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This thesis concerns materials for polymer actuators and mechanical
sensors. Polymer actuators are a class of artificial musttigoramising
actuation performance; however, they are currently limited by theialater
used in their fabrication. The metal-foil type mechanical strain gaarges
commercially available and well understood; however, typically have gauge
factors less than 58, cannot be patterned into custom shapes, and only
monitor small areas. New materials provide opportunities to improve the
performance of both polymer actuators and mechanical sensors. The aim of
this research was to develop, characterize, and implement such materials.
Specifically, this thesis describes novel composites of exfoliated graphite
(EG) blended with elastomeric hosts. The mechanical and electrical

properties of these composites were tailored for two specific apphsatly



modifying the EG loading and the elastomer host: compliant electrodes and

strain gauges.

Compliant electrodes were demonstrated that had ultimate tensihes strai
greater than 300% and that could withstand more th3stfin cycles.
Composites fabricated with polydimethylsiloxane (PDMS) exhibited
conductivities up to 0.2 S/cm, and having tangent moduli less than 1.4 MPa.
This modulus is the lowest reported for loaded elastomers above the

percolation threshold.

Conductivity was increased to more than 12.5 S/cm by fabricating
composites with polyisoprene (latex) elastomers, and the tangent moduli
remained less than 5 MPa. Actuation strains of polymer actuators were
increased 3 fold using the composites as electrodes, compared to using
carbon-grease electrodes. This was due to the composites ability ta-be spi
coated with thin insulating layers of PDMS, allowing 30% higher electric

fields to be applied.

Strain gauges fabricated with these composites exhibited gauge factors
(GFs) > 27,000, to the authors knowledge this is the highest GF ever

reported. The effects of humidity, temperature and strain were investigat
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Chapter 1: Motivation and background

Combining two or more materials to form a composite may yield propéraeare

unique from those of the individual constituents. Composites have many advanced
applications, ranging from non-stick coatings protecting medical devimestfacterid®

to race-car parts having ultra high strength to weight r&tioF his thesis examines how
elastomer composites can be engineered to provide improved performance in polymer

actuators and mechanical sensors.

1.1 Introduction

Mechanical sensors and polymer actuators are electromechanicdlit@nrssthat convert
mechanical or electrical inputs into electrical or mechanical outputs, teghec The
aim of this research was tievelop characterize, andimplement novel composites for
improved performance of polymer actuators, tactile sensors, and strain gahges.
thesis is organized into chapters discussing the steps taken to complete tineeslméc

this research.

e Chapter 1 of this thesis provides a review of the literature and background
information for DEAS, as well as some general information on dielectrics,
compliant electrodes, and sensors (further information on these subjects is

provided in Chapters 2 through 5).



e The dielectric, mechanical, and actuation performances of DEAs fabricabed w
three commonly used elastomers are compared in Chapter 2.

e Chapter 3 presents the processing and fabrication of a new compliant electrode
material intended for applications such as DEAs.

e Chapter 4 discusses the implementation of the compliant electrode material i
DEAs and determines their effectiveness as a replacement for carbea.gre

e Chapter 5 examines applications of the compliant electrode materiatikes ta

sensors and strain gauges.

Chapters 1-3 and 5 are followed by an appendix, providing addition information.

1.2 Background

This section provides basic information about the polymer actuators in tésales
specifically dielectric elastomer actuators (DEAS), their reggbaictuation performance,
and the main issues limiting their application. Elastomer materials, deving, and

experimental techniques used by researchers in the field are aksotpdes

1.3 Dielectric elastomer actuators

1.3.1 What are dielectric elastomer actuators?

Dielectric elastomer actuators (DEAS) are electromechhtrensducers consisting of an

elastomeric dielectric sandwiched between two compliant electrodesn ashedectric



field is applied to the compliant electrodes, electrostatic forcegemerated that
compress the elastomer in thdirection and expand it in theandy-directions (Figure

1).

f X Voltage Off Voltage On

z . - o
compliant F [ I ]
electrodes<~ clastomer ! !

Figure 1. Schematic illustration of a typical dielectric elastomer actator.

DEAs have received much interest and research since their inception neadyla dgo
by the Pelrine and Carpi group. At first, DEA research focused on devicguatifons.
More recently, the focus has shifted towards investigating material pesprimprove

actuation performance.

The electrostatic pressure generated by DEAS is proportional to tire sdjtiae electric

field. The electrostatic pressure, commonly known as Maxwell stsessitien as”:
Eq. 1 Pei = Yae 0 B2 = Yag g0 (VI

wherePg is the electrostatic pressueds the dielectric constant of the elastonagis the
vacuum permittivity (8.854 xI F/m), E is the electric fieldY is the voltage, antlis

the elastomer thickness. In the literature, the %2 in Eq. 1 is commonly ndglaetéo an
assumed expansion in electrode area caused by like charge reBllkimmever, this has

not been experimentally observed in our investigations, and therefore have chosen to
3



maintain the % in the Maxwell stress equation. Actuation pressure is relatedaton

strain for unconstrained DEAs through the Young’s mod¥lakthe dielectric elastomer

[6, 7].

Eq. 2 s =-p./Y,and
Eq. 3 S=§=-vS.

wheres,, s;, ands; are thex-, y-, andz-direction strains, andis the Poisson’s ratio of the

elastomer. Combining Eq. 1 - Eq. 3 provides an equation fordirection strain:
Eq. 4 sc= ((Yze g0 BD) 1Y) 0.

DEAs have been reported with actuation strains up to 380&tresses of up to 7 MPa
1 and estimated energy densities of over 31/gdemonstrated applications include
artificial muscles for robotic8?, tunable optic§™), loudspeaker$?, and tactile sensors
for Braille displayélS]. Figure 2 illustrates some examples of DEAs functioning in
robotics applications. The reported actuation performance metrics haotegttmuch
attention over the past decade as potential replacements or substitutes fectb€ el

motors, piezoelectric transducers, and shape memory alloys.

Wit Lo e R
[} W ;
e
] uili il i ,{: :;4]) §

Figure 2. DEA applications in a) a walking robot fabricated by Pelrin al. b)
an inchworm fabricated by the Sungkyunkwan University*®), and c) a blimp
fabricated by the Technical University of Berlin™°!,



1.3.2 Device types

DEAs are fabricated in a variety of shapes and forms, some of wieidhuatrated in
Figure 3. In the literature, the primary DEA device forms are streidne and free

film, comprising more than 50% of all DEAS. Free-film DEAs (Figure 3a) consist of a
DEA with one end fixed and the other end free to strain. Free film DEAs do not require
rigid frames and can be attached to external loads directly, allowingtavbe achieved
without the use of additional linkages and attachments. Stretched Film DEAs(8Bigur
use rigid frames to support pre-straining of the device. Diaphragm and amembEAS
(Figure 3c) are pre-strained elastomers fixed to a rigid frameasitaithe stretched film
DEAs. These forms do not strain in the x-direction like free or stretclmes} fiather,

they bend or buckle out of plane. Multi-part DEAs (Figure 3d) consist of alstdefitm
DEA attached to mechanical linkages, such as the scissor-jack mechaustpart

DEAs can be used to amplify either the force or the stroke produced by a DEA.

Free films produce movement without frames, mechanical linkages, or isarsrs.

Free films have been demonstrated having actuation strains of up to 209 $trahich

was achieved using a silicone elastomer (Sylgard 182) under an eletdriaf f60 V/um.
Mechanical linkages can amplify actuation strain or force. P&trab!*® fabricated a
scissor-jack type frame with acrylic DEAs pre-strained betweehintkeges that

achieved 150% strain. The actuation strain reported was not the strain exhibited by the

DEA, but rather multiplied many times by the frame design.



Tube DEAs comprise only 5% of the DEA researthut are a promising device form.

These devices are either single elastomer tiBes stacked DEAs rolled togethé?.

a) Free Film | b) Stretched Film |¢) Diaphragmy/  |d) Multi-Part e) Tube
Membrane
? y
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Figure 3. DEA device forms.

1.3.3 Fabrication and actuation

DEAs are fabricated by applying the compliant electrode to a curé¢drakxrs The most
common compliant electrode is carbon grédseCarbon grease electrodes are typically
smeared over a stencil, and the stencil is removed leaving the desireal paftiees are

then placed into the grease for connections to high voltage equipment. For tube DEAS,
the carbon grease is forced into the center of the tube and also coated ontod¢beofurfa
the tube to form the DEA. The dielectric materials used are either-typré films,

sheets or tapes, or 2) un-cured liquids that can be cast, spin coated, or otherwise
processed and cured by solvent evaporation or vulcanization into solid elastomers. A
major drawback for DEASs is the high voltages required for actuation, which citerd

10 kV. When actuated, DEAs “push” which is the opposite of natural muscle.



1.3.4 Compliant electrodes

A major problem with DEAs is the lack of an ideal compliant electrode. ForsR&A
achieve the largest actuation strains possible, the compliant electrodeaveist low
Young's modulus (or tangent moduld¥ above stresses where Hook’s law is invalid) so
they do not impede actuation. It would also be beneficial for compliant elecif tickeg
were easily fabricated without requiring specialized equipment andyitthéd be
patterned. A variety of materials and fabrication methods have been impldnsame

of which are shown in Figure 4.

Figure 4. Compliant electrodes made from a) carbon grease, b) patternedetals®?,
c) ion implantation ?*, d) elastomer composites with carbon filler particle&,

Carbon grease is the most common electrode material because it isadhgctric
conductive, is easy to apply, and has a low stiffness. The disadvantages ofycasasen
are that it smears and rubs off, patterns distort when actuated, and dries dut@ver
One alternative is patterned metals. Patterned metals have much bighectvity than
carbon grease (1®/cm vs. 18 S/cm) and can be applied to polymer and elastomer
surfaces in intricate patterns; however, patterned metal electsaasas the serpentine
patterns shown in Figure 4b, bend out of plane when stretched. The out-of-plane
displacement results in a decrease in the stiffness by as muchcasri@red to the bulk

stiffnessi®?. It is reasonable to suppose that the out-of-plane displacement required to



reduce the stiffness of the patterned metal electrodes may rB&Ast from being

fabricated into stacks or multi-layered systems.

lon implanted electrodes are an excellent alternative to carbon pexzmese they

provide electrical conductivity while maintaining the mechanical propestidse host
elastomer&?. In this method, metal ions are generated under a high electric field and
accelerated into a target surface. There are two problems with ion implantiY
specialized equipment is required, and&}onization, chain scission and increased
surface roughness occur due to damage created by the dissipation of the inooming

energy??.

Perhaps the most promising alternative compliant electrode mategadéastomer
composites. In this method, elastomers are blended with conductive fillelgsaatove
the percolation threshold to impart electrical conducti¥My Maintaining the
mechanical properties of the host elastomers remains an issue. Suchlsiaes many

additional applications including anti-static coatiffgsand flexible electronic$”.

1.4 Literature review

The following section provides an overview of DEA performance reported in the
literature. When possible, actuation strains and forces have been normalized to the
electric field and data were arranged by device form and elastoateriah (silicone,

acrylic, and other). From this section, the dissimilarities in DEA perfocempublished



from group to group will become evident, justifying the need for the DEA comparison

provided in Chapter 2.

1.4.1 Actuation strain

To effectively determine which DEA elastomers and configurations (as publishe
literature) have the best performance, it is necessary to level thegoli@yd. For this,
actuation strains have been arranged in terms of their device type (stigtoheoll,
multi-part, free film, tube, fold/stack, and other) in Figure 5a and by elastiype
(acrylic, silicone, and other) in Figure 6a. The actuation strain datatalen front® *
17-19. 2871 Actuation strains are plotted per unit electric field in Figure 5b ande=&ur
by dividing the actuation strain values by the square root of the reportedcdietdri

(Eq. 1) in Vim.
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Figure 5. a) Actuation strain as a function of device form, b) actuation strainE as
a function of device form. Circles represent acrylic elastomers,jamonds represent
silicone elastomers, and the x symbols represent other elastomers.
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The average out-of-plane-direction, Figure 3) actuation strains achieved by DEAs
fabricated with acrylic, silicone, and other elastomers are 52.3%, 16.7%, and 6.3%
respectively. The average in-plaxeaqdy-directions, Figure 3) actuation strains
achieved by DEAs fabricated with acrylic, silicone, and other elastaners3.3%,

5.9%, and 4.3% respectively. These values correspond well with those measured in

Chapter 2.

DEAs are tested under a wide range of experimental parameters, incheleygplied

electric field. As shown in Figure 5b and Figure 6b, when the actuatiamsstra

divided by the square root of the reported electric fields, the average inaglaaéion

strain achieved by DEAs fabricated with acrylic, silicone, and othetoetass are 8.3%

(only 0.7% when the two outliers discussed above are omitted), 1.9%, and 0.6% per unit
electric field, respectively. These results signify that, excludiagwo outliers, silicone

provides the greatest actuation strain per unit electric field.

1.4.2 Actuation stress

Actuation stress is another important metric used to characterize DioAnpance. In

the analysis below, only data in which DEAs were actuated with attached lessls w
considered. Stress is defined as the ratio of the applied force and crazsasacta of

the DEAs. Work is defined as the product of the applied force and the distancedt move

when actuated.

11



1.4.3 Blocking force

Blocked force is an applied force at which a DEA can no longer produce actuedion s
For example, imagine a stretched frame DEA with a weight hanging frooetiter of

the active area. When the weight is increased, there will come a point whactutuer
will not be able to lift the weight. Free strain is the actuation strain witippbed load.

Free strain and blocked force make up the two extremes of a load curve.

1.4.4 Load curves

Load curves, which are used to characterize actuator performance, plobadtrain as
a function of applied force. Load curves convey a great deal of informatiodimg

free strain (zero force), blocked force (zero strain), and work (area undertg c
Figure 7 shows the load curves from the load data but most of these plots have two

points.

12
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Figure 7. Actuation strain as a function of force for a) silicone tube D& ¥, b)
silicone membrane DEA"?, ¢) silicone membrane DEA with a 3 mm diamete¥?
d) silicone membrane DEA with a 2 mm diametel®, e) silicone multipart DEA by
Danfoss!’, f) urethane tube DEAE?, g) acrylic fold/stack DEAY#, and h) acrylic
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Ideally, units of stress are preferred to units of force since stresfeandent of sample
geometry; however, the majority of publications that present results in uniicefdo

not include the necessary information to convert to stress. Calculated and reported
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stresses (Figure 8a) and forces (Figure 8b) are plotted as a functiostainelatype.

When the electric field was provided, the actuation stress and force was divided by t
square root of the electric field to allow for direct comparison. Figure &ignde 9

portray the same data from four different perspectives. Only data witletessary
information for the conversion from force to stress were plotted. Table 1 in the Appendi
for this chapter lists the references for the data in Figure 8 andeFRgatastomer, initial
elastomer thickness, actuator dimensions, pre-strains, elastomer thidkeregeeastrain,

in-plane or out-of-plane strain, and the applied voltage or electric field.

0.7 12.0
. a) b)
Ly 10.0- o
0.5
8.0
= O
§0.4— o z o
2 o 0.0 o o
wn ~
§O.3— E
& 4.0
0.2 ¢
o O
2.0
0.1 §
g X
0.0 8 X 0.0 © o
[ [ [ | I T
E g 2 2 g g
2 . i
< A <« )

Figure 8. a) stress as a function of DEA elastomer type, b) force as a functioh
DEA elastomer type.
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Figure 9. a) stress divided by the square root of the applied electric kikas a
function of DEA elastomer type, b) force divided by the square root of the ajipd
electric field as a function of DEA elastomer type.

1.5 Mechanical sensors

Sensors provide feedback on environmental and other dynamic parameters, and are used
for applications ranging from airbag deploym&fitto robotics’”. There are many

types of sensors, including opti¢&, chemical’, and mechanic&®. In this thesis,

mechanical sensors are investigated for the detection of strain and pressure

Some limitations of commercial sensors include small monitoring areast(ain gauges
are generally < 50 mnf), lengthy installatiofY), and single parameter sensing (i.e.
strain or pressure). In addition, some applications impose multiple requireanents
sensors. For example, devices like micro-air vehicles (MAVs) may requite

parameter feedback such as altitude, wing displacement, and contact for lariding. T

15



current solution would be to install multiple single-parameter sensors to nobaifdhe
requirements. Having a multiple-parameter sensor would reduce weightséem sy
complexity. Further, irregular shaped and low stiffness sensors mayuireddoecause
of the small size of the MAV and the potential of the sensing device impeding the
deformation being monitored (i.e. wing displacements). Therefore, it will beitiahtd
have a light weight, multi-parameter, patternable sensor with a low stitioeeduce

weight and system complexity.

1.6 Summary

DEAs are light weight, soft actuators capable of producing large actsat@ons. DEAS

are potential substitutes for DC electric motors, piezoelectric transgdacel shape

memory alloys; however, several challenges need to be overcome fort®@Essh

widespread use in consumer products. One of the most important is the development of a
compliant electrode material suitable for all elastomers and withih odead!

researchers. Composite materials are one potential solution.

1.7 Aims

The objective of this research was to advance the fields of mechanical sersors

polymer actuators by developing and implementing new composite matditeds.

disparate data outlined in the above chapter shows a need for a direct comparison of DEA
materials and actuation performance, which is provided in Chapter 2. For the field of
DEAs to advance, a replacement for carbon grease electrodes needs todgedevel

16



Advancements in the field of sensors are also possible through new materials with mul
functionality (i.e. the same material capable of being applied asragitage or as a
temperature sensor. Control sensors would be required to remove undesired sensing
modes if more than one are present simultaneously.) that simplify installdtilen w
maintaining or exceeding current performance. The environmental facec8raffthe

electrical properties of such materials are provided in Chapter 5.

