilized Rifle Using Active Compliant Transmissions (149)
	Initial Investigations into a Polymer-Porous SMA Composite-A Computational Study (150)

	SESSION MB-3: INFRASTRUCTURE-REPAIR
	Behavior of Concrete-Filled FRP Tubes Under Bending, Axial Loads, and Combined Loading (026)
	Stresses in FRP Laminates Wrapped Around Corners (088)
	Repairing Rectangular Columns Using FRP: A New Technique (126)

	SESSION MB-4: OPTIMIZATION - 1
	Optimum Frequency Design of Symmetric Laminated Composite Plates by Sequential Quadratic Programming (183)
	Genetic Optimization of Two-Material Composite Laminates (079)
	A Genetic Algorithm with Memory for Optimal Design of Laminated Sandwich Composite Panels (118)
	Optimal Design of Filament Wound Anisogrid Composite Lattice Structures (182)

	SESSION MB-5: STRAIN-RATE EFFECTS - 1
	Implementation of Fiber Substructuring Into Strain Rate Dependent Micromechanics Analysis of Polymer Matrix Composites (008)
	Effects of Precracking on the Charpy Impact Properties of Silicon Carbide Reinforced Aluminum Metal Matrix Composites (009)
	Off-Axis High Strain Rate Compression Response of Carbon/Epoxy Laminates (021)

	SESSION MB-6: MICROMECHANICS
	A Hybrid Macro/Micro-Mechanical Formulation of Composites under Thermo-Mechanical Loading (044)
	Micromechanical Modeling of Co-Continuous Ceramic Metal Composites (046)
	Micromechanics Analysis of Plasticity Induced Nonlinear Behavior in Woven Composites (101)

	SESSION MC-1: DURABILITY - 1
	Probabilistic Evaluation of Composite Structures Fatigue Life (140)
	On Coupling FEA and Fatigue Life Simulation to Treat Fiber Reinforced Polymer Matrix Composites (164)
	Fatigue Delamination Growth of a 2-Ply Cord Rubber Off-Axis Laminate (132)

	SESSION MC-2: MULTIFUNCTIONAL MATERIALS - 2
	Fabrications of SMA Fiber Composite and SMAFRP/CFRP Hybrid Composite and Their Mechanical Properties (121)
	Microscale Processing of Multifunctional Materials (205)
	Fabrication and Modeling of Porous Shape Memory Alloys (207)
	Mechanics of Electroactive Polymer Actuators (206)

	SESSION MC-3: INFRASTRUCTURE-JOINING
	Development of an Economical and Efficient Connector System for FRP Decks to Steel Bridge Girders (039)
	Research on FRP-Wood Bonded Interfaces: An Overview (112)
	Load Ratio Effect on Tension-Tension Fatigue of Wood FRP Bonded Interface (115)
	Experience with X-Ray Laminography on Bonded Joints and Civil Engineering Infrastructure (210)

	SESSION MC-4: OPTIMIZATION - 2
	Optimal Design of a Composite Wing Structure Using a Global/Local Design Methodology (184)

	SESSION MC-5: STRAIN-RATE EFFECTS - 2
	High Strain Rate Compressive, Mechanical Properties of a Unidirectional G30-500/EH-80 Laminate (139)
	Static and Impact Bending Performance of Braided Composite Pipe (158)
	Ballistic Performance of 3-D Woven Polymer Composites in Integral Armor (168)
	Ballistic Performance of Fiber Composites with Ceramic Face and its Dependence on Adhesive Properties (180)

	SESSION MC-6: METAL MATRIX COMPOSITE
	Thermal Fatigue of Alumina Fiber-Aluminum Metal Matrix Composites (030)
	Non-Linear Response of Continuous Fiber Metal Matrix Composite Laminates (033)
	The Role of Physical Properties in Predicting Lifetime of TMCs at Elevated Temperatures (031)
	Mechanical Behavior of Transversely-Loaded Titanium Matrix Composites at Elevated Temperatures (032)

	SESSION TA-1: DURABILITY - 2
	The Interaction Between Moisture Diffusion and Multi-Axial Damage in Woven Fabric Polymer Composites (234)
	Critical Analysis of the Time-Dependent Aspects of the Durability Analysis of Polymer Matrix Composites (016)
	Fire Response of Mechanically-Loaded Composite Structures (133)

	SESSION TA-2: NANOTECHNOLOGY-LAYERED NANOREINFORCEMENT
	Polymer Nanocomposites (196)
	Concurrent Enhancement of Various Materials Properties in Polymer/Clay Nanocomposites (174)
	Epoxy Clay Hybrid (ECH) Nanocomposites: Strategies for the Dispersion of Clay Platelets in Amine-Cured Epoxy Resins (170)