1.8 Chapter 1 Appendix

Table 1. Materials and conditions of reported data in Figure 8 and Figure 9.

3 FR%) FRY) b —

% — % § — = o~ g % g — % \g- 2=
218235 § |BE|g83E| £ | 2 &g
¥ |[EsEE| £ =E|xscEl S | w |G
| 1.00 freefilm | 19 | N.A NA. | 27 | 00053
“1 | 0.05 free film | 20 | 0.043 N.A. | 3g|00292
“1 | .05 free film | 20 | 0.043 NA. | 21 |0029
41 | 0,05 free film | 20 | 0.046 N.A. | 37 | 00429
411 0.05 free film | 20 0.040 N.A. | 49 |0.049
9| 0,50 roll 117 | 0.086 3000| 34.80-1356
B2 | NLA. stretched| 60 | N.A. N.A. | 102 04
83 | .45 stretched| N.A| N.A. N.A.| 24 | 0.0058
B4 | 0.08 tube N.A. | N.A. N.A. | 30 | 0025
711 0.08 free film | 200 | N.A. 2500 | N.A, 0%
6l | 1,00 free film | 19 | N.A. N.A. | 27 |0.0037
BSI | NLA. stretched| 190 | N.A, 4000, N.ANA.
86 | 150 stretched| N.A| N.A. 10000 NANA
87| NLA. multi-part| N.A. | N.A, 8000 | N.A.| N-A
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B8 | .10 stretched] N.A| N.A. 5500, N.ANA
59 | 150 stretched| N.A| N.A. 9400, N.AN-A.
991 1 1.00 stretched| 200 N.A. 5400 NAN-A
57 | 1.00 multi-part| N.A. | N.A. 3400 | N.A.| N-A
97| NLA. tube N.A. | NA. 1420 | N.A] N-A.
oU | NA, roll N.A. | NA. 2500 | N.A.|NA
| NA. free film | N.A. | NLA. 2500 | N.A.| 0625
71| NLA. free film | N.A. | N.A. 2500 | N.A[0-025
BT NLA, tube N.A. | N.A. N.A. | 125 | N-A.
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1.9 Co-author contributions
Chapters 3 and 4 are reprints of published papers, and chapters 2 and 5 are modifications
of drafts of journal papers that will be submitted. Therefore, they haveoaddi@uthors

who were responsible for parts of the research. This section outlines thebutmnts.

1.9.1 Chapter 2
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analysis, and all three of us contributed text to the manuscript draft. Fohapiter, |

have re-written their text so that it is entirely in my own words.

1.9.2 Chapter 3
J. D. Pearse assisted with sample fabrication and conductivity measurements

performed the data analysis and wrote the paper.

1.9.3 Chapter 4
J. D. Pearse assisted with sample fabrication, modulus measurements, and conductivi

measurements. | performed the data analysis and wrote the paper.

1.9.4 Chapter 5
K. Miller assisted with sample fabrication and temperature-resistagasurements. T.
Neumanrfabricated the tactile sensors and performed the experiments in section 5.5.1.

C. Elder and O. Dear fabricated the bridge beam and collected the dathdro
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commercial strain gauges and the force sensor in section 5.5.2. | perfoentzdat

analysis and wrote the paper.
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Chapter 2: Comparison of three elastomers for
dielectric elastomer actuators

Sensors and Actuators, full article, draft

M. Kujawski, J. D. Peardeand E. Smef4
!Dept. of Materials Science and Engineering, University of Maryland, @ofark, MD
20742
Dept. of Mechanical Engineering, University of Maryland, College Park, MD 20742
*smela@eng.umd.edu; tel: 301-405-5265; fax: 301-314-9477

2.1 Abstract

A variety of elastomers have been used as the dielectric layer in dietdastomer
actuators (DEAs). However, the performance of DEAs varies substadepinding on
the experimental conditions, making the evaluation and selection of elastomers f
particular application challenging. In this paper, the mechanical and eéptoperties
(tangent moduli, dielectric constants, and creep under load) of three elastoPizgS,
TC-5005, and VHB-4905 — are compared under similiar conditions. DEAs fabricated
with these elastomers are next evaluated in terms of actuation straie@mehicy

response.

2.2 Introduction
Dielectric elastomer actuators (DEAS) are electro-mechhtriemsducers capable of
producing actuation strains of greater than 160%As recently reviewel®, DEAs

have potential applications in robotics, haptics, tactile displays, and adapti\ge d@ptic
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DEA consists of an electrically insulating elastomer sandwiched betweecompliant
electrodes. When an electric field is applied to the electrodes, theyracteattogether
by Coulomb forces, producing a contraction in#{wérection (Figure 10) and expansions

in thex andy-directions.

Three commonly used elastomers for DEAs are polydimethylsiloxane §8M

silicone), TC-5005 (another silicone), and VHB-4905 (an acrylic). However, a tiforou
comparative study of the actuation performance and the mechanical andatlectric
properties of the elastomers has not yet been conducted, although power consumption
and hysteresis have been evaludtdd A direct comparison using literature data is
difficult because dissimilar experimental conditions have been employed,ssdekiee

form factor, extent of pre-strain, and applied electric field.

In this paper the tangent moduli, creep strain under load, and dielectric constargse of the
three elastomers are measured under similar conditions, as well as treipact
performance in free-film DEAs as a function of electric field stiemgid frequency. We
show that TC-5005 and VHB-4905 elastomers more than doubled in length within 2 hrs
of applying a small pre-stress of 75 kPa. Free-flm DEAs produced with TCega0@5

the greatest actuation strains (> 4%) and mechanical energy densiti¢kg@B2Y.5

V/um). Recommendations for potential DEA applications are provided based on the

results obtained.
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2.3 Experimental

2.3.1 Elastomer preparation

As noted above, PDMS (Sylgard 184, Dow Corning) and TC-5005 (BJB Enterprises) are
silicones, and VHB-4905 (3M) is an acrylic. The VHB-4905 is commerciallyaail
in the form of a tape 12.5 mm wide and 500 um thick. PDMS and TC-5005 are prepared

by combining a pre-polymer and curing agent.

Sylgard 184 pre-polymer and curing agent were mixed at a 10:1 weight ratio and
vacuum-desiccated for 30 min to remove air bubbles. To form films, the mixture was
spin-coated onto 75 mm x 50 mm x 1.2 mm glass microscope slides at 1000 rpm for 60
sec, followed by vacuum-desiccation for 5 min and baking on a hotplate at 95 °C for 5
min. A second identical coat was applied, followed by degassing for 5 min and baking at
95 °C overnight. Forming the PDMS elastomers in two layers helped minimize air
bubble formation. The PDMS films were 127 £21 um thick as measured using a surface
profiler (Dektak3 ST). These samples were kept thin to allow them to reach edhepar

strains under load as the other elastomers, which were softer.

TC-5005 elastomers were also prepared by mixing a 10:1 weight ratio of resurizgd c
agent. TC-5005 was not spin coated because it will not cure in thin films in the presence
of oxygen. Instead, TC-5005 was vacuum-desiccated for 30 min to remove air bubbles,

cast into polyethylene dishes, and cured at room temperature for 48 hrs. TC-5005
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samples were 830 40 um thick as measured with a handheld micrometer (L.&. Starre

Co., No. 120AM).

All three elastomers were cut into 50 mm long, 12.5 mm wide strips. One end of each
strip was glued onto a glass microscope slide, and the other end was glued onto a 15 mm
x 15 mm piece of a polyester (modulus > 2 EBptransparency sheet (3M) using a
photo-curable adhesive (Loctite 3108), leaving a 25 mm long, 12.5 mm wide section in

the center that was free to stretch (Figure 10).

2.3.2 DEA fabrication and electrical connection

The experimental setup is shown in Figure 10. Carbon grease (MG Chemasls) w
applied manually to a thickness of approximately 1 mm to form the electrodbs for t
DEAs. The active area of the DEA, i.e. the afedyetween electrodes on both the top
and bottom of the film, was held constant at 40°m8tencils 20 +2 mm long and 2 +0.2
mm wide were used to pattern the carbon grease electrodes. Carbon greggdiedas a
using a spatula over the stencil, and then the stencil was removed. Top and bottom
electrode stencils were aligned by eye. Electrical connections toeihsegvere made
using 5 cm long, 2 mm wide strips of Al foil that were gently pressed onto thegreas
electrode on one end and connected to a high voltage power supply (UltraVolt, Inc.) on

the other using alligator clips.
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Figure 10. Device configuration and experimental setup.

2.3.3 Mechanical measurements

A force/strain transducer (Aurora Scientific Inc., model 3000LR) was usqiptp and
measure forces and displacements, which were then converted to stresaiangdisy

the measured elastomer dimensions and transducer arm displacements. eESamtdm
DEAs were suspended vertically by clamping the glass slides abovartkducer. The
transparency sheets were connected to the transducer arm using silk sedualedthr

through small holes in the transparency and transducer arm. A 2 gram force
(corresponding to 6.2 kPa for PDMS, 0.94 kPa for TC-5005, and 1.6 kPa for VHB-4905)
was applied by the transducer to hold the elastomer or DEA samples straighstart

of the measurement.
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2.4 Results and discussion

2.4.1 Tangent modulus

For small strains (< 20%) and assuming constant volume (Poisson’s tafi®), the
out-of-plane (i.e. in the z-direction) actuation sti@S®r pressur@,) in a DEA is

commonly modeled as the Maxwell stress, writtel'as
Eq. 5 Pel = Yog 6o B2 = Ya¢ g0 (VIY,

whereg; is the relative dielectric constasg,is the permittivity of free spacg,is the
applied electric fieldS; is the strain in the z-directiol,is the Young’s modulus of the
elastomery is the applied voltage amtlis the thickness. While stress is directly
proportional to the Young’'s modulus, rearranging shows that the strain is inversely

proportional to the modulus:

e V2
Eqg. 6 S=—| 21| —1,
q : [Yj(dj

The Young’s modulus is the slope of the stress-strain curve of the elastomensaimngéhe

of strain for which Hook’s law is valid (< 1%) and represents the elastorfieess. For
larger strains (> 1%), Hook’s law is no longer valid, and the slope of the stress-stra
curve is defined as the tangent modi#tis While the tangent moduli of the three
elastomers have previously been repofted>°®! the moduli can vary with preparation
conditionsi'® and so needed to be determined for our samples. The force/strain
transducer applied increasing displacements to the elastomers at eDratenaf/sec

while the force was measured. Tangent moduli were calculated from the slbpe of t
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stress-strain curve at 5% strain (the observed actuation strain regiompimum of

three films of each elastomer were tested, and typical curves are shogurenH.

0.35
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< 0.04
0.25- £ 0.02- L
2 ..r.’...‘.‘........_.
o 0.00 ikt -
£ 0.20 LR #
— | )
<
g 0.15
7
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VHB-4905
0.05 Y
.-ﬂ...._._._.
. TC-3005

Strain (%)
Figure 11. Stress as a function of strain for the three elastomers, measdrat a
strain rate of 0.1 mm/s.

PDMS, with a modulus of 1.06 £0.02 MPa, was an order of magnitude stiffer than TC-
5005 (0.103 +0.004 MPa) and VHB-4905 (0.165 +0.002 MPa). These moduli compare
with previously reported values of 0.75 - 2.6 MPa for PDMS®, 0.062 - 0.095 MPa

for TC-5005!** °" and 0.182 - 0.8 MPa for VHB-49(% °!. As shown in the inset in
Figure 11, the modulus of PDMS consistently showed a knee at 1% strain, increasing
from 0.48 MP to 1.06 MPa, whereas the moduli of TC-5005 and VHB-4905 were linear
between 1 and 30% strain. Depending on the strain range used for a particular

application, this strain hardening may need to be taken into account.
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2.4.2 Creep

Creep is the tendency of a solid material to keep deforming in response to a cohtinuous
applied stres8°Y. In this report, total creep refers to the combination of creep
(unrecoverable) and viscoelastic deformations (recoverable, also reteaiedtic

creep). Creep behavior for these elastomers have not previously been reportesdut ¢
can pose potential problems for DEAs: depending on the device configuration and
application, creep could require continuous counteracting adjustment of the voltage and

introduces memory effects that complicate actuation repeatability.

Creep was determined using a modified version of the ASTM D945-06 testing procedure
A stress of 75 kPa was applied to the elastomer films and the resulimgveis

measured over 10 hrs (Figure 12). For PDMS, the 75 kPa stress was sufficient to induce
creep without exceeding the 10 mm stroke limitation of the force/strairdtresrs TC-

5005 and VHB-4905 elastomers stretched more than 10 mm, and the experiments were
paused periodically in order to reposition the sample relative to the transatoncer

Creep recovery (the amount of strain recovered after removing the stesssdt

investigated. Future investigations should include removal of the applied stress t

determine the separate extents of the plastic and elastic creep.
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Figure 12. Strain as a function of time for the three elastomers under an ajd
stress of 75 kPa.

The total creep after 10 hrs was 2% for PDMS, but it was 185% for TC-5005 and 130%
for VHB-4905. For the latter two, total creep was rapid during the first Hoenedfter it

slowed but continued. For PDMS, the creep slowed after 5 min. Creep rates after 6

hours were 0.08%, 4.5%, and 1.3% /hr, respectively.

2.4.3 Actuation strain as a function of electric field

Strain, stress, and speed are the most important actuator metrics, the prduittsif t
two determining work and the product of all three determining power. To measume str
as a function of electric field, the DEAs were placed under a small consémst ati75

kPa afT = 0. Electric fields were applied in three sets of 30 sec on/off square waves

increasing in 2.5 V/um increments. A minimum of three samples of eatbretagype
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were tested. Pre-stressed elastomer thicknesses were used tinddterralectric field

corresponding to each applied voltage.

Under the increasing fields, the DEAs eventually failed. To prevent shaatidgallow
potential re-use of the actuators, electric fields were reduced to 90-95%fiefd et

which the ratio of the number of samples that failed to the number of samples thiat didn’
was > 30% (50, 27.5, and 32.5 V/um for PDMS, TC-5005, and VHB-4905 DEAs,
respectively). Failure was accompanied by visible sparking around thetities
elastomers, and not from dielectric breakdown in the electrode aflgas005 and
VHB-4905 DEAs stretched when the pre-stress was applied, reducing tredifiom

the electrode to the elastomer edge to < 2 mm, from initial edge distancésnain with

zero pre-stress). The sparks would burn the elastomer, ruining the DEAgy(ge€lB).

LeLLL/

/mass\

Figure 13. Schematic of the elongation that results when a mass is appliedhe t
free end of a free-film DEA.

Creep strains were subtracted from the raw actuation strain data to gigpribgiucible
actuation strain, as shown in Figure 14a. The creep strain slopes weargaak&igure
12 at the same time relative to the pre-stress being applied to the DEAesxaRple, the
creep measured 10 min after applying the 75 kPa pre-stress was sdiftcantthe
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actuation strain measured 10 min after applying the 75 kPa pre-stresgfo &e to
the lower tangent moduli, at 27.5 V/um, actuation strains for DEAS made wWA80T&

(4.0%) were ten-fold those for PDMS (0.3%) and three-fold those for VHB-490%)1.3

DEAs.
5 a) E=275 D)
raw data—"" ! TC-5005
~ 41 ] T il
§ corrected data—>p /!
g ' '
g 37 E=250 T )
7 e : ! §,[VHB-4905
§ 5 E=225 . - 1 ,{
< bl b ’
= 1 / 4
° 1 <
< IR /{ ,% :I;
1 ~ - ’ 3 _ -
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(from Fig. 12)
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Figure 14. a) Actuation strain as a function of time for a TC-5005 DEA. The raw
data (dotted line), the corresponding creep strain (dashed line), drthe corrected
actuation strain (solid line) are shown. b) Strain as a function of elegtr field for
DEAs fabricated with the 3 elastomers. The applied stress was 75 kPa and rages
represent at least 3 samples. The dashed lines are guides for the.ey

2.4.4 Actuation response times

Another way to examine speed is through the rise and fall (relaxation) tefesed as

the times it takes for the actuator to reach 90% of its final positions. For these
measurements, the DEAs were pre-stressed at 75 kPa and actuated by afiplying a
square wave as in section 2.4.5, using the same fields with on/off times of 30 sex (Figu

15). The measured actuation strains were normalized to the maximum sthé@ved at
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the applied electric field: 0.3% for PDMS, 3.9% for TC-5005, and 1.2% for VHB-4905
DEAs. PDMS exhibited the shortest rise titnand fall timet; : 0.8 and 18 sec,
respectively. This is consistent with the step response data in Figure 14, SROMITy

to be the fastest. TC-5005 hiadk 9.4 sec ang = 2.4 sec. While the rise time was 10x
longer, the fall time was shorter. For VHB-49@5; 11.2 sec ant > 80 sec, a
comparable rise time to TC-5005, but a substantially longer fall time. {hedtenlike

the PDMS and VHB DEAs, the rise time was longer than the fall time foB0U5-

DEAs. The reason for this is unclear, and requires further investigation). Theagkscha
time of the high voltage power supply may be affecting the response of the DEAs a

higher frequencies, and is currently being investigated.
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Figure 15. a) Actuation strain as a function of time for a voltage step on/off. Rise
times are shown. b) Applied electric field, 27.5 V/um, as a function of time

32



To provide some context for these numbers, they were compared to the elestacal ti
constants, since DEAs are elastomeric capacitors. The RC time constant

estimated from the measured resistance of the carbon grease etecbbd@ed with a
two-point probe, and the electrical leads I0and the measured capacitance of the
DEAs (obtained using the relatiéh= 1/(2tfZ") % whereZ” is the imaginary part of
the impedance) at 100 Hz and 0 kPa pre-stress. The electrical time constadts ar
orders of magnitude smaller than the mechanical ones, showing that the mechanical
relaxation is the rate-limiting process, and not capacitor charging. aviieah time
constants between 1 ms and 500 ms have been reported by Ros$gt 8fldr PDMS
diaphragm DEAs. The mechanical response times are believed to be dominated by

viscoelasticity and polymer chain relaxatiéfi: 4!

2.4.5 Actuation strain as a function of frequency

While DEAs have been described as operating up to kHz¥atgd 1% %¢lgnly a few
curves showing strain versus frequency have been publi§h&d 1°°1°” The DEAs

were therefore pre-stressed at 75 kPa and actuated by applying squaratv@@ve85%

of the maximum for each material (47.5u% for PDMS, 25.0 lm for TC-5005, and
27.5 Vium for VHB-4905 DEAs) between 0.1 and 10 Hz (Figure 16a-c). These values
gave the maximum strains achievable without significant risk of devicedaand it was
assumed that the frequency response was not significantly affecteel fisidirstrength.
(The actuation strains in Figure 16 are lower than those in Figure l4skeba electric
fields were lower.) The actuation strains, normalized to those at 0.1 Hshaawve in

Figure 16d. (The strains at 0.1 Hg;, for PDMS, TC-5005, and VHB-4905 DEAs were
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0.6%, 1.9%, and 0.9%, respectively.) It is possible that pre-straining the VHB and TC

5005 material may improve their rise and relaxation times, which is evidemtieir

applications as loudspeakéls %!
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Figure 16. Actuation strain as a function of frequency for a) PDMS DEAs at 47.5
V/um, b) TC-5005 DEASs at 25.0 V/um, and c) VHB-4905 DEAs DEAs at 27.5 V/um.
d) Gain as a function of frequency; solid lines show the best fit rebff rates.

The cut-off frequency is defined as the frequency at which an input signal is attenuated

by half (-3 dB, where the decibel value is given by 20logM, which is equivalent to the

magnitude being reduced to 0.707), and the roll-off gives the rate at which the response

decays with frequency abofe!®®. The frequency dependences of the strains are shown

in Figure 16, and the cut-off frequencies and roll-offs are given in TaldORIS and

TC-5005 had similaf;, operating at > 1 Hz with a < 25% reduction in actuation strain.

PDMS had the highe§ (1.5 Hz) and lowest roll-off (-5.3 dB/decade) yielding the least
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attenuation with increasing frequency, and making it the most suitable for &glefcy
applications. VHB-4905 exhibited the largest attenuation rate with frequeh8y (
dB/decade).

Table 2. Cutoff frequencies and roll-off rates for the three types of DEA(There
are no previous literature reports of cut-off frequencies.)

Elastomer | Cutoff Roll-Off Previously Reported
Frequency (dB/decade) Roll-Offs
(Hz) (dB/decade)
PDMS 1.5 -5.3 -5.3"%
TC-5005 |1.1 -7.7 no reports
VHB- 0.4 -8.8 -10.4 ﬁ35% uniaxial pre-
4905 (46% uniaxial pre- | strain)™!!
strain) -20.0 ﬁ300% biaxial pre-
strain)!*”]

Strain as a function of frequency has previously been reported for PDMS and VHB
DEAs. Pimpiret al.**® examined PDMS membrane DEAs, Capal.*! studied

VHB free-film DEAs, and Loverictet al.™®” investigated VHB membrane DEAs. From
their plots, we obtained cut-off frequencies and roll-offs for their devices (2Zabl@ur
results are close to those values. Further analysis of VHB daentgedy Carpet al.

[ and Loverichet al.*°”) indicated that roll-offs increase with pre-strain, reaching a first

(1971 Higher actuation

order response when the DEAs were biaxially pre-strai&@D%
frequencies may be achieved by exploiting resonance; resonant fregumstaieen 1

kHz and 1.4 kHz have been observed for silicone DEAYS: 106!
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2.5 Conclusions

Mechanical and dielectric properties, and electromechanical responsesef\idere
investigated for three elastomers. It is shown that pre-stresses of 75 kP& groeep
strains in all three elastomers, which were negligible for PDMS (< 2%)qaite large
for TC-5005 and VHB-4905 (> 100%). All three DEA types show potential for high-
strain responses at high electric fields; however, the responses exjmibitaint

frequency dependence, particularly for VHB-4905 DEAs.
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2.7 Chapter 2 Appendix

2.7.1 Experimental challenges

There were many obstacles that needed to be overcome to conduct the experitisnts in t
chapter. Two of the main issues were sample sparking and equipment limitations.

Sparking is an electrical discharge between electrodes.

2.7.1.1 Sample sparking

Samples failed by sparking from electrode to electrode around the edge laktbeer.
To prevent sparking, the spacing between the edges of the elastomers andrtueslect
needed to be adjusted. The spacing depended on the applied voltage, elastomer

thickness, creep strain, and pre-stress.

The dielectric breakdown of air reported in the literature to be ~3 MWhwhich

depends on environmental factors such as altitude, temperature, and humidity. We
experimentally determined that the dielectric breakdown at 64°F and 32% RH5wvas

MV/m by applying a 10 kV potential between two electrodes. The electrodes we

moved closer together until, at a distance of 6.5 mm, sparking occurred; thipacod®es

to 1.5 Vim. The high voltage power supply used in this thesis was limited at a

maximum output voltage of 10,000 V. Based on these data, at the maximum possible
applied voltage, the electrodes needed to have a minimum distance between 1.5 mm and
3 mm to prevent sparking around the wall of the elastomer. By having a minimum
spacing of 2 mm between the edge of the elastomer and electrode (muliyfidarthe
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top and bottom) and with an elastomer thickness of 0.1 mm, the separation distance was
4.1 mm. Electrode patterning position and orientation were critical to ensure this
separation was maintained on the elastomers that exhibited large creep Sttaams
pre-stressed TC-5005 and VHB-4905 elastomers continuously narrowed thagisapar
distance as the elastomer became longer and narrower. This resulteg therviaa

failures and is a notable reason for the use of alternative compliant elsdtratiean be

coated with thin insulating layers to help prevent sparking, like the PDMS/E€siahat

2.7.1.2 Equipment limitations

The 1 N force limitation of the force-strain transducer, the elastomgernamoduli, and
elastomer cross-sectional areas were the determining factors &ppined pre-stresses.
The 10 mm stroke limitation of the force-strain transducer, the elastomentamgguli,
and resulting creep strains were the determining factors for appksdesdrused for the

creep strain experiments. These limitations dictated the experimenttadqir

2.7.2 Unsuccessful experiments

Electromechanical efficiency is seldom reported. ElectromecHagffcaency is the

ratio of the electrical energy given to the system to the mechanicglygmeduced by

the system (work). To calculate the electrical energy given to thensyste applied

voltage and resulting current need to be measured. The charge buildup on theeslectrod
occurs rapidly (~ 18" sec) after applying the voltage, so the voltage and current need to

be sampled at high frequencies in order to accurately map the power consumed in this

phase of the actuation. High voltages can destroy instrument, so we needeginta desi
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data collection system to handle this. A schematic illustration thensysnployed is
shown in Figure 17. To provide the high sampling rate, a data acquisition caah@Nati
Instruments, USB-6008) was used to measure the voltage drop across a relsestor. T
resistance of the resistor was measured before testing, and the veassselected to
produce a voltage drop between 3 and 7 V, depending on the applied electric field and
elastomer thickness. Because of the high rate of failure for DEAs wiibrcgrease
electrodes, an operational amplifier was used to mirror the measured voltage 8Wop of
V. The operational amplifier would short out if the DEA failed and sent the 10,000 V
directly to the resistor, and protect the more expensive data accusatidorcabeing
damaged. Using Ohm’s law, V = IR, the current passing through the DEA, entcurr

leakage, could be calculated.

HV source DAQ card 10V supply
+ - + -

-+
| M
DEA —>] Op-al\np

force/strain
transducer

-+
resistor

Figure 17. Schematic illustration of the voltage and current measuring systeused
to calculate DEA power consumption.

Due to the many variables (applied voltage, elastomer thickness, elastpajeesystor
value, resistor loss, and operational amplifier type) this method did not give rapteduc

results. An example of the data collected is shown in Figure 18. The pealstairtloé
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each actuation cycle is the charge buildup on the electrodes. The negative geaks at
ends of the actuation cycles are that same charge returning to the power 3iniply
charge/discharge could possible be collected with circuitry and woulddhe redt
contribute to the power consumption of DEAS, rather the current leakage through the
elastomer that consumes the power. Improved electronic circuits are deiquinere

accurately measure power consumption of DEASs.
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Figure 18. For a PDMS/carbon grease DEA, a) voltage, b) current, c) power, and d)
actuation strain as functions of time.
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3.1 Abstract

A compliant electrode material has been realized by blending an insulating
polydimethylsiloxane (PDMS) elastomer with a conductive exfoliated geaplhér,

which was produced by microwave irradiation. The conductivity and stiffness of the
electrodes were determined as a function of filler concentration. Theseatsat

exhibited a low percolation threshold: above 3 wt% loading they became conductive,
with conductivities reaching as high as 0.4 S/cm. They remained elastomenic

loading up to 25 wt%, having a Young’s modulus of only 1.4 MPa. This modulus
(corresponding to a 220% increase compared to the unloaded PDMS) is the lowest
reported for loaded elastomers above the percolation threshold. Scanning electron
microscopy showed that the composites contained small voids, unlike unloaded PDMS,
which might be responsible for the low modulus. The performance of these electrodes is
comparable to that of PDMS loaded with carbon nanotubes, but the exfoliated graphite

material can be produced at a fraction of the cost.
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3.2 Introduction

Compliant electrodes that can undergo significant stretching while mamngajood
conductivity are needed in applications such as strain gauges, flexible dispayeh
electronics, and dielectric elastomer actuators. However, the developraeneiadiiy

good compliant electrode material has proven to be challenging because of theusyume
sometimes incompatible, requirements on it. As implied by the name, the two most
important requirements are mechanical compliance, which equates to a low Young’s
modulus, and high electrical conductivity. Other characteristics required tiopufzar
applications may include extended strain cycling, high ultimate tensila,stegligible
creep, ease of fabrication, low material costs, and resistance to wdangroff, and

delamination.

Much of the compliant electrode research over the past decade has focused orsévo-pha
composites composed of conductive filler particles within an insulating polysatexm
(111221 conductive filler materials include carbon black (E8) **% carbon fiber§*?,
multi-wall carbon nanotubes (MWCNTS$2®! and single wall carbon nanotubes
(SWCNTs) 221 unfortunately, there is normally a dramatic increase in stiffness with
loading of the conductive fillét'® 1*"- 122 stiffness increases can be minimized by using
a lower percentage of the filler, but if the loading is too low then the matamalne
insulating. The loading at which the material becomes conductive is known as the
percolation threshold, at which a conductive pathway through the host matrix islforme

by the filler particles.
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Graphite, which can be easily obtained and is relatively inexpensive, has alacbde
as a filler*?*1%%l Graphite is composed of individual sheets, called graphené, of sp
hybridized carbon arranged in a hexagonal lattice; the sheets are stacigethalc-axis
and bound together by van der Waals forces. Graphite is electrically conductive in the

plane of the graphene layers.

Molecules can readily be introduced between the graphene sheets. Acids can be
intercalated, for example. If the graphite particles are thedlyapeated, the acids are
vaporized, generating enough force to overcome the van der Waals binding and
expanding the graphite flakes along the c-&&fs'"'?*! The expanded structures are
sonicated in a solvent to break them into sheets. Separation of the layers is known as
exfoliation, and it can be done either in a furn&teor by using microwave radiation

[124, 128,129, 131] However, the production of pure single sheet graphene is difficult with
these methods: exfoliation is generally incomplete, resulting in a conumradtgraphite

and graphene.

In this paper we demonstrate that exfoliated graphite (EG) can be used to poaduce
modulus composites having good conductivities at low loadings. Using polydimethyl-
siloxane (PDMS) as the elastomer, we produced a material that cart besgas coated
into films, as well as patterned. PDMS/EG sample preparation consisteangfia svo
step process that can be repeated in virtually any lab: 1) exfoliate thegapmhR) mix

the resulting EG into the PDMS and cure.
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3.3 Experimental

3.3.1 Microwave Exfoliation

The exfoliation methods employing microwave irradiation presented bydretich 28!
and Weiet al.**? were used in this work. Our starting material was acid-washed
graphite flake (Asbury Graphite Mills, Inc.). The microwave oven (Ken)riae a

power of 1100 W and an operating frequency of 2.45 GHz. Flexible silicone tubing
(MasterFlex® HV-96410-18) was fed through the rear vent so that the enclosur®deoul
filled with forming gas (97% nitrogen, 3% hydrogen). The particles must besa cl
proximity to one another for exfoliation to occur. Therefore, graphite {2akg was
placed into an 18 mL glass vial in the center of the microwave. The formingagas
turned on for 10 minutes at a flow rate of 1 L/min prior to applying full power for 60 sec
Due to the conductivity of the graphite, large sparks were generated betwedeaspartic
during microwave irradiation, and the expanded material glowed orange-red. The
exfoliation appeared to be complete after only a few seconds, as evidenced 08 200

fold increase in volume (Figure 19a).

The resulting worm-like particles (Figure 19b) were filtered byist) them into hexane,

in which they floated; large unexfoliated particles sank. The exfoliatéidlpamwere

collected from the surface and dried on a hot plate overnight at 150 °C.
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10.0kV 15.6mm x30 SE(M)

Figure 19. a) Acid-washed graphite before (left) and after (right) micowave
exfoliation. b) SEM image of worm-like EG structures.

3.3.2 Characterization

SEM images of composite samples were obtained with a Hitachi SU-70 S&M at
acceleration voltage of 10 kV and a working distance of 15 mm, where unloaded PDMS
samples were imaged using a Hitachi S-3400N variable pressure SEM at aratiocel
voltage of 15 kV, a working distance of 15 mm, and a pressure of 100 Pa. No conductive

coatings were used.
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3.3.3 Sample fabrication

The PDMS used in this work was Sylgard 184 (Dow Corning). (The term PDMS
encompasses a family of silicone elastomers, and these materigsmratiffness by a

factor of 10. In this paper, “PDMS” refers to Sylgard 184). While the standard ratio of
resin to cross-linking agent is 10:1, a ratio of 20:1 was used to produce a more compliant

host matrix.

Hexane was used to disperse the EG particles, since PDMS is mistiblexane. The

EG was mixed with 120 parts by weight of hexane and sonicated (Branson 1510) at a
frequency of 40 kHz for a minimum of 3 hours, until the particles appeared to be
separated by visual inspection. The EG/hexane solution was then heated to 150 °C on a
hot plate to drive off excess solvent until a 1:30 ratio (w/w) of EG to hexane wagsdeac
(Solvent to particle ratios larger than 1:30 reduced the time required to break down the
exfoliated structures, but as the solvent evaporated from the cast filnbe(oe¢ it

carried particles to some areas of the surface, resulting in inhomogerieous E
concentrations. Too little solvent resulted in poor particle wetting and thus dikfscun

mixing.)

The PDMS resin was added, followed by sonication for another 30 minutes, and lastly the
curing agent was added followed by sonication for a further 10 minutes. Sampes wer
prepared containing between 2 and 25 wt% EG. The mixtures were cast into
polyethylene dishes, vacuum desiccated for 2 hours to remove air bubbles and to

completely evaporate the remaining solvent, and baked on a hot plate at 75 °C overnight
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to cure. Once cured, the PDMS/EG composites could be easily handled without shedding

of particles.

Spin coating the uncured mixture onto glass slides allowed the formation ofrtgn fil
with a thickness that could be varied by controlling the spin speed. However, samples
less than 20 pm thick formed through-holes (holes spanning the entire thickness of
samples) and had lower conductivity. To form films that were thick enough to remove

from the glass and handle, samples were formed by casting.

The cast samples ranged from 100 to pE0IN thickness and were cut into strips 10 mm
wide with a minimum length of 38 mm. Conductive silver epoxy (Chemtronics,
CircuitWorks CW2400) was painted onto the samples for electrical connection. Each
sample was prepared with four 2 mm wide rectangular contact pads spaced 10 tnm apar
Before the epoxy cured, a 200 mm long fine stainless steel wire (43 galifyen(aa

fine Wire co.) was placed into each epoxy pad to provide electrical connections that
would not interfere with stress-strain measurements. (This confguraas also

implemented by Rosset al.'**!, who also monitored conductivity versus strain.)

It was necessary to control the moisture content of the composites because the

conductivity nearly doubled in humid environments. The samples were therefore dried in

an oven at 75 °C for 24 hours prior to electrical and mechanical testing.
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3.3.4 Mechanical testing

Mechanical testing was performed using a force/strain transducer &$cantific Inc.,
model 3000LR) with a custom LabView program. A schematic of the sample
configuration is shown in Figure 20. One end of the sample (the fixed end) whsattac
to a 3" x 1” x 1.2 mm glass microscope slide (VWR, Cat No. 16004-424) using a photo-
curable adhesive (Loctite® 3108), and the other (the moving end) was attached to a 12
mm wide, 16 mm long section of transparency sheet (3M CG3300). This configuration
left a 10 mm x 10 mm section in the center of the sample that was free to stieéch. T
sample was suspended vertically to prevent the composite film from saggkgutGre
thread (CP Medical, 675S) connected the sample to the force/strain transaucer a

small hole drilled into the transparency sheet and a small hole at the tip ohthe a

l—>y NN\ fixed end
= lass slide
X B E
= silver epoxy contact pads
A, P
N 10 mm
OV ———activearea__ 10 mm
O omm

43 gauge VY ? [<— ﬁ'ee end

wire leads transparency sheet

}: <—— force/strain transducer

Figure 20. Schematic of the testing configuration.