	SESSION TA-3: INFRASTRUCTURE-BRIDGE DECKS
	Analysis of Fiberglass Reinforced Bridge Decks (027)
	Use of Honeycomb FRP Decks on West Virginia Bridges (040)
	Behavior of Multicell Orthotropic FRP Composite Bridge Deck Under Static Loadings (141)
	Investigation of Stress States and Failure Mechanisms of a Cellular FRP Composite Bridge Deck System (201)

	SESSION TA-4: AUTOMOTIVE APPLICATIONS - 2
	Energy Absorption in Chopped Carbon Fiber Compression Molded Composites (131)
	HexMCTM - Prepreg Quality SMC (156)
	A Dynamic Test Procedure for Adhesively Bonded Composites (155)
	A Penalty-Based Finite Element Interface Technology (154)
	Design for Manufacturing using Advanced Composite Engineering Software (157)

	SESSION TA-5: PROCESSING-RESIDUAL STRESSES
	A Study of Shrinkage Deformations Using Monte Carlo Simulations (015)
	Measurement of Tool-Part Interfacial Stress during the Processing of Composite Laminates (085)
	Modeling the Development of Isotropic (Hydrostatic) Residual Stresses in a Novel (BMI/SOC) Thermosetting Resin (185)
	The Effect of Cure Path on Residual Strains in Thick Composite Parts (107)
	Model-Based Nonlinear Control of Cure Path in Thick-Sectioned Composites Processing (108)

	SESSION TA-6: TEST METHODS
	A Novel Non-Destructive Evaluation Method for Composites (003)
	Compression Bending Test for CFRP Pipe (028)
	Analysis of Stitched Composite T-Joints Under Rail Shear Loading (176)

	SESSION TB-1: STRESS ANALYSIS - 1
	Elliptical Reinforcement of a Circular Hole in a Laminate under Inplane Load or Bending (017)
	Finite Element Modeling of the Shear Behavior of Woven Co-Mingled Glass/Thermoplastic Composites (066)
	Effect of Imperfections on Buckling and Postbuckling Response of Segmented Circular Composite Cylinders (233)
	Strain Based Endurance Limit Estimation for Angle Ply Laminates (238)

	SESSION TB-2: NANOTECHNOLOGY-TUBULAR/ROD NANOREINFORCEMENT
	Growth of Carbon Nanotubes on Carbon Fibers and Carbon Cloth (172)
	Interfacial Characterization of Carbon Nanotube-Modified Graphite Fiber Composites (073)
	Surface Modifications of Single-Wall Carbon Nanotubes to Enhance Dispersion in Organic Matrix Composites (213)

	SESSION TB-3: INFRASTRUCTURE-INTERNAL REINFORCEMENT
	Impact of Material Property and Bond Stress Test Results on the Design of a Concrete Bridge Deck with GFRP Reinforcement (192

	SESSION TB-4: MULTIFUNCTIONAL MATERIALS - 3
	Optimizing Energy Harvesting of a Composite Unimorph Pre-Stressed Bender (057)
	Autonomic Healing of Polymer Composites (219)

	SESSION TB-5: SANDWICH CONSTRUCTION - 2
	Failure of Resin Transfer Molded Sandwich Beams in Flexure (130)
	Strains and Deflections of GFRP Sandwich Panels Due to Uniform Out-Of-Plane Pressure (124)
	Evaluation of Transverse Shear Stiffness Properties of Composite Honeycomb Core with General Configuration (113)
	Sequence and Nature of Matrix Cracking and Delamination in Composite and Sandwich Structures Subjected to Low-Speed Impact (2

	SESSION TB-6: FUEL CELL APPLICATIONS
	Proton Exchange Membrane Nanocomposites (225)
	Thermal Stress and Long-Term Behavior of Layered Ceramic Thin Film Composites: A Foundation for Solid Oxide Fuel Cell Technol

	SESSION TC-1: FRACTURE - 3
	K-Dominance in Delamination Cracks (047)
	Stress Concentration Factor Approach to Analyze the Deformation and Fracture Behavior of Particulate Composites (055)
	Setting Speed Limits for Safe Operation of Composite Flywheels (191)
	Computational Issues in Modeling the Delamination Process using Interface Finite Elements (084)
	A Method of Applying VCCT to Corner Crack Nodes (134)

	SESSION TC-2: NANOTECHNOLOGY-TUBULAR/ROD NANOREINFORCEMENT
	The Development of Carbon Nanotube Polymer Composites (216)
	Constitutive Modeling of Nanotube-Reinforced Polymer Composite Systems (020)
	Rod/Coil Molecular Composites: Relationship between Rheology and Morphology (181)
	Characteristics of Nanometal and Nanoceramic Precursors (217)
	Carbon Nanotube Reinforced Nanocomposites by Electrospinning Process (239)