The force/strain transducer applied a constant strain rate (0.1 mm/s) anledeber
resulting stress. This strain rate allowed a sufficient number of data fmbe<sollected

by the digital multimeter (Craftsman Professional, model no. 82324, 1 Hz sampdijg ra
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which simultaneously recorded resistance using a 4-point probe technique that was
modified version of ASTM D4496-87. (Contact resistances were on the ordefXf 70
An Autolab potentiostat/galvanostat (Eco Chemie, PGSTAT30) provided a constant
current to the two outermost contact pads. The current ranged from 10-3 to 10-6 A,
depending on the EG loading and sample thickness. Lower currents were selected for
high resistivity samples to prevent excessive voltage. The conductivityalcatated

from the voltage drop between the two innermost contact pads and the sample

dimensions.

3.3.5 Geometric corrections

The calculation of the electrical conductivity (from the measured voltage, krgliedh
current, and original dimensions) took into account the changing size of the sample under
strain. The corrections assumed a Poisson ratio of 0.5. A detailed explanation of the
eqguations used and an example of the calculations can be found in the Supplementary

Information.

3.4 Results and discussion

3.4.1 Exfoliation results

Figure 21 shows SEM images of the graphite after it was microwaveagetoand

sonicated in hexane. The exfoliation process resulted in particles that were 10 to 200 nm
thick, which is comparable to the 80 to 150 nm in previously mad&’EE? In

addition, based on the transparency of flakes such as the one shown in Figure 21b, a

49



fraction of the material appears to be in the form of one to several sheets. tidhe par
diameters mostly lie within the range of 542@, with an average of approximately 10

um.

y a2 =y

10.0kV 16.0mm x1.00k SE(U)

b)

Figure 21. SEM of microwave exfoliated graphite (EG) after sonication in hexane at
a) 1,000 times magnification, and b) 10,000 times magnification.

3.4.2 Modulus and strain

As discussed above, the two most important metrics for compliant electrodes are t
Young’'s modulus and the conductivity. The stress-strain curves, from which the
Young’s modulus was derived, are shown in Figure 22a for PDMS (Sylgard 184, 20:1
resin:crosslinker) loaded with EG to 15 wt%. The slopes for the increasing and

decreasing strain directions were almost the same, but there was steredy
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(separation of the curves). The stress dropped slightly with increasing cydiemum

indicating a softening of the material. For samples with lower EG Igadihere was

less change with cycle number. (additional stress-strain data for coaspesit other

EG loadings can be found in the Chapter 3 Appendix.)
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Figure 22. For a 15 wt% sample a) stress vs. strain for the first 15 cycles, b)
Young’s modulus at 10% strain vs. cycle number, ¢) conductivity vs. strain, and d)
conductivity vs. cycle number. The first cycle is indicated by a dottedldck line,
cycles 2-14 by gray lines, and cycle 15 by a solid black line. The directions of
increasing and decreasing strain are indicated by arrows, as are shifts Wit

increasing cycling number.
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During the first strain cycle, all samples experienced non-recoverasigcpl
deformation. This was evidenced by the slope of zero between 0 and 2-3% strain in lat
cycles: since the sample permanently elongated in the first cyctairacst~3% was

needed just to make it taut again, and above that it was stretched.

The Young’'s modulus was taken as the slope of the stress-strain curves atal®% str

The moduli are plotted as a function of cycle number in Figure 22b. The modulus begins
at 1 MPa and settles to 0.9 MPa with cycling. Therefore, we achieved the goal of
retaining a low modulus for these composites. For comparison, Sylgard 184 mixed at a
ratio of 10:1 resin to cross-linking agent has a reported Young’s modulus of 1.8 MPa at
25% strain. It should be noted that the Young’s modulus of PDMS depends on several
factors, including sample thickness and geometry, fabrication techniquieg test

conditions such as temperature, humidity, and strain rate, and the strain at which the

modulus is measured.

The conductivity was measured simultaneously with the stress, and these datanare

for the same sample in Figure 22c. Conductivities for a loading of 15 wt% were on the
order of 10' S/cm. As the strain increased, so did the conductivity, but as the strain
increased further the conductivity dropped again. The maximum conductivity was
reached between 15 and 30% strain for all samples. On the return scan, the conductivity
peaked again before dropping, but at a higher value of strain. The fall in conductivity
with strain is understandable from a percolation model of conductivity: as the distanc

between particles increases, the number of paths available for electron rogpeases.
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Above 25% this effect starts to dominate. The initial increase is, however nguz@ne
hypothesis is that it's due to reorientation of the particles upon elongation oatbeain
so that their sheet faces begin to lie parallel to the strain directionasiegy¢he out-of-

plane particle separation and allowing the formation of new particle-gacbatacts.

Un-strained samples had a higher conductivity than samples that had bewd shrai

for the latter the conductivity steadily increased with cycle number (aesecond

strain cycle), as shown in Figure 22d. For this sample, the never-cycled cahduets
0.40 S/cm. When the sample was strained for the first time, the maximum conguctivit

dropped to 0.13 S/cm, and then it climbed back to 0.16 S/cm by theyte.

The initial drop in conductivity during the first strain cycle is presumably dueotehbr
contacts between particles that are initially in weak contact with neighlymtigles.
Those routes for electron hopping are permanently lost. The subsequent increase in
conductivity with cycling suggests that the EG rearranges within the PD&i$x over
time. Perhaps the plates are taking on a more in-plane alignment (al@tgettie

direction) that would be favorable to the in-plane conductivity that was measured.

The increase in conductivity under strain cycling has been reported previoasly i
variety of conductive-filler/insulating-host compositgé 122 13313 This behavior has
been postulated to be due to the formation of additional conductive pathways through the

material by removal of matrix material between the EG partitiés
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To put these results in context, moduli and conductivities that have previously been
obtained for elastomer-filled composites are compared with our resulgure23. (A
list of the starting materials and filler particles for the composites indéigure 23 can
be found in the Supplementary Information.) Numbers for those materials with
properties that are similar to our PDMS/EG composite are shown in Table 3.s0lts re
are most comparable to those for SWCNTs in PDMS. The exfoliated graphite has,

however, the advantage of lower cost than SWCNTSs.
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Figure 23. Research results by others showing, versus filler material) tne
percolation threshold, b) the maximum conductivity (circles) and thedading at
maximum conductivity (squares), and c) the Young’s modulus (circlegnd the
modulus increase (squares). The + symbols show the values for PDMS/EGha t
percolation threshold, maximum conductivity, and Young’s modulus, whilehe x
symbols show the values of loading at maximum conductivity and the modulus
increase. (Reference numbers pertain to the original publication.)
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Table 3. Modulus and conductivity of 15 wt% PDMS/EG and results from pior
work on elastomers with conductive fillers.

Conductive | Host Loading | Modulus (MPa) | Conductivity | Reference

Filler Polymer / Increase (%) (S/cm)

This Work

EG PDMS 15wt% | 1/220 10-1

Prior Work

SWCNTs PDMS | 1.2wt% 14/300 100 (1171

EG nitrile- | 10 wt% | 11.5/ 1040 10-1 [131]
butadien
e rubber

Ag particles| PDMS | 17 voled 2.7/210 unreported| **"

3.4.3 Modulus and strain versus EG loading

As mentioned previously, composites having low percolation thresholds are desirable

because they retain the low modulus of the host material. Parametersgtieeti

percolation threshold include filler shape, filler size and distribution, partiekeix and

particle-particle interactions, and processing methéd=®!

The conductivity of the PDMS/EG is shown in Figure 24a as a function of loading. The
highest conductivities were reached between 15 and 30% strain for all the PBGMS/

samples. The onset of percolation was observed at 3 wt% for unstrained samples and at 4

wit% for strained samples. Below that, the resistance was too greagamme our

system (higher than 108). These thresholds are comparable to those found previously

for EG 124 ¥ and MWCNT! ¥ composites, but are higher than the percolation
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thresholds reported for SWCNTs (> 0.1 wids§ 2] The cost benefits of using EG

may, however, be more important. Above the onset of percolation, the conductivity
increased with loading, as expected. (The conductivity vs. loading data arté fit wi
power law model in the Chapter 3 Appendix, giving critical exponents of 3.0 and 3.5 for
strained and unstrained samples, respectively.) Measurements at |baglmeggthan

25% could not be obtained because the samples became too brittle.
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Figure 24. a) Conductivity and b) Young’s modulus vs. loading of EG in 20:1
PDMS. For the modulus, 4 points were taken for 5, 10, and 15 wt%, three pointsrf
20 wt%, and one for 25 wt%. The average and standard deviation are also
indicated in gray in (b).
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Figure 24b shows the Young’s modulus as a function of loading; there was no
discernable dependence. The average for all samples was 1.44 MPa, correspanding t
three-fold increase compared to the unloaded host 20:1 PDMS, which has a modulus of

0.44 MPa at 10% strain based on our measurements.

3.4.4 Strain to failure

Another desirable feature of compliant electrodes is an ability to undergo large
deformations without breaking. This is important for applications such as flexile

displays, strain gauges, and dielectric elastomers. To determine tretestiEmsile

strain, samples with loadings from 2 to 20 wt% were fixed at one end, clamped to a
moving stage at the other, and stretched until they failed mechanically. stitis eze

shown in Figure 25. Even samples with loadings as high as 15 and 20 wt% were capable
of undergoing 30% strain, and at loadings of 5 wt% they achieved 150%. (Results for
loadings from 2-5 wt% are averaged from 4 samples, and loadings from 10-20 wt% are
averaged from 2 samples.) This compares with 240% ultimate tensile strain fateghloa

20:1 PDMS and 110% for unloaded 10:1 PDMS

Two 5 wt% samples were subjected to repeated strain cycles between 0 anchBQ% st
one for 16 cycles (27 hrs) and one for1@ycles (11.5 days). They were then strained to

failure. Surprisingly, these samples showed ultimate strains of 230% and 250%,

" R. Gray (personal correspondence, Technical Information Center, Dow Corning.
Midland, M1 2008.
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respectively (shown as the triangular point in Figure 25), which is the ssuieas for

unloaded 20:1 PDMS and a substantial increase compared to the other samples.
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Figure 25. Ultimate tensile strain for PDMS/EG samples as a function ¢dading. A
5 wt% 20:1 PDMS/EG film spin coated onto a 10:1 PDMS film and patterned with
“UMD compliant electrodes” is shown at rest and at 100% strain.

To demonstrate the patternability and stretchability of the compositeoeleca film of
PDMS/EG was spin coated onto a base film of @thick 10:1 PDMS topped by a
stencil with the phrase “UMD Compliant Electrodes”. Upon removing the stencil, the
desired composite pattern, 7 mm wide and 50 mm long, was left on the base film. The
thickness of the PDMS/EG layer was|&f. This sample can be seen at rest and at

100% strain in Figure 25.
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3.4.5 SEM images of composites

SEM images were obtained for PDMS with and without EG loading (Figure 26). The
samples were cleaved after immersion in liquid nitrogen and the crosmsestamined.
The sample in Figure 26b had a 15 wt% loading, although it appears to be composed
entirely of EG owing to the high surface area of the particles. The imexgeded voids

in the composites, but no voids in unloaded PDMS. The voids are the likely reason for
the retention of the low Young’s modulus by the composites even at relatively high

loading. The formation of voids and pores is not uncommon in two-phase composites

[119, 123, 130]

5.0kV 15.7mm x1.00k SE(U)

Figure 26. SEM images of a) PDMS without EG and b) PDS with 15 wt% EG.
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3.5 Discussion

The 1 MPa modulus is the lowest on record for a conductive two-phase composite
material. Nevertheless, it is our hypothesis that electrical condyatam be achieved at
even lower loadings, which could reduce the modulus of the electrodes even further, by
using alternative processing to produce more fully exfoliated graphite.hyfjnghesis is
supported by the theoretical work of GUflf, Halpin®**Y, and Celzar*?. Therefore,
future work will focus on the production of exfoliated graphite with higher fractbns
single sheet graphene and its incorporation into elastomers for compliardddesctiio
produce single sheet graphene, mechafithlchemical*?® 12+ 244 1%%and solutior™>

1461 exfoliation are the preferred methods.

Surprisingly few publications on compliant electrode materials (less tharofLgté
articles on this topic) have measured conductivity under $tfaiff’*°? despite the
materials being labeled as flexible, stretchable, or bendable. Since cabhduoter
deformation is one of the most important performance metrics for a complianbaéec

future research in this field should include such testing.

For the advancement of the field of compliant electrodes, it is necessary to @ompar
results with those from previous work. Currently, this is difficult because no cossens
has been reached on which units should be employed (resistance, resistivity, sheet
resistance, conductance, or conductivity), and the sample dimensions are fyauptentl
provided to allow readers to convert between them. We suggest the use of conductivity

or resistivity when reporting on material properties.
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Although this research focused solely on PDMS, other elastomers could also be used.
However, this will require addressing issues relating to solvent compatibilit

viscoelasticity, creep, processing and fabrication techniques, and cost.

3.6 Conclusions

A compliant electrode material has been formed by mixing exfoliatguhigeanto

PDMS. The composite exhibited a low percolation threshold (3 wt%), moderate
conductivity (0.4 S/cm at 25 wt%), and low stiffness (average Young's modulus of 1.44
MPa). It was also capable of undergoing large deformations (ultimatessasalarge as
250% after extended cycling), and it was durable (5 wt% samples were caphffle of

cycles to 30% strain without failure).
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3.8 Chapter 3 Appendix

3.8.1 Alternative electrodes

The first alternative compliant electrode material we experimenitbd &g a replacement

for carbon grease, was patterned metals. Gold was chosen for its high conductivity;
however, gold alone does not adhere well to PDMS when thermally evaporated, ¢herefor
a base layer of chromium was required. To maximize the stretchability elettteode
material, Cr/Au layers were thermally evaporated having thicknessas onder of 100

nm. As shown in Figure 27a, to prevent the wires (used to connect the DEA to the high
voltage power supply) from interfering with the actuation strain, both top and bottom
contact pads were patterned on the same side of the DEA. This meant that aste conta
pad was patterned on the top of the PDMS (PDMS was glued to the glass slide) and the
other contact pad was patterned on the bottom of the glass slide. This configuration did
not work because the Cr/Au would not cover the step from the PDMS, around the
thickness of the glass slide, and then to the face of the glass slide. Carberhgdetas

be used to help cover this step (Figure 27a).

Next, we tried patterning the contact pads on opposite sides of the DEA to elimenate t
un-coatable step from PDMS to the glass surface (Figure 27b). Now, a methdeto ma
electrical connection to the gold coated free end of the DEA was required theb sl

not interfere with the DEA actuation.
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Figure 27. Images of PDMS DEAs with a) gold electrodes with the contact pads
patterned on the same-side of the DEA, and b) gold electrodes with thentact pads
patterned on the opposite-sides of the DEA.

Three experimental electrical connection methods were attempted fpltheatterned
electrodes. The first method was a spring that was mounted to the head of andcrew a
soldered to a wire that was connected to the high voltage power supply (Figure 28a).
When the DEA was actuated, the gold contact pad would move back and forth and
remain in physical contact with the spring (Figure 28b). The spring was cloosztute
friction, however positioning of the device was critical to maintain contact during

actuation.
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spring

w)j / connection
2

J\

Au contact pad

Figure 28. Images of a)lthe spring connection for DEAs with patterned gold
electrodes, and b) close up of the spring making contact with the top gold ¢ant
pad.

The second experimental electrical connection used a flat ski that would malalphys
contact with the gold contact pads (Figure 29a). The ski was soldered ®thatiwas
connected to the high voltage power supply that ran through the center of a spring. The
spring allowed a small force to be applied to the ski to ensure physical connedcingn dur
actuation. This design worked better than the ski design, but was still difficolnect

and did not make continuous contact with the DEA contact pad when actuated.

a) spring confiection /transducer
G 'Y

ski connection

Figure 29. Images of a) the ski connection for DEAs with patterned gold eleatles,
and b) close up of the ski making contact with the top gold contact pad.
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The third experimental electrical connection used magnets soldered sahvétevere

then connected to the high voltage power supply (Figure 30a). Two magnets were used
for each electrode. The magnets were placed over one of the two contact gas (Fi

30b) to make electrical connection to the DEA. This method worked well, but was still

not a long-term solution to the electrode issue.

T |
‘DEA

magnet connection

3

Au contact pad

Figure 30. Images of a) the magnet type connection used for DEAS with pamd |
gold electrodes, and b) close up of the magnet making contact with the top gold

contact pad.

A completely new approach was used as an alternative compliant eleotregéate
carbon grease that provided the patternability of the thermally evaghonaetals, but
eliminated the need for bulky electrical connections. This approach veaspmsite of
electrically conductive graphite filler particles blended with PDM&afie was used to
dilute the composite and assist in mixing of the two phases. An example of the
PDMS/graphite composite is shown in Figure 31. This composite was flerible a
conductive, but there was certainly room for improvement. The patternability of the
composite was poor, and often resulted in wrinkles, cracks, and delamination form
substrates (Figure 32a-b). The size of the graphite particles was detktonloeethe
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cause of the poor mechanical and electrical properties, and for the poor pditgrna
Therefore, to lower the filler particle loading and improve electrical cdivilyc we

began to experiment with reducing the particle size by exfoliation.

PDMS/graphite
Figure 31. Image of a PDMS/graphite composite material.

a) PDMS/graphite DEAs b)

Figure 32. Images of DEAs fabricated with PDMS/graphite electrodes.
The final compliant electrode material was PDMS/EG, which had good e#éctric

conductivity and mechanical properties (Figure 33). The patternability obthpasite

allowed the electrical connections to be patterned outside of the actvanaren the
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fixed end of the DEA. This prevented the electrical connections from interfettinghe

actuation strains.

Figure 33. Image of a patterned PDMS/EG DEA showing the silver epoxy contact
pads applied over non-overlapping areas of the top and bottom electrode layers.

Graphite is composed of single atom thick sheetsdfipridized carbon atoms

arranged in a hexagonal close packed (HCP) crystal structure. The indshdatd are

called graphene and are bound together by van der Waals interactions produced by
delocalizedr-orbitals™™®®. The HCP unit cell of graphite has an in-plane bond-length
spacing of 1.4 between neighboring carbon atoms and A3etween sheetd,

The spacing between sheets allows atoms and molecules, such as acids, toatetéuter
Graphite soaked with sulfuric and nitric acids (4:1 wt%) is exfoliated foglsaheating

the acids, causing them to vaporize and generate enough force to overcome the van der
Waals binding, and results in c-axis expansion. EG particles are then broken down via
sonication in solvents and added to the host elastomer, forming the compliant electrode

composite. The processing and fabrication is shown schematically in Figure 34.
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1) start with graphite flake 2) soak with sulfuric and nitric acids (4:1 w/w ratio)
N
e ey 2
- ° 23
T

3) rapidly heat the acid-soaked graphite in a microwave or in a tube furnace at 1000 °C

Wl UE
=
=

TN

" deposit the material and
remove stencil

Strain = 0%

stencil
patterns

Figure 34. Processing and fabrication sequence for elastomer/EG congpit
electrodes.
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The third alternative electrode material was also exfoliated graploiesver, the
exfoliation of the graphite was chemically obtained from graphite oxide. @xidiz
particles were prepared using a modified version of the Hummer's m&tfla which a
water free mixture of concentrated sulfuric acid, sodium nitrate, and potassium

permanganate is used to oxidize the patrticles.

The oxidization procedure was as follows:

In a fume hood, 20 g spl graphite (Bay Carbon Inc.) was added to a solution containing
30 mL concentrated sulfuric acid (Sigma Aldrich), 10 g potassium persulfgtedSi
Aldrich), and 10 g phosphorous pentoxide at 80 °C. The solution turned from black, to
brown, to yellow, to purple. The solution was thermally isolated and allowed to cool to
room temperature over 6 hrs. Water was slowly added to the solution, and the solution
was vacuum filtered through a 300 mL sintered glass funnel with medium porosity over
paper filter (Whattman #2). Water was added until the rinse water b@tameutral as
determined via litmus paper. This process was repeated five times befoneiogndin

to the next steps.

In a fume hood, 20 g of the chemically treated graphite was added slowly into a 1000 mL
triple neck flask containing 50 g sodium nitrate (Sigma Aldrich) and 460 mL
concentrated sulfuric acid heated to 66 °C using a digital hotplate. A glasstneter

was placed in one of the necks of the flask with a through-hole rubber plug and the other
two necks were sealed with glass stoppers. The solution was then cooled to 0 °C in an

ice bath. A Teflon coated 1” magnetic stir bar was then placed into the flask and
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vigorously agitated at 1000 rpm throughout the following steps. When the solution
reached 0 °C, 60 g potassium permanganate (Sigma Aldrich) was slowly added whil
carefully monitoring the temperature so that it did not exceed 20 °C. The solution was

then removed from the ice bath and the temperature was increased to 35 + 3 °C.

After 30 min the solution was then divided into two 1000 mL beakers and 460 ml H20
was slowly added to each of the solutions causing violent effervescence. The
temperature rose to 98 °C during this step. After 15 min, the effervescencesldedini

and the solution turned into a thick paste. The paste solutions (each beaker) were then
further diluted with 1.4 L KO that was warmed to 30 °C on a hotplate. Next, the
solutions were treated with 0.315 mL of a 30% solution of hydrogen peroxide (Sigma
Aldrich) to reduce the residual permanganate and manganese dioxide intess@ade
soluble manganese sulfate. This addition rendered the solution yellow-brown and was

filtered using a vacuum assisted filtration system.

After drying the oxidized graphite for 24 hrs at room temperature, 0.1 g of tidgzart

were placed in a 23 mL glass vial and suspended in 6 g hexane. The solution was bath
sonicated for 9 hrs and 3.17 g PDMS resin was added to the solution, followed by
sonication for 30 min. Next, 0.185 g of the PDMS crosslinking agent was added to
produce a 10:1 ratio by weight (resin to crosslinker) and the solution was sofiaalo

min. The filler particle loading in the PDMS composite was 3 wt% (the pemolat

threshold for PDMS/EG composites determined in Chapter 3). The composite solution
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was then spin coated on a cleaned glass slide at 1000 rpm, vacuum desiccated to remove

air bubbles for 30 min, and cured on a hotplate at 90 °C overnight.

The following protocol was developed by Stankovich &2l The rinsed, filtered, and

dried graphite oxide was placed over phosphorous pentoxide in vacuum and left
undisturbed for one week. Next, 500 mg dried graphite oxide was suspended in 50 mL
anhydrous dimethylformamide (DMF) (Sigma Aldrich). Then, 20 mmol phenyl
isocyanate (Sigma Aldrich) was added to the solution, and the solution was isotated f

24 hrs at room temperature. The solution was filtered through the sintered glats funn
and the filter cake was dried overnight on a hotplate at 110 °C. The dried graphite oxide
particles (now ~ 40 mg batches) were re-suspended in 40 mL DMF and bath sonicated

for three hrs.

At this stage, the graphite oxide is reduced to exfoliated graphite by adding 0.4 mL
dimethylhydrazine (Sigma Aldrich) to the solution containing 10 mL DMF and 40 mg
graphite oxide. The DMF/dimethylhydrazine/graphite oxide solution was heaéd t

°C on a hotplate for 24 hrs, then added one drop at a time (~1 ml/drop/sec) to 1000 mL of
vigorously stirred methanol. The coagulations were filtered from the susperssng

the vacuum assisted sintered glass funnel, washed with methanol to removengemaini

solvents, and left to dry under vacuum for 10 hrs.

The chemically exfoliated graphite was now able to be re-suspended in hegane a

blended with PDMS. Unfortunately, this process produced composites with poor
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conductivities (< 0.001 S/cm). It is believed that the concentrated sulfidivas not
concentrated enough. The most concentrated sulfuric acid available is fumumg sulf

acid (Sigma Aldrich), or oleum. Oleum was purchased, however; there was an 8 month
backlog. By the time the oleum arrived, the project had shifted gears and tniglmet

was not attempted again due to time constraints. SEM images of a PDMS ¢emposi

containing 15 wt% of the chemical exfoliated graphite are shown in Fsgure
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5.0kV 5.6mm x100k SE(U) 500nm
Figure 35. SEM images of chemically exfoliated graphite a) in a 15 wt% composite
with PDMS at 300 times magnification, b) at 2,500 times magnification, and c) at
100,000 times magnification.
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3.8.2 Surfactants

To improve the exfoliation and dispersion of the EG particles in hydrophilic elastome
hosts, various surfactants were explored. Surfactants were used to blendopédiyid
EG patrticles with the hydrophilic elastomers. Generally, compliaatretie samples
were fabricated with a constant weight of 0.1 g EG into a 20 mL glass eBwibf the

surfactant solutions.

3.8.2.1 Triton X-100 and DSPE-mPEG 5000

EG particles were suspended in a solution of 95.6 wt% deionized water, 4 wt% Triton X-
100 surfactant, and 0.4 wt% DSPE-mPEG 5000 (Laysan Bio, Inc.) phospholipids. Liquid
latex resin was added to the solution. The resulting latex’EG composite was<0 time
more conductive than the PDMS/EG composites where the EG particles weadesbni

in hexane without surfactants.

3.8.2.2 Triton X-100

Triton X-100 is commonly used to suspend carbon nanomaterials (e.g. graphite and
nanotubes). Using the critical micelle concentration (CMC) of Triton X-100 (0.25
mmol) as a starting point, the optimal surfactant concentration was determivee0.75
wt% through a process of trial and error with higher and lower concentrafibies.
average conductivity is plotted as a function of surfactant concentration in

Figure 36.
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Figure 36. Average conductivity as a function of surfactant concentration (Wb in
DI water) for latex/EG composites fabricated with Triton X-100 surfacants.

3.8.2.3 Triton X- 45

Triton X-45 (linear formula: t-Oct-C6H4-(OCH2CH2)xOH, x= ~5) surfactarst the

same chemical structure as X-100 (linear formula: t-Oct-C6H4-(OCH2@MH2)x= 9-

10), with a shorter alkyl chain;however, this particular surfactant was insofubll

water. When added to DI water, the surfactant resulted in a milky color, whigméec

more apparent as concentration increased above 0.1 wt%. Samples fabri¢atbdseit

solutions, despite the insolubility, resulted in conductivities nearly an order oftonde

less than that of the Triton X-100.
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3.8.2.4 Sodium cholate hydrate

Sodium cholate hydrate was also tested as a surfactant for suspendingi¢i€s par
hydrophilic solutions. Using the CMC (9-15mmol) as a starting point, the optimal
concentration was determined to be ~ 4.75 wt% in DI water. Fabricated samples had
conductivities on the order of 1 S/cm. This is compared to the conductivity of 4-5 S/cm
for samples fabricated with Triton X-100. The samples were also more Ibattlet

100 samples; therefore, it was concluded that Triton X-100 was the ideal surédca

concentration of 0.75 wt% in DI water.

3.8.3 Comparison of PDMS/EG to similar compliant electrode materials

Table 4 specifies the host material and provides the references for tie Eigiare 23 in

the main text of Chapter 3.
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Table 4. Host materials and references for Figure 5 in the main text. Reéxce
numbers are those used in the main text.

Filler material | Host material Reference
SWNT PDMS [TT7]
SWNT epoxy 18]
SWNT polystyrene [119]
SWNT PEDOT-PSS |
MWNT PDMS 1]
MWNT epoxy [115]
MWNT polystyrene [116]
MWNT polyurethane-urea™"!
EG polystyrene [122]
EG NBR T3]
silver particles| PDMS [137]
CB polystyrene [T1]
CB polyurethane | ™°

3.8.4 Basis of Using EG for Conductive Composites with Low Modulus

There has been theoretical work on predicting the mechanical and electricali@sapfe
composites. Starting with the mechanical properties, the Guth eqi&fipredicts a
strong increase in the modulus of the composite with increasing aspect ratio and volume

fraction of the filler material:

Eq. 7 E=Eo (1 +0.67p + 1.6F%?),

79



wheref is the filler aspect rati@ is the filler volume fractionk, is the modulus of the
unfilled polymer, and is the modulus of the composite. Similarly, the Halpin-Tsai
model™ predicts that the modulus of composites with fiber-shaped fillers will be much

higher than that of the host polymer:
Eq. 8 E=Ey(1+Z%¢p)/ (1 -9¢).

The dependences of the two models on aspect ratio are shown in Figure 37. From (Eq. 7)
and (Eqg. 8), it would not appear to be promising to use EG, which has a high aspect ratio.
This conclusion has been supported in systems such as polymer/fiber composites and
elastomers filled with carbon nanotubes.
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Figure 37. Guth and Halpin-Tsai model predictions for the Young’s modulugs a
function of aspect ratio f for EO = 0.44 MPa andp = 0.15.

Turning to the electrical properties, Celzatdl.™*? developed a model to predict the

percolation threshold for composites with randomly-oriented, disk-shapeclgsmimi an
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insulating matrix. They concluded that there would be a linear relationshipeetinee

percolation threshold and the aspect ratio:

Eq. 9 @c o tr,

wheregc is the critical concentration at which a conductive pathway is formed (in vol%),
t is the particle thickness, ands the particle radius. This equation shows that a
percolative network is formed at lower loadings for particles with highpect ratios,

with a factor of 10 reduction in loading for each factor of 10 reduction in particle
thickness. Thus, graphene should form a conductive material at much lower loadings
than graphite. Based on these relationships, the question is, then, does the material

become conductive before the modulus rises significantly?

Figure 38 shows the conductivity and Young’s modulus in our composites as a function
of EG loading. Surprisingly, their stiffness did not increase significanttyloading,
deviating from both the Guth and Halpin-Tsai equations. This is most likely due to the

formation of voids in our material (Figure 26b), which neither model takes into account
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Figure 38. Conductivity and Young’'s modulus as a function of weight% of ECGofr
PDMS/EG composites.

3.8.5 Effects of voids on the tangent moduli

As shown in Figure 26, voids were present in the elastomer composites. We hypothesize
that the voids may have contributed to the low tangent modulus. From the SEM image,
we estimate that the PDMS/EG composite contained between 5% and 20% voids by
volume. To test this hypothesis, the tangent moduli were recalculated for a 15 wt%
PDMS/EG composite assuming 5 vol% and 20 vol% voids. For simplicity, the voids

were assumed to be cubic; therefore,Lthe/, andt of the composite were multiplied by
(1-(0.05Y"3) for 5 vol% voids and by (1-(0.55) for 20 vol% voids, the stress and strains
were recalculated, and the results are show in Figure 39. Accounting for the loss of
volume resulted in a 7% increase in the tangent modulus of the composite for 20 vol%
voids. This does not account for the lower modulus in our composites compared to other
composites (the increase in the modulus of our composites was 64% lower than simil

composite$™1.
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Adjusting the sample geometry to account for the loss of volume due to the presence of
voids does not take into account the additional crosslinking sites that may be formed
between the host elastomer molecules if the voids were not present. Thenatlditi

crosslinking sites would also be expected to increase the tangent modulus of the

composite.
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Figure 39. Stress as a function of strain for 15 wt% PDMS/EG composite caleted
using the measured sample geometry (circles) compared to the sgedrain curves
for the same sample that were calculated using adjusted geomegi account for 5
vol% voids (squares) and 20 vol% voids (diamonds).

3.8.6 Uncertainty calculations for conductivity

3.8.7 Uncertainty calculations for conductivity

The measurement equipment used to determine sample conductivity (i.e. nenjtimet
micrometer, and surface profiler) have an associated uncertaintg$httin some error

in the calculations. To determine the impact of instrument uncertainties on éoityguct
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calculations, the error was determined for five 6 wt% latex/EG samples.aifipdes
dimensions, resistance, uncertainty, calculated conductivity, and calcuiatedre
provided in Table 5.

Table 5. Measured length, width, thickness, and resistance of five 6 wtbdtex/EG
samples and the calculated averages and standard deviations.

L W Conductivit Uncertaint
cm) | (cm) | €M | ROhm) 477 g g (Slcm) !
1.913| 0.525] 1.60x10° | 1.00x16 | 2.28x10° 1.49x10°
1.900| 0.510| 1.36x10° | 1.20x16 | 2.27x10° 1.74x10°
1.380| 0.526/ 1.68x10° | 0.89x16 | 1.75x10° 1.10x10°
1.550| 0.500] 1.38x10° | 1.11x16 | 2.02x10° 1.52x10°
1.770] 0.499| 1.72x10° | 1.15x16 | 1.78x10° 1.10x10°
Uncertainty | 0.001] 0.001| 0.01x10° | 0.0001x18

Sample conductivityconductiviyWas calculated using
Eqg. 10 Oconductivity= L/WIR

wherelL is the lengthW is the widtht is the thicknesR is the resistance. The
uncertainties associated with the conductivitieglue to the measurement errors were

determined using®”
Eqg. 11 Us = V[(ULeoL)? + (Uweow)” + (Urear)* + (Ureor)?,

whereU_ w rare the uncertainties for the measured lehgthidth W, thicknesg, and
resistancdR, respectively, and, wrare the calculated errors for the lengthvidth W,

thickness, and resistanck, respectively. The erroes v :rwere calculated usirg®
Eq. 12 oL = doldL = T/WR,

Eq. 13 ow = do/dW = -L/(tRW),
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Eq. 14 ot = do/dt = -L/(WRF), and
Eq. 15 or = Qo/dR = -L/(WLR).

Using the above equations, it was determined that the uncertainties in thatedlcul
conductivities (1.10x1® S/cm to 1.74x1® S/cm) due to the measurement uncertainties
were two orders of magnitude smaller than the variation in the conductivitiesX@%5x
S/cm to 2.28x18 S/cm) observed from sample to sample. Therefore, the measurement
uncertainties are not responsible for the variation in sample conductivities.r, Rahe
variation may be due to either to variations in sample properties or preparatidéGi.e
loading, sonication time, extent of particle settling, contact of the epoRkythat

composite) or variability in the measurement method (such as placementsoir@es

the probes).

3.8.8 Dynamic stress-strain characterization of the composites

To probe the elastic behavior and determine the Young’'s moduli of the composite
samples, stress-strain tests were performed. The Young’s moduli reesteadly state

after the first few strain cycles for loadings below 15 wt%, as shown ind=ifa for a 5
wt% PDMS/EG sample. However, for samples containing 20 and 25 wt%, the modulus

kept decreasing with increasing strain cycle number, as shokgure 40b.
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Figure 40. a) Stress as a function of strain for a sample with 5 wt% load). b)
Stress as a function of strain for 25 wt% loading.

3.8.9 Sample fabrication

The fabrication process for forming an individual PDMS/EG sample was as follows
e In a 23 mL glass vial, combine 0.05 g of the filtered/dried EG with 6.0 g hexane.
e Sonicate the solution until the worm-like structures have broken apart (3+ hrs).
e Evaporate off 4.5 g of the hexane in the mixture on a hot plate at 150 °C.
e Add the desired amount of PDMS resin and sonicate for 30 min.
e Add the corresponding amount of PDMS curing agent and sonicate for 10 min.
e Cast the solution in a polyethylene dish and vacuum desiccate for 2 hrs.
e Bake on a hot plate at 75 °C overnight.

e Cut the sample into strips 38 mm long and 10 mm wide.
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Attach a 14 mm length of the sample to 1” x 3" x 1.2 mm glass slides using a
photo-curable adhesive (such as Loctite 3108) leaving 24 mm of the sample
unattached. This is the fixed end of the sample.