	SESSION TC-3: INFRASTRUCTURE-GRIDS
	Simulation of Behavior of Composite Grid Reinforced Concrete Beams Using Explicit Finite Element Methods (068)
	Behavior of Concrete Beams Reinforced with 3-D Composite Grids (069)
	Mechanistic Model of Composite Grid Reinforcement in Concrete Beams (092)
	Testing for Long-Term Performance (142)

	SESSION TC-4: DESIGN
	Preliminary Analysis and Design Study of Ship Hull Cross Section Using a High-Order Sandwich Theory Approach (053)
	A Unit Cell-Based Design Support System in Composite Application (193)
	Parametric Design, Analysis, and Testing of a Model Woven Composite with a Cruciform Geometric Configuration (103)
	Global and Local Modeling of Woven Composites with Different Design Paramters (137)
	Design and Analysis of Edge Inserts in Sandwich Beams (010)

	SESSION TC-5: PROCESSING-LIQUID MOLDING
	A Model for Cure Control During the Resin Transfer Molding Process (072)
	Fast Three-Dimensional Numerical Simulation of Isothermal Mold Filling for Liquid Composite Molding Processes (097)
	The Role of Compaction and Saturation on Flow During VARTM Low Cost Manufacturing (098)
	Matrix Characterization and Development for the Vacuum Assisted Resin Transfer Molding Process (221)

	SESSION TC-6: RHEOLOGICAL AND VISCOELASTIC BEHAVIOR
	Chemically Induced Residual Stresses in Dental Composites (001)
	The Relation of Experimentally Generated Wave Shapes to Viscoelastic Material Characterizations-Analytical and Computational 
	Effect of Transverse Matrix Cracks on the Relaxation Moduli of Linear Viscoelastic Laminates (099)
	Modeling of Viscoelasticity and Damage in Composite Laminates by Continuum Thermodynamics (125)

	SESSION WA-1: STRUCTURAL ANALYSIS
	Approximate Analysis of Flexible Interlayers in Multi-Rim Composite Flywheels (119)
	Nonlinear and Buckling Behavior of Compression-Loaded Composite Shells (162)
	Dynamic Analysis of Geometrically Nonlinear Composite Structures under Time-Dependent Pressure Loading (167)
	Influence of Geometry, Lay-Up, and Material on the Radius of Curvature of Spoolable Composite Tubulars (209)
	Principles of Elastic Tailoring with Composites (227)

	SESSION WA-2: HEALTH MONITORING
	Surface-Mounted Optical Strain Sensors for Structural Health Monitoring of Composite Structures (065)
	Development of a Health Monitoring Capability for FRP using Optical Fiber Sensors (075)
	Structural Health Monitoring in Composite Materials Using Lamb Wave Methods (043)
	Spatial Damage Detection in Composite Structures Using a Global Fitting Method on Curvature Operating Shapes (100)

	SESSION WA-3: INFRASTRUCTURE-DURABILITY
	Issues Related to Durability of FRP Reinforcement for RC Structures Exposed to Accelerated Aging (056)
	Life Assessment of Glass-Fiber Reinforced Composites in Portland Cement Concrete (077)
	In-Service Evaluation of FRP Structural Elements in Virginia (117)
	Characterization of Freeze and Aqueous Freeze-Thaw Response of Carbon and E Glass Vinyl Ester Composites for Use in Infrastru

	SESSION WA-4: EXTREME ENVIRONMENTS - 1
	Tensile Properties of Polymeric Matrix Composites Subjected to Cryogenic Environments (036)
	Gas Permeability of Thermally Cycled Graphite-Epoxy Composites (087)
	Cryocycling and Mechanical Testing of CFRP for the X-33 Liquid H2 Fuel Tank Structure (093)

	SESSION WA-5: PROCESSING
	Pultrusion - A Low Cost Approach to Structural Composites (011)
	Processability and Thermal Characterization of RTM Epoxy Resin (045)
	Microwave Cure Kinetics Of Epoxy Formulated With Carbon Black Fillers (186)
	Filament Winding of Generic Shells of Revolution using a Simplified Low-Budget Tumble Winder Configuration: Selection of the 
	Filament Winding Fiber Impregnation Study (106)

	SESSION WA-6: FATIGUE/FAILURE
	Comparison of Fatigue Behavior for Composite Laminates Containing Open and Filled Holes (002)
	Composite Rotor Design for Fatigue Crack Growth Resistance (025)
	Fatigue Characterization of a Carbon Fiber/PEEK Composite Femoral Component for Hip Joint Arthroplasty Using an Optimized Tes
	Composite-Constituent Failure Analysis (146)