Glue a 16 mm long, 12 mm wide transparency sheet to the unattached end of the
sample so that 2 mm of the transparency sheet remains unattached and there are 1
mm edges on either side of the 10 mm wide sample. This will leave a 10 mm
wide, 10 mm long section of the PDMS/EG sample (active area) between the
glass slide and the transparency sheet. This is the free end of the sample.

Punch a small hole in the center of the 2 mm unattached area of the transparency
sheet. Thread this hole with one end of a piece of suture thread and tie off with a
knot. Connect the other end of the thread to the hole in the force/strain transducer
arm the same way.

Add 4 electrical connections for 4-point probe resistance measurements by
painting conductive silver epoxy (Chemtronics, CircuitWorks CW2400) across

the surface of the PDMS/EG sample. The contact pads should be 2 mm wide and
have a 10 mm spacing between them. Before the epoxy sets, place 10 mm of a
200 mm length of fine stainless steel wire (43 gauge, California fine Wiye c

into each of the pads; 200 mm is long enough not to impede the stress/strain tests.

Allow the silver epoxy to cure for 24 hrs.
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3.8.10 Power law model for conductivity as a function of EG loading

Conductivity as a function of loading data are often fit with a power law nfGdef: 1

125, 138, 158, 159]

Eq. 16 o= ((V - Vo)I(1 -V,

whereV is the volume fraction of the fille¥/. is the percolation threshold, ahis$ the
critical exponent. Figure 41 shows such power law fits for both the strained and

unstrained samples, giviigs 3.0 and 3.5, respectively.
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Figure 41. Power law fit to the conductivity as a function of loading data, \th the
dotted line representing the fit for unstrained samples (squarg@snd the dashed line
representing the fit for strained samples (circles). Each point repsents one
sample.

The exponent has been postulated to depend on the dimensionality of the conductive

network, with values ranging from 1.30 to 1.43 for two dimensional sys$t&im&”and
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1.5 to 2.0 for three dimensional systemg 1% 198160162l /a|yes oft > 2 (so called non-
universal values) have also frequently been repdrted® 123 124. 158, 161N gn_yniversal
values oft have been attributed to high aspect ratio filler particle geometriess(feurad
in CNTs and graphenéf®, the formation of voids in the materf&l®, and tunneling

through insulating coatings on the partidfgd 16164

Some experimentally obtained valued &bm prior work are compared to the results

from this research in Table 5. The exponents range from 1.2 to 3.8 and appear to be
uncorrelated with performance parameters such as conductivity and modulus. The merit
of the critical exponent is therefore unclear. The valu¢®bfained in this investigation

are similar to those reported for PS/EG, PMMA/EG, and PS/graphite consposite
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Table 6. Critical exponentst for PDMS/EG compared with results from prior work
on unstrained elastomers with conductive fillers.

Filler Material |Host Polymer [t [ Reference
This Work
EG PDMS 3.50
3.00 (strained)
Prior Work
MWNT epoxy 1.20 [115]
SWNT epoxy 1.30 [18]
MWNT polyvinylalcohol 1.33 [160]
graphite powder PMMA 1.82 [158]
MWNT polyurethane-urea | 1.98 [147]
1.60 (strained)
SWNT PS 2.20 [T19]
EG epoxy 2.50 [123]
EG PS 3.07 [174]
EG PMMA 3.47 [758]
graphite particles PS 3.50 [161]
CB ethylene-octene 3.80 [112]

The decrease in the exponéafter straining shown in Figure 41 was also observed in
MWNT/polyurethane-urea elastomer compositéd In that work, the decrease was

attributed to either a change in the dimensionality of the system or to asteicr¢iae
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width of the distribution of tunneling resistan¢€d. Also, as mentioned earlier, the
voids shown in Figure 26b may contribute to the high values of the exgdonent in

the power law fit.
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Chapter 4: PDMS/graphite stretchable electrodes
for dielectric elastomer actuators

Proceedings of IEEE Electroactive Polymer Actuators and Devices (BAPA
San Diego, CA, 7642(24), (2010).
Reproduced by permission of SPIE-IEEE.

M. Kujawski, J. D. Peardeand E. Smef4
!Dept. of Materials Science and Engineering, University of Maryland, @ofark, MD
20742
Dept. of Mechanical Engineering, University of Maryland, College Park, MD 20742
*smela@eng.umd.edu; tel: 301-405-5265; fax: 301-314-9477

4.1 Abstract

Dielectric elastomer actuators (DEAS) consist of an elastomdnszghed between two
electrodes, and they undergo a large in-plane expansion upon the application of an
electric field. They therefore require compliant electrodes that cztolstens of

percent. The most commonly used electrode material is carbon greasesmbars
easily and is difficult to pattern. This paper outlines the fabrication and parioenof a
novel polydimethylsiloxane (PDMS) composite having a 15 wt% loading of exfoliated
graphite (EG). This new material has a Young’'s modulus of only 0.9 MPa and a
conductivity of 0.15 S/cm. Unlike other composite electrode materials, the Young's
modulus of the PDMS/EG increases only slightly, by a factor of two, upon additiba of t
EG. Furthermore, the PDMS/EG composite is patternable and will not rub off. DEAs
were fabricated with 20:1 PDMS as the elastomer using this new electrteleamalhe

actuation strains were equal to those of 10:1 PDMS DEAs with carbon gredsmlelec
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under the same electric field. Elastomer/EG composites may also fincaéippk in

areas such as flexible electronics, robotics, strain gauges, and sensors.

4.2 Introduction

Compliant electrodes for dielectric elastomer actuators (DEAS) shoulldyitde less stiff
than the dielectric elastomer so that they do not impede the actuation of the.devices
These materials must also remain conductive while undergoing large dedoisnat
Carbon grease (CG) is one of the most widely used electrode materialsAstB&ause
it meets the above criteria and is easy to apply; however, it smears and rubs off, is
difficult to pattern, dries out, and its solvents diffuse into the elastomer ovemihmeh
reduces the dielectric breakdown strength. Thus, a new compliant electredialnsat

required.

Over the past decade, a great deal of research on compliant electroddsietsria
focused on two-phase composites comprising insulating polymer matrites wit
embedded Conductive flller particl@%l'l“’ 116, 117, 119, 124, 125, 131, 137, 1588, 158, 165, 16(.3]

Some of the more commonly used conductive filler materials include carbon black (CB
(111112 carbon fiber§*?, multi-wall carbon nanotubes (MWNT§3116: 147 166154

single wall carbon nanotubes (SWNT<§ 22 134 Most of these composites suffer from

a dramatic increase in stiffness with the addition of the filler partittés® 4"} Using

lower concentrations of the filler particles can minimize the increase istiffness;
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however, the filler particle loading must be above the percolation threshold, attivhic

material becomes conductive.

Graphite is a promising alternative filler particle because it tdrétally conductive,

easily obtained, and relatively inexpensit7&*2® 131 138 Graphite is composed of stacks
of graphene, which are single sheets of hexagonally arranged carbon atoms. These
individual sheets are stacked along the c-axis and bound together by van der Waals
forces. These weak secondary forces allow small molecules, such asca@dsdjly

enter the graphite (intercalate) between the layers. Rapid heating-oitaccalated
graphite will vaporize the acids, generating enough force to break the van aler Wa
forces and separate the graphite into grapHéhé&®*” %! Separation of the layers is
known as exfoliation, and is commonly performed in a furfia®eor by using

microwave irradiatiof?* 128 12°. 131 The exfoliated graphite (EG) structures can then be
sonicated in solvents and further separated. Production of pure single-sheetgraphe
remains difficult with these methods because the exfoliation is generaiyphete,

which results in a combination of graphite and graphene.

In this paper we demonstrate that EG can be used to create a compliandelscterial
having a low stiffness and moderate conductivity at low loadings. By combherieG
particles with a polydimethylsiloxane (PDMS) elastomer, we have producatkaah
that can be cast, spin-coated, and patterned. DEAs with PDMS/EG electrogles we

fabricated in a simple three step process that can be repeated in virtyddlip.an
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4.3 Experimental

4.3.1 Microwave exfoliation

Exfoliation of the acid-intercalated graphite flake (Asbury GraphitessMnc.) used in

this work was conducted by a microwave irradiation method presented by Eaédao

(28] and Weiet al.™?°. An 1100 W microwave oven (Kenmore) with an operating
frequency of 2.45 GHz was used. Exfoliation was conducted under an inert atmosphere
of forming gas (97% nitrogen, 3% hydrogen) by fitting a flexible silicoibe t

(MasterFlex® HV-96410-18) through the vent in the back of the microwave and into the
cooking chamber. The forming gas was turned on for 10 min at a flow rate of 1 L/min
prior to applying full power for 60 sec. The graphite flake (2 g) was platecn 18

mL glass vial in the center of the microwave. The particles must be enmlosimity to

one another for exfoliation to occur. Large sparks were generated betweernithespar
during exfoliation, and the expanded material glowed orange-red. Exfoliation was
complete after only a few sec, and a 200-300 fold increase in volume was observed
(Figure 42a-b). The resulting worm-like particles (Figure 42catevgeparated from

any remaining unexfoliated particles by stirring them into hexane.nbine dense

(unexfoliated) particles would sink and the less dérfsgfoliated) particles would float.

* Exfoliated graphite particles have the same density as unexfoliated grzaptiitees;
however, they probably contained trapped air which allows them to float on the surface
of hexane.
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The exfoliated particles were collected from the surface and dried on ateot pl

overnight at 150 °C.

unexfoliated exfoliated - ’ o L 3
graphite graphite B 300um

Figure 42. a) Acid-washed graphite flakes before microwave exfoliation, b)ide
washed graphite flakes after microwave exfoliation, c) SEM image of wormkie EG
particles at 30 times magnification, and d) SEM image of worm-like EG parties at
150 times magnification.

4.3.2 Characterization

SEM images of composite samples were obtained with a Hitachi SU-70 SEM at a
acceleration voltage of 10 kV and a working distance of 15 mm. Unloaded PDMS
samples were imaged using a Hitachi S-3400N variable pressure SEM at aratiocel
voltage of 15 kV, a working distance of 15 mm, and a pressure of 100 Pa. No conductive

coatings were used in either case.

4.3.3 Sample fabrication

The PDMS used in this investigation was Sylgard 184 (Dow Corning). DEAs were
fabricated with PDMS/EG compliant electrodes containing 15 wt% EG maracid
PDMS with a 20:1 ratio of resin to cross-linking agent, giving a Young’s modulus of 0.44

MPa. Standard PDMS is made with a ratio of 10:1, and has thus approximately twice the
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modulus (1.1 MPa). For comparison purposes, DEAs were also fabricated with carbon
grease electrodes (MG Chemicals) and PDMS with the 10:1 ratio of resossslioking

agent.

To break apart the worm-like EG structures, Figure 42c-d, the EG pavietesadded to
hexane at a 1:30 ratio (w/w), and the solution was sonicated (Branson 1510) at a
frequency of 40 kHz. Hexane was chosen as the solvent because it dissolved both the EG
and the PDMS, and it did not prevent the elastomer from curing. After 3 hrs, the PDMS
resin was added to the solution and sonicated for 30 min. The solution was then heated to
95 °C on a hot plate, driving off excess hexane until a 1:7.5 ratio (w/w) of EG to hexane
was reached. Next, the curing agent was added and the solution was vigorously shaken
by hand for 60 sec and sonicated for another 10 min. These solutions would remain
stable for 10+ hrs without curing and were viscous enough to produce uniform films

during spin-coating.

To fabricate the DEAs, a protective layer of PDMS was first spin-coatelgamec glass
slide at 1500 rpm for 120 sec, followed by vacuum desiccation for 10 min to remove air
bubbles and baking on a hot-plate at 95 °C for 10 min. Without the protective layers,
during later actuation of the device the current sparked across the electradesswtien

the voltage was applied. The first electrode layer was deposited by spingdbat
PDMS/EG solution, over a stencil applied to the cured PDMS, at 1000 rpm for 120 sec.
The stencil, which was cut from Scotch tape (3M) with the pattern shown in Figure 43

was then removed and the electrode layer cured at 95 °C for 6 hrs. The middle dielectri
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layer was applied in two coatseach of which were applied by spin-coating the PDMS
at 1000 rpm for 60 sec, vacuum desiccating for 5 min, and baking at 95 °C for 10 min.
The top electrode layers and the top protective coatings were applied imthensséhod

as the first.

Cross Sectional View Front View

glass slide

@———silver epoxy contact pads

PDMS PDMS _
(layer 1) (layer 6) . PDMS
PDMS/EG PDMS/EG g
(layer 2) (layer 5) s PDMS/EG active area
(@\]
PDMS PDMS
S. h
(layer 3) (layer 4) ¥ . transparency sheet
m 10 mm—p l<— silk suture thread
30 um =11 1 /
" .
30 um 9” force/strain transducer
I
120 um —>i

S — |

Figure 43. Schematic of a cross sectional view of a DEA sample and the DEA t&gti
configuration.

The active area of the DEA (i.e. the area covered by PDMS/EG) was 10 mrandi@@®
mm long. The dielectric elastomer was 120 um thick, the electrodes wirgGepm
thick, and the protective PDMS layers were also 30 pum thick. A schematicasfsa cr

sectional view of the DEAs and the testing configuration used in this investigegion a

> PDMS was applied in two coats to assist the removal of trapped air during vacuum

treatment.
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shown in Figure 43. Electrical contact was made to the DEA by patterning two non
overlapping segments above the active electrode areas (labeled A aRdj&@43).

The DEAs were fully encapsulated, having a 1 mm edge of PDMS on either side of the
active area to prevent sparking. One end of the sample (the fixed end) was gluéd to a 3
x 17 x 1.2 mm glass microscope slide (VWR, Cat No. 16004-424) using a photo-curable
adhesive (Loctite® 3108). The other end (the moving end) was glued to a 16 mm long,
14 mm wide section of transparency sheet (3M CG3300). The glass slide wpsdla

and the DEA was held vertically. Silk suture thread (CP Medical, 675S) was used to
connect the sample to a force/strain transducer arm via a small hole drdléokeint

transparency sheet and a small hole at the tip of the arm.

Electrical connections to the devices were made by cutting through gér8 laf the
spin-coated DEA, across the non-overlapping areas discussed above, and thengpainting
conductive silver epoxy (Chemtronics, CircuitWorks CW2400) over the exposed
electrode layers. The epoxy was then given 24 hrs to cure. Alligator clipsisest¢o

attach a high voltage power supply (UltraVolt, Inc.) to the devices.

A sample demonstrating the patternability of the PDMS/EG electrodeiaias shown
in Figure 44. The PDMS/EG material was prepared in the same method dkabile

using a stencil cut by hand from tapeThe stencil was placed on the surface of a film of

® Cutting stencils with a laser cutter or similar system would be easievand allow
smaller patterns to be realized.
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cured PDMS, the PDMS/EG material was spin-coated over the stencil, anenitie st
was removed. It can be seen that fairly complex shapes can be attainezlatrité r

ease, making this new material an excellent candidate as a replatent&@t

electrodes.

at 100% strain

Figure 44. PDMS/EG material patterned with “UMD compliant electrodes” showed
at rest (left) and at 100% strain (right).

4.4 Electrical and mechanical characterization

The PDMS/EG compliant electrode material was mechanically andieddgt
characterized. Mechanical characterization of PDMS/EG samples Viaset by
applying a known strain, measuring the resulting stress, and calculaiMgting’s
modulus at 10% strain. Electrical characterization was carried out byrappaliknown
strain, measuring the resulting change in resistance, and calculatimgthetivity as a
function of strain. DEAs were characterized by applying an eleatticbetween the

electrodes and measuring the resultant actuation strain.

Mechanical testing was performed using a force/strain transducer §$ecantific Inc.,
model 3000LR) with a custom LabView program. A pre-stress of 75 kPa and a constant
strain-rate of 0.1 mm/s were applied to all samples. Samples wenedtha@m O to

30%, and back to 0%, 15 times, and the resulting stress was measured. For creep strai

100



pre-stress of 75 kPa was applied to the samples, and the resulting strainondedrec

over a 10 hr period.

Electrical characterization was conducted using the 4-point probe technumyaeino
eliminate contact resistance. Four 2 mm wide strips of silver epoxy wésenedtover
PDMS/EG samples leaving 10 mm of spacing between the strips. An Autolab
potentiostat/galvanostat (Eco Chemie, PGSTAT30) was used to apply a current of 0.001
A to the outermost electrodes, while a digital multimeter (Craftsmae$¥iohal, model

no. 82324) simultaneously measured the voltage drop across the two innermost
electrodes. Using Ohm'’s law, the recorded voltage drop was then converted to

conductivity using measured sample geometries and the applied current.

Electro-mechanical characterization of DEAs was conducted by applgictg@fields

between 15 and 65 V/um, in 2.5 V/um intervals, and measuring the resulting actuation
strain. All actuation strains were corrected by removing the creep stiEedric fields

were applied to the DEAs in frequencies of 0.011, 0.016, 0.025, 0.085, 0.11, 0.16, 0.25,
0.5, 1.0, 2.5,5.0, and 10.0 Hz. Rise/relaxation times were calculated as the time required

for the devices to reach 90% of their maximum/minimum actuation strains.
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4.5 Results and discussion

45.1 Mechanical characterization of PDMS/EG composites

The Young’s modulus, defined as the slope of the stress-strain curve atalgrartic
externally applied strain, is an important material property for DEA=est ultimately
affects actuation strain and force: stiffer devices (high modulus) will loswer strains

and higher forces; softer devices (low modulus) will have higher strains andftooes.
Example of stress-strain curves, from which the Young’'s moduli were derivedhoave s

in Figure 45a for the 15th strain cycle. A 20:1 PDMS/ 15wt% EG sample is compared t
an unloaded 10:1 PDMS sample. The slofue the PDMS/EG was somewhat smaller,
corresponding to a modulus of 0.9 MPa, than that of the 10:1 PDMS, which had a
modulus of 1.1 MPa. The low modulus of the composite is partially due to the greater
20:1 ratio of PDMS resin to cross-linking agent, and also to the formation of voids, which
can be observed in Figure 46. The up-rampxs30% strain) and the down-ramps
(30>0% strain) are indicated by the unfilled arrows. There was a greateats@pa

between the curves, or hysteresis, for the PDMS/EG material.