	SESSION WB-1: PROGRESSIVE DAMAGE
	The Presence of a Delamination in Damage Growth of an Impacted Sandwich Panel (074)
	Progressive Damage Analyses of Skin/Stringer Debonding (165)
	3-D Progressive Failure Analysis Method for Composite Material Applications in Hip Replacements (090)
	Damage Progression Analysis in Tailored Laminated Plates and Shells with a Cutout Damage (136)

	SESSION WB-2: NANOTECHNOLOGY-PARTICULATE REINFORCEMENT
	Surfactant Mesophases and the Templated Synthesis of Polymer-Ceramic Nanocomposites (171)
	Ultrasonic Dispersion of Nanoparticles in an Epoxy Vinyl Ester Resin (129)
	Polymer Material Property Enhancement Through Nanocomposite Technology (215)

	SESSION WB-3: INFRASTRUCTURE-STRUCTURAL SHAPES
	Experimental Studies of the Progressive Tearing Failure of Pultruded FRP Composite Tubes in Flexure (070)
	FRP Honeycomb Composite Sandwich Beams under Bending (111)
	Experimental Methods for Buckling and Post-Buckling of Composite Structural Shapes (199)
	Shear Effects in the Strength of FRP Structural Beams (229)

	SESSION WB-4: EXTREME ENVIRONMENTS - 2
	Accelerated Testing of Polymeric Composites Using the Dynamic Mechanical Analyzer (049)
	Effects of Ultraviolet Radiation Exposure on Vinyl Ester Matrix Resins: Chemical and Mechanical Characterization (038)
	Elevated Temperature Aging of Glass Fiber Reinforced Vinyl Ester and Isophthalic Polyester Composites in Water, Salt Water an
	Degradation Behavior of Interface in GFRP under Acid Condition-Comparison between E and C Glass Fiber (159)

	SESSION WB-5: STRESS ANALYSIS - 2
	A Curved, Elastostatic Boundary Element for Plane Anisotropic Structures (096)
	Shear and Friction Response of Co-Mingled Glass/Polypropylene Fabrics During Stamping (169)
	Failure Prediction of Co-Cured Composite Single Lap Joints with Modified Interface (187)
	Analysis of Stress and Load Transfer in an Adhesion Bond between Composite Plates and Concrete (188)

	SESSION WB-6: INTERFACES/INTERPHASES - 1
	Kinetics of Interphase Formation in Thermosetting Composites (078)
	Effects of a Polyester Preforming Binder on Properties of E-Glass Fabric Reinforced Vinyl-Ester Composites (067)
	Adhesion Promotion Of UHMW-PE Fibers In Epoxy Polymers By Liquid Phase Sulfonation (054)
	Interphase Engineering in Carbon Fiber/BMI Composites to Improve Fiber-Matrix Adhesion and Composite Shear Strength (076)

	SESSION WC-1: THERMAL EFFECTS
	Effective Thermo-Elastic Constants of  [θm/90°n]S Laminates Containing 90° Ply Cracks (102)
	Warpage of Large Curved Composite Panels due to Manufacturing Anomalies (236)
	Optimum Design of a Functionally Graded Metallic Foam Thermal Insulation (127)

	SESSION WC-2: NANOTECHNOLOGY-NEW REINFORCEMENTS
	A New Method for Layer-by-Layer Functionalization of Nanocomposites (214)

	SESSION WC-3: DEPLOYABLE STRUCTURES
	Shape Control of a Deployable Membrane Reflector (004)
	Actuated Composite Structures for Space Applications (006)
	Elastic Memory Composite (EMC) Deployment Hinges for Solar Arrays (007)
	Large Lightweight Deployable Telescopes with Active Surface Correction (190)

	SESSION WC-5: BIOCOMPOSITES
	Bio-Composites from Bio-Fibers and Biodegradable Polymers: Recent Developments (080)
	Biocomposites from Engineered Natural Fibers and Powder Polypropylene: Evaluation of Fiber-Matrix Adhesion and Physico-Mechan
	Studies on Electrical Properties of Wood Polymer Composites Based on Agro-Waste and NOVOLAC (058)

	SESSION WC-6: INTERFACES/INTERPHASES -2
	Mechanical Properties of Glass Fiber/Epoxy Resin Composite with Flexible Interphase (160)
	The Use of Nanoindentation to Evaluate Enviro-Mechanical Changes in Interphase Properties and their Relationship to Bulk Comp
	Mixed-Mode Failure Criteria Using Cruciform Geometry (019)
	The Net-Shape Forming of Composite Micro-Rods: Effects of the Fiber-Matrix Interphase (034)