For high performance applications, such as in micro-autonomous air vehicles (MAVSs)
actuators are required to provide reproducible driving and steering without lossesf pow

or strain over time. Therefore, understanding the long-term strain behaviarepr of

* Modulus was measured as the slope of the stress-strain curve at 5% siitsimgtey
linear line between 4% and 6% strain.
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DEA elastomers is critical for such applications. Creep strains of theSAB®™material

and of unloaded PDMS are shown in Figure 45b. Large creep strains are undesirable f
DEAs because they result in non-repeatable actuation. The creep strain ot @hiers
PDMS/EG material is 3.6%, nearly double that of plain PDMS. However, compared to
elastomers like VHB tape (3M), which can exhibit 100-300% strain over the same

duration, the PDMS/EG material has almost no creep strain.

0.30

) b) 02
5.0 =0.204
=
0.25- ey o
§ 0.104 15 wt% PDMS/EG
404 @ 0.054 ¢

0205 0.004—TT1 71717
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Figure 45. PDMS/EG compliant electrode material (black diamonds) copared to

10:1 PDMS (gray circles) in terms of a) stress vs. applied strain and b)emp strain
vs. time.
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Figure 46. SEM images at 1000 times magnification of a) unloaded PDMS, and b)
15 wt% PDMS/EG with voids present.

4 5.2 Electro-mechanical characterization of PDMS/EG composites

For high performance DEAs, it is also important that the compliant electnodénse

both elastomeric and conductive when subjected to repeated strain cycles. The
conductivity and Young’s modulus of the PDMS/EG composite is plotted in Figure 47 a
a function of strain cycle number. The conductivity (lower curve) was on theadrder

0.15 S/cm and increased a little with increasing strain cycle number. (Conikgtgi

high as 0.44 S/cm were obtained with samples containing 25 wt% EG. However, these
samples were brittle, having a low ultimate tensile strain, and werédieen®t used in

this investigation.) The conductivity was actually higher under strain tharéldixed,

reaching a maximum between 20% and 30% strain for all samples

* Conductivity results as a function of strain can be found for additional EG loadings in
[167].
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The Young’s modulus (upper curve) of the PDMS/EG was 1 MPa in the first stcén cy
and dropped slightly to 0.9 MPa by the 15th strain cycle, indicating a softening of the
material. In our experience, unlike CG, the PDMS/EG electrode propenpesved

over time, further promoting the replacement of conventional CG electrodes with thi

new material.

Young's modulus

<o
=
|

Conductivity (S/cm)
Young's modulus (MPa)
>3
|

conductivity

<
&}
1

0.0 T T T T T T T

Strain cycle

Figure 47. Conductivity (black diamonds) and Young’s modulus (gray circles) vs
strain cycle for the PDMS/EG electrode material.

Increasing conductivity during repeated strain cycling has been reportedystgvor a
variety of conductive-filler/insulating-host compositgé 134 137163 |t has been
hypothesized that the formation of additional conductive pathways through the material,
by removal of matrix material between the EG particles, may be the foausseh

behavior**?,
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4.5.3 Electro-mechanical characterization of DEAS

The achievable actuation strains determine which applications are poss$iie.

actuation strains for a DEA with PDMS/EG electrodes are shown in HM@arat electric

fields of 15, 17.5, and 20 V/um. Recall that these actuators were not pre-strained, so the
data cannot be directly compared with results for pre-strained PDMS deVicesaw
actuation strain (upper gray line) was corrected by removing the cragp(stiddle

black line) to produce the actuation strain (lower black line).

Corrected actuation strains are plotted in Figure 48b as a function of appt&adield

for DEAs with PDMS/EG electrodes and a 20:1 PDMS dielectric layerardBEAs

with CG electrodes and a 10:1 PDMS dielectric layelt can be seen from the data in
Figure 48b that the actuation strains were identical for both electrodeaisaaad

followed the expected quadratic dependence on field. At 50 V/um, the strain reached
1.2%. However, the DEAs with PDMS/EG electrodes could be encapsulated in PDMS,
which allowed higher electric fields to be applied before device fabr&/um versus

50 V/um. Because the actuation strain in DEAs depends on the square of the electric
field, this 30% increase in voltage led to a three-fold increase in strain, whadtece

3.5% at 65 V/um. These findings further support the replacement of CG with the

PDMS/EG composite for DEA electrodes.

¢ Measured dielectric constants of the 10:1 and 20:1 PDMS elastomers wéag simi
ranging between 2.3 and 2.8, and were assumed to have a small impact on the actuation
of the DEAs.
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Figure 48. a) Actuation strains of a DEA made with PDMS/EG electrodes Idck
line marked by diamonds) vs. time under applied electric fields of 15, 17.5, @20
V/um. The actuation strain was found by removing the creep strain from gure
45b (middle solid line) from the raw data (gray line marked by circles). p
Actuation strain vs. electric field of PDMS/EG (diamonds) compared tohe strain in
a DEA with CG electrodes (crosses). The dashed line is a guide for thyee

Aside from large actuation strains, the ability of a DEA to quickly respotiaket

application or removal of an applied electric field is important for applicalioas
flapping-wing MAVs. The actuation strains of DEAs with PDMS/EG elecsaiwl CG
electrodes are shown in Figure 49a under an electric field of 50 V/um over a 30 sec
duration. The corresponding rise and relaxation times were calculated to be 0.49 and
1.04 sec for DEAs with PDMS/EG electrodes and 0.48 and 1.09 sec for DEAs with CG
electrodes. The softer DEAs with PDMS/EG electrodes achieved rgaeaiation

strains at this electric field, as expected, with rise/relaxatiorstihed were nearly

identical to DEAs with CG electrodes. One can therefore conclude tHARDMS/EG

electrodes do not slow down the response times.
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Figure 49. a) Actuation strains of DEAs made with PDMS/EG electrodes
(diamonds) and CG electrodes (circles) vs. time under an electriefd of 50 V/um
showing the corresponding rise and relaxation times. b) Actuation strags.
frequency under electric fields of 27.5 and 47.5 V/um showing the fall-off the
actuation strains with increasing frequency. The dotted lines are guiddor the eye.

The actuation strains for DEAs with PDMS/EG electrodes and DEAS v@tkl€ctrodes
are shown in Figure 49b as a function of frequency. Electric fields of 27.5 and 47.5
V/um were applied at frequencies between 0.01 and 10 Hz. Similar to the results in
Figure 48b, the actuation strains were nearly identical for both electiateeias, and

for both the actuation strains begin to decline at a frequency of 1 Hz.

4.6 Conclusion
A novel compliant electrode material was developed composed of PDMS loaded with EG
produced by microwave irradiation. At a 15 wt% loading of EG, the compliant electrode

exhibited a conductivity of 0.15 S/cm and a Young’s modulus of only 0.9 MPa. This
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modulus is the lowest reported for two-phase composites consisting of a condlietive f
and an insulating polymer matrix. Un-prestrained DEAs fabricated with PB&IS/
electrodes exhibited actuation strains as high as 3.45% at 65 V/um. Resultsggorm t
investigation have demonstrated that PDMS/EG is superior to CG in the fallovaiys:

1) during fabrication, it has the benefit of being castable, spin-coatable, tertaiale;

2) it will not smear or rub off; 3) because it does not dry out over time like CG, its
conductivity and modulus are steady over time; and 4) because it can be cgmpletel
encapsulated in additional protective PDMS layers, higher electric tiafdbe used,

which yields larger actuation strains.
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5.1 Abstract

This paper characterizes the performance of electrically conduativenachanically
compliant composites as strain sensors and demonstrates their applicatioctumadtr

health monitoring and tactile sensing. The composites were fabricatechbingle

exfoliated graphite (EG) into either polyisoprene (latex) or polychlorofreswprene)

host rubbers, and they were applied to various surfaces by either brush painting or
airbrushing. Their electrical and mechanical properties were deestras functions of

strain, temperature, humidity, and EG loading. Composites had conductivities between
0.004 and 0.03 S/cm and tangent moduli of less than 5 MPa at 5% strain for EG loadings
up to 10 wt%. Compared to carbon black filled composites, the conductivities are orders
of magnitude highét** **®and the percolation threshold is low8f!. The dependence

of resistance on temperature was small between -50 °C and +50 °CY{*& 10 lower),

and the resistance increased 10-20% between 30% and 70% RH. These effects were

dwarfed by the increase of resistance with strain. At strains < 0.28adlge factor was
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linear. The composites were applied to measure the deformation of a ‘¢oszakte

bridge beam as it was loaded to failure and as contact sensors on a glove.

5.2 Introduction

A variety of strain gauge materials and devices are commerciallglaeathe most
common of which are the metallic foil types. Metallic foil strain gauges$raited to
measuring strains smaller than 598, have gauge factors (GFs) less thans,&and are
unable to conform to non-flat surfaces. Other strain sensors, such as the piezaelgct
piezoresistive types, have been reported having GFs as high a4 ¥ppat they are
typically limited to strains of less than 14> %, Furthermore, commercial sensors
typically have dimensions on the order of 50 such a small sensor size leads to the
requirement for numerous sensors when monitoring large areas. Therefokeaisise
for an alternative strain gauge that is easily applied and that can be patiésredégiom

shapes and sizes.

Nano-composites consisting of host polymers blended with conductive filledgaiiie
carbon nanotubes (CNTSs) are an attractive alternative to commerc@assand have
previously been used for strain gauge applicatfdn$®. Host materials are typically

rigid polymers, such as epoxies, which cannot withstand large strains. Usdarhelas
hosts allows larger straifis” **> "% Previously, we have demonstrated PDMS blended
with exfoliated graphite (EG) having high conductivity and low moduli as compliant

electrodes$™®”; however, these composites were not paintable. Following up on our
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previous work, latex elastomers were used as the host material, produdiogetas

composites for sensing applications that are paintable.

In the present work, changes in elastomer/EG composite resistance tigatedsor

strain gauge applications as a function of strain, temperature, and filieleplaading.

Both mechanical and electrical properties of the composites are chaeattaNe show

that the advantages of these composites include higher GFs (ranging from 2 to, 27,000)
ease of application (by brush painting or spray painting), and ability to producgea ran

wide of desired shapes and sizes.

5.3 Experimental

5.3.1 Composite formulation

Nanocomposites were prepared by blending electrically conductive EQgsawith an
electrically insulating host elastomer. Acid-washed graphite fegtiésbury Graphite

Mills, Inc.) were exfoliated using microwave irradiation (Kenméte, 1100 W f = 2.45

GHz) in an atmosphere of forming gas (97% nitrogen, 3% hydrogen). Any ragaini
unexfoliated graphite was removed by stirring the irradiated powder intodgra

which the lighter EG particles floated and could be skimmed off. The filtered EG
particles were added to fresh hexane (1:120 w/w) and bath-sonicated (Branson 1510, 40
kHz) for 3 hours to further exfoliate them; during this process they became suspende
the solvent. The hexane was removed by placing the solution on a hotplate at 150 °C

overnight. (Se€°" for more details on the exfoliation process.)
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Liquid suspensions of the strain gauge material were prepared by additigetag a 20

mL glass vial 0.1 g of EG, 3 g of a solution containing 0.75 wt% Triton® X-100 (Sigma
Aldrich), and 6 mL of deionized (DI) water. The surfactant was required to blend the
hydrophobic EG with the hydrophilic elastomer. (In our prior work, surfactants were not
required because PDMS is hydrophobic.) To neutralize acid remaining in the B8 and t
prevent the elastomer from forming clumps, 0.4 g of NaOH (1 N) was then added to the
solution. Finally, 0.4 g Antifoam SE-15 (Sigma Aldrich) was added. The solution was
vortex-mixed (Fischer Scientific) at 3000 rpm for 20 sec, followed by bathammdor

1.5 hrs. Either liquid latex (Environmolds, RD-407 Mask Making Latex) or
polychloroprene (neoprene) rubber (Critical Coatings, LLC., CC1103F Mask Making
Neoprene) was then added to the vial to produce latex/EG composites at thte desire

loading. The solution was vortex mixed for 30 sec prior to use.

5.3.2 Sample fabrication

Mechanical and electrical characterization were conducted using thedatppsites

with EG loadings of 6, 7, 8, 9, and 10 wt%. The percolation threshold, or lowest EG
loading rendering the composites electrically conductive, was 4 w%; hqwleared 5

wt% composites were omitted from this investigation because theiaressivent above

40 MQ when they were strained. At loadings above 10% the strain sensitivity decreased,

and above 30% the films became brittle.

Samples for characterization were fabricated by airbrushing (BédigBrush Co.,

Model # 250-4), at an air pressure of 25 psi and a working distance of 200 mm, an

113



average of 5 thin layers of the latex/EG suspension over a glass slide thatrhad bee
cleaned with acetone. Each layer was dried on a hotplate at 80 °C for 2 minutes befor
applying the next layer. Samples were cut into strips 20 mm long and 5 mm\Wiicia
removed to be mounted to substrates for measurements and sample fabrications, the
samples readily peeled off of the glass slides. Sample thicknessegy@utthree

points across one sample) were 60, 30, 15, 30, and 95 um for the 6, 7, 8, 9, and 10 wt%
samples, respectively, determined using mechanical profilometry (B&ktak Since

the airbrushing was done by hand and since the viscosity of the suspension depended on
loading, the film thicknesses varied. (The amount of EG in the water/surfactardrsol

was held constant at 0.1g, so suspensions with lower EG loadings had a greater
concentration of elastomer). The conductivities ranged from 0.004 S/cm for 6 wt%
composites to 0.03 S/cm for 10 wt%; these values are similar to those of PDMS/EG
composites. (We have made 20 wt% latex/EG composites with conductivities > 12.5
S/cm by processing 15 g EG with 900 ml of a DI water solution containing 0.75 wt%
Triton X-100 for 30 min using a horn sonicator (Q-sonica Inc., model #S-4000-001) with
a 1” probe tip and booster.) The conductiwitwas determined from the sample
resistancédR and dimensions using = L/(Rwi), whereL is the sample lengthy the

width, andt the thickness. Conductive silver epoxy (Chemtronics, CircuitWorks
CW2400) having a volume resistivity0.001 Ohm-cn?" was used to form contact pads

for the placement of the multi-meter probe tips.

For stress-strain measurements, the latex/EG samples were péelath@fglass slide

and attached at one end onto another glass slide (75 mm x 25 mm x 1.2 mm, VWR, Cat
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No. 16004-424) using a photo-curable adhesive (Loctite 3108). The other end of the
sample was similarly attached to a 10 mm x 10 mm xuhd@iece of a transparency
sheet (3M, CG3300). This configuration left a 10 mm long, 5 mm wide section in the
center of the sample that was free to stretch. The glass was clamieadly¢o allow

the latex/EG and the transparency to hang downward. The transparency sheet wa
attached to the transducer using a silk suture threaded through a small hole abthe bott
of the transparency and another small hole at the tip of the transducer arm. Tasting w

performed at room temperature, approximately 20 °C, unless otherwise stated.

5.3.3 Temperature-resistance measurements

Samples were prepared by cutting airbrushed latex/EG sheets into 1ghamtb5 mm

wide strips. One end only of each strip was attached to a 75 mm x 50 mm x 1.2 mm glass
slide using silver epoxy, and the epoxy was cured. The free ends of the strifpisenere
strained manually and fixed to the glass slide using silver epoxy, locking theatenaal

the desired strains. For each EG loading, seven strips with strains rangir@30 %

in 5% increments were prepared, as shown in Figure 50.

The temperatures of +50 and -50 °C were achieved using a hotplate oven (Thermolyne
Co., model 0V-10600) and an ultra-low freezer (So-Low, model CH 43-5), respectively.
Temperatures of 0 and -20 °C were achieved using a refrigerator/freezerafi€éenm

model 183.93972). To prevent ice formation from the condensation of moisture upon
inserting the samples from the freezers, a glass slide was placed orheamples,

the sandwich was vacuum desiccated for 30 min, and the edges were sealed using photo-
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curing adhesive (Loctite 4108). (lce would otherwise form under the samplesgcausi
them to bulge and imposing a small additional strain, and the moisture from the
freeze/thaw cycles would also cause the epoxy to release fronafisesgbstrate.)

silver epoxy

bottom glass slide

top glass slide

adhesive —-‘

L | 30% strain o omld

Figure 50. Sample configuration for temperature depenece measurents.

5.3.4 Temperature-humidity measurements

The relationship between humidity and elastomer conductivity was investigated b
resistance measurements in an atmosphere of controlled relative humidjitgt(&H
temperature of 22+1 °C. RH levels (30 £2%, 50 +2%, and 70 £+2%) were measured with
a digital temperature/humidity indicator (Enviracaire, model # E10). Samplesgiven

a minimum of 1 hour to equilibrate at each RH. The RHs were achieved by a bubbling
compressed air through a beaker of water. Desired RHs were reached byicgrthel|

compressed air flow rate.

Samples were prepared by cutting airbrushed latex/EG sheets into 1tghamtb5 mm
wide strips. One end only of each strip was attached to a 75 mm x 50 mm x 1.2 mm glass
slide using silver epoxy, and the epoxy was cured. The free ends of the stripsenere t

strained manually and fixed to the glass slide using silver epoxy, locking theatenaal
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the desired strains. For EG loadings of 8 and 10 wt%, strips with strains of 0 and 30%

were prepared in triplicate for each loading.

5.4 Results and Discussion

5.4.1 Characterization of latex composites

Because the resistance of elastomeric/conductive filler compositegeshaith strain,
these materials can be used for strain sensing. For applications such asaktraatth
monitoring, these sensing elements may be exposed to a wide range of tengyenature
little information on the temperature sensitivity has been published. For aippisciat
robotics, high sensitivity may be required, and for smart textiles ot amtahomous
vehicles, compliance may be critical. To determine the suitability ofiéistoener/EG
composites for various applications, their stiffness at strains up to 30% (tangenashodul
and sensitivity (gauge factor) were determined as functions of EG loadingxn ({@he
Young’s modulus is the slope of the stress-strain curve in the range of strain for which
Hook’s law is valid, and represents the elastomer stiffness. For la@esstiook’s law

is no longer valid, as evidenced by a nonlinear stress-strain curve, and the shape of
stress-strain curve at a particular strain is defined as the tangent mpd\bas

resistance was measured at temperatures between -50 °C to +50 °C dbstwaes O

and 30%.
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5.4.2 Young’'s modulus as a function of EG loading

If the strain sensor has a low stiffness, it will not interfere with the ohefioons being
monitored. This can be useful when making measurements on thin films and structures,
such as the wings of micro-air vehicles. Dynamic stress-strairune@asnts were

conducted using a force/strain transducer (Aurora Scientific Inc., mod@LR( to

apply strains of up to 30% at a rate of 0.01 mm/s, and to measure the resulting forces,
which were converted to stress based on the sample dimensions and the strain. Tangent
moduli were obtained from the slopes of the stress-strain curves at 5%bgtfiimg a

line to the data between 4% and 6% strain and calculating the slope.

The tangent moduli of latex/EG composites are plotted in Figure 51a asiarilofdEG
loading. As predicted by the GUtA” equation (see below) the composite stiffness
increased with EG loading. The moduli increased from 2 MPa for the 6 wt% sarmples
to 5 MPa for the 10 wt% samples. Despite the increase in stiffness, the moduhie@m
low in all cases, so the elastomeric properties of the host were maintaingoicah t
stress-strain curve for unloaded latex is compared to those for 6 and 10 wt®Gatex/

composites in Figure 51c.
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Figure 51. a) Young’s moduli of latex/EG as a function of EG loading. Each point
represents an average of two samples, and the standard deviations are indichte
The dashed line shows the Guth model. b) Young’s moduli as a functionsifain
(dashed lines are linear guides for the eye). c) Stress-strain cunfes latex and for
6 and 10 wt% latex/EG composites.

The well known Gutt*® equation relates composite stiffness to filler particle aspect

ratio and loading:
Eq. 17 E = Eo(1 + 0.67c + 1.6%°C),

whereE is the modulus of the composit®, is the modulus of the unloaded elastorer,

is the filler particle aspect ratio (diameter/thickness),aisdhe filler concentration

(vol%). Values from the Guth*® equation Eq. 17 are represented by the dashed line in
Figure 51a. The best fit (smallest least squares error) betweemexpiti and

calculated values was obtained using an EG aspect ratio of 65, which is witrandkee

of 201172 to 300" reported for EG, and assuming densities of'2*and 0.94 g/cth

[17% for EG and latex, respectively. The average particle diameter (Fgyeand
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thickness were determined from SEM images. Because the diameter andsthafkihe
particles could not both be obtained for the same particle, the EG parntiets estio was
calculated as the ratio of the particle diameter to the particlenss, using a particle
diameter of 2.9um + 3.5um (average of 58 particles) and thickness of 46.7 nm £ 78.5

nm (average of 12 particles).

The stress-strain curves of elastomers are nonlitféarFigure 51b plots the tangent
moduli of the composites at increasing strains. Whereas the modulus of unloaded latex
increased from 0.3 MPa at 5% strain to 0.6 MPa at 30% strain (strain hardening), the
modulus of the composites instead dropped. Decreasing stiffness with strain has been

observed previously in similar composite systéti?s
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Figure 52. Particle count as a function of particle diameter for EG partles.
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5.4.3 Resistance as a function of strain

In some applications it may be beneficial having sensors capable of mgasuall
displacements(2%) with a high resolutior>(0.0001 %), such as the daily thermal
expansions and contractions of a bridge deck. In other applications it may beiflenefic
to measure large displacement206) with lower resolution40.1%), such as roadway

crack propagation over time. The sensitivity is characterized by the tpuige GF

[177].

Eq. 18 GF = ARRo)/s,

whereAR s the change in resistané®,is the initial resistance, ardis the strain. The
force/strain transducer was used to apply strains up to 30% at a rate of 0.01 men/s whil
the resistance was measured with the two-point probe technique (CraftsnmessiBnai

digital multi-meter model no. 82324, 1 Hz sampling rate).

The AR/Ryof 6, 8 and 10 wt% latex/EG composites are plotted as a function of strain in
Figure 53. Th&\R/R, increased with strain, as determined by least squares fitting. At
30% strain, the GFs were 1040, 570, and 160 for the 6, 8, and 10 wt% samples,

respectively.
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Figure 53. Gauge factor as a function of strain for latex’EG composites \uithree
EG loadings strained at a rate of 0.1 mm/s.

The increase in resistance with strain is expected based on percolation'th&bry
Insulating host/conductive filler composites become conductive when the fille
concentration reaches the percolation threshold, at which conductive pathways are
formed through the composite. Thereafter, the conductivity increases expibnesitie
increasing filler particle concentration until it begins to satdt&le Under strain, the
distance between filler particles increa&s®%and conductive pathways are lost,
resulting in an exponential decrease in the conductivity (or exponentialsadrea

resistivity, similar to the data in Figure 53).

At strains below 15%, the 8 wt% samples exhibited an apparently anomalouslyGikgher
than the other loadings: the GF at 1% strain for the 6, 8, and 10 wt% samples were 0.8,

9.3, and 0.4, respectively. However, GFs are calculated using resistance, tiatyesis
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Therefore, they are sample-specific numbers, not material proparicthigher GFs are
obtained for smaller cross-sectional areas or greater lengths. (Thalanslsnhigh

values at low strain for the 8 wt% composites are currently under investigafions)

one 10 wt% sample, having an initial resistance ofQ4vkas strained to 105% and

allowed to equilibrate for 10 min, after which its resistance was @30avl increase of
28,000. (This corresponds to a gauge factor of 27,000 using Eqg. 0, to our knowledge the
highest ever reported, although it must be borne in mind that GFs are geometry-

dependent.)

Many sensor applications are cyclic, such as those found on robotic end effectors, an
require repeatable feedback with little deviation from cycle to cycleur&isda plots the
resistance as a function of time for a 6 wt% latex/EG composite subjedesirain

cycles from 0 to 5% at a strain rate of 0.01 mm/s. (Switching the transduatiodire
from the forward cycle to the reverse cycle was performed by hand, and th¢hefor
cycle durations are not exactly 45 sec.) One sample at each loading whiotesbiie
experiment, and the results for the 6 wt% loading are presented; resultsdtrehe
samples were similar. The baseline resistance at 0% strain was Q.88dWas
consistent throughout the test. When the sample was strained to 5%, the peakeesistanc
was higher for the first (1.14 &) and second (0.94 ) cycles, after which it remained
stable at 0.85 2. The nonlinear, asymmetric resistance data are attributed to the
composite hysteresis observed in Figure 51. The GF of this particular saasuks.

This repeatability of the resistance response is sufficient for mamy génage

applicationd®*.
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5.4.4 Resistance as a function of temperature

Environmental effects on new strain gauge materials are often unreponedesistance

of the latex/EG composites was measured at temperatures of -50, -20, 0, +20, &d +50 °
via the two-point probe technique (digital multi-meter Tektronix DMM 4050). Samples
were allowed to equilibrate at each temperature for ten minutes beforeremeasts

were taken, and a minimum of three samples at each loading and strain tjeeebse®8)

were tested. Above 20% strain, the resistance of the most lightly loaded 6 wt%

composites, which had the greatest strain sensitivity, exceededladcould no

longer be measured.
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Figure 55. Resistivity vs. temperature for latex’EG composites at ineasing strains.
Each point represents the average of 3 samples. EG loadings were 6 wt% ¢l@s), 7
wt% (squares), 8 wt% (diamonds), 9 wt%(triangles-up), and 10 wt% (triangles-
down).

The resistivity of the composites decreased somewhat with temperatatenbgt a
factor of 2 over the 100°C range. There was a jump from the 6 wt% sample, which
decreased by a factor of -5.5 *3¥0C, to the higher loadings, which decreased by
smaller factors, between -1 *#0C and -2 * 1¢/°C. Although the magnitude of the
decrease in resistance with temperature is of the same order as ftc rfodtatrain
sensors’, the resistance of the foil sensors typically increases with tempefatiré
While rare, decreasing resistance with temperature has been reporsad, inament,

and elastomer composites with carbon fillé§s 8¢
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5.4.5 Resistance as a function of humidity

Understanding how humidity affects the strain gauge conductivity is imporizau e

these sensors must function in changing environmental conditions. The resistance of the
latex/EG composites was measured at humidities of 30%, 50%, and 70% via-the two
point probe technique (digital multi-meter Tektronix DMM 4050). The resistanchs of t
composites were normalized to their values at 30% RH (Q6®k8 wt% at 0% strain,

425 Q) for 8 wt% at 5% strain, 2Xkfor 10 wt% at 0% strain, 34kfor 10 wt% at 5%

strain) and the results are plotted in Figure 56.
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Figure 56. Normalized resistance as a function of relative humidity for a) 8 wt%
latex/EG composites at 0% strain, b) 8 wt% latex/EG composites at 5%rain, c) 10
wt% latex/EG composites at 0% strain, and d) 10 wt% latex/EG composites &%
strain. The dotted lines are guides for the eye.

The resistance of the composites increased 10% - 20% with humidity. Thesmbes
been observed in other polymer composit&s®? but the mechanism for it is still not
fully understood. The sensitivity of the composites was unaffected, but accurate

measurements of strain would require calibration with an unstrained refesemsor.
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5.5 Applications of the composites as sensors

5.5.1 Tactile sensor application

For prosthetics and robot grippers, tactile sensors can provide feedback on whein conta
has been made, as well as on the gripping force. To determine the effestnfeihes
composites as tactile sensors, meandering traces were patterneck dimgettips of a

nitrile glove, shown in Figure 57. A 20 wt% neoprene solution was airbrushed in a single
layer onto the glove through a masking tape stencil, which was removed after
airbrushing, to produce the serpentine geometry. The thickness of the sensor was
approximately 30 £1@um measured by profilometry (DektaBT). Neoprene was

chosen as the host elastomer instead of latex because it is tougher and hassgaockres
to wear. Silver epoxy was used to form electrical connections. Before the@pery

200 mm long strips of fine stainless steel wire (43 gauge, California fire@d.) were
pressed into the epoxy. After curing the epoxy for 24 hrs at room temperaturegthe fr
ends of the wire leads were connected to a multi-meter (Craftsman Profedgjiak
multi-meter model no. 82324) using alligator clips. Electrical tape was osedire the
wire leads to the back of the glove, preventing them from being torn out of the silver
epoxy during testing. The fabrication process took approximately 10 minutesHor eac
sensor, excluding drying times (samples were cured overnight at room temgéefore

testing).

128



electrical tape
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fingertip of nitrile glove ———=
Figure 57. Image of a 20 wt% neoprene/EG tactile sensor patterned via airbrusiy
onto a nitrile glove.

Upon gripping an object with the glove, the sensor resistance increased asrshown i

Figure 58a-b. While it might be assumed that the pressure would reducetpartrdle
separation in the out-of-plane direction and produce a decrease in the resisavity, t

material instead behaved in the same way as when it was stretched.n@peaadate

that this is because a compression out of plane results in an inplane expansion, raising the
inplane resistance, which was the direction in which it was measured. Ingreasi

resistance with pressure has been observed for composites with carbqafiltses "

19U put further experimentation is required to understand the mechanism.
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"Fiure 58. Neopene/EG taile glove sensor. a) Resistance at rest. b3iRance
when gripping an object. c) Normalized resistancAR/Ry vs. time under applied
forces.

With the glove lying flat on the benchtop, forces of 0.125, 0.5, and 1.5 N were applied for
one second by placing weights on the sensor areas; the time between applying the
weights was 12 sec. Changes in resistance were measured via the twoobeint pr
technique (Craftsman Professional digital multi-meter model 82324; 1 Hz diatetiool
rate). The normalized resistanci®/R, is plotted in Figure 58c. The normalized
resistance increased with load, but nonlinearly; only qualitative feedback ardbe f

was obtained. The peak resistance for the first cycle was higher than iqusriidests,
similar to the cyclic strain data in Figure 54 and not unexpected for aone&astThis
experiment was simply for proof of concept purposes, and further investigation is
required to fully characterize the composite sensors for this particul &,

including optimization of the composite formulation and the application method in order

to improve the force-resistance properties.
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These results demonstrate that the composites can be used to determinevidbrdac
object. The simplicity and ease of fabrication of these sensors is adyagerticularly

for prototyping robots with tactile feedback.

5.5.2 Structural health monitoring application

As mentioned above, one application for paintable strain gauges is hon-destructive
health-monitoring of large structures. To ascertain whether the elafi3mymposites
would be appropriate for this, a single coat of an 8 wt% latex’EG composite wias brus
painted into a 1.22 m long x 12.7 mm wide rectangular pattern on the top surface of a
% scale (9.385 m long, 0.425 m wide, 0.349 m high, Michigan Bridge Design Guide
6.65.10) reinforced concrete bridge beam at Lawrence Technological University i
Southfield, MI (Figure 59) to monitor deformations in the plane of the beam. The
composite was applied in10 minutes and dried for 60 minutes, with an estimated cost of
materials of $0.01 (~$0.08ftsingle coat, brush painted). One of the advantages of the
composite is that it can be painted over corners, cracks, joints, and rolledfdges

60). The composite solution was painted over 20 mm long, 5 mm wide strips of
aluminum tape (Nashua, 324A) that were attached to the bridge beam at the ends of the
sensor area. Electrical connections were made by attaching wire lee®ikpbsed

ends of the aluminum tape strips using conductive silver epoxy, as shown in@tgure
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Figure 59. Schematic of the % scale box beam and sensor positions.

Figure 60. a) Latex/EG strain gauge painted on a concrete structure over b) aies
of cracks, and c) a rolled edge.

Commercial metal foil strain gauges were mounted at multiple locations onatimeblye
first grinding the concrete smooth, applying the sensors to the surface wiih epang

the epoxy, and soldering electrical connections to the sensors, the total prooesgyre
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3 hrs per sensor. For comparison, data were collected from a foil sensor (Vishay
Intertechnology, Inc.) located on the other side of the ram, 0.26 m from the @Gtex/E

Sensor.

The box beam was strained to failure using a hydraulic ram (Figure &&jais strain

rates (Table 7). Changes in the resistance of the latex/EG were meaghra digital
multi-meter (Tektronix DMM 4050) and LabView Signal Express softwareairbivas
calculated with Eq. 18 using a GF of 13, found by comparing the data with that from the
commercial strain gauge.

Table 7. Bridge beam deformation rate and duration.
Time (sec) 0-30 | 30-108 105 -272| 272 - 875| 875 - 1475

Rate (mm/s) | 0.0211| 0.0423 | 0.211 0.338 0.423

Figure 61 shows the load applied to the beam measured using a high capacity force
transducer (MTS, model 661. 31B-01), the strain measured with a commeramal stra
gauge, and the resistance measured from the latex/EG sensor. The bidde @pea to

crack after 100Q-strain and started to break apart after 128frain. At approximately

900 sec, the commercial force transducer and strain gauge exhibited a reductoh in |
and sudden increase in strain from 1250 to 325@ain, likely due to crack formation as

the bridge began to crumble. Cracking of the beam resulted in the sudden dectease in t
applied load; therefore, the applied load does not necessarily correspond to the local
strains that were measured. Several of the commercial strain gailggpfematurely

due to cracks forming beneath them during testing. One of the main benefits of the
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composite sensor was that it continued to function and provide useful information despite
the formation of cracks beneath the sensor area, as determined by visuabimspect

whereas the commercial gauges were prone to detach.

T 40
=
o 30
% 20
T 107
=]
= 0+ | |
2500 ! |
- - - commercial strain gauge b
£ 2000—— spray-on strain gauge X \
£ o
@ 1500 ' l..
g :
= 1000 — L . ST
500 L R
0_
A I\ % B\ S—

T T
0 500 1000 1500
Time (sec)

Figure 61. a) Load applied by the hydraulic ram. b) Strain measured with a
commercial strain gauge and the 8 wt% latex/EG strain gauge applied to a ¥z scale
concrete composite bridge beam strained to failure

The resistance of the latex/EG sensor is compared to the strain recottled by

commercial strain gauge in Figure 61. The two gave nearly identicdtsrap to ~ 1000
u-strain, at which the bridge beam began to crack and deteriorate. The compnite st
gauge had, however, the benefits of reduced preparation time, lower cost, and application
on non-flat surfaces. The resistance of the latex/EG sensor changed 15 sdeotits af

onset of beam deformation, corresponding to a load of 170 Ibs. With this degree of
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sensitivity, it is possible that a composite sensor could even be used to monitoigredestr

traffic across similar structures.

5.6 Conclusions

A composite material comprising exfoliated graphite in latex or neopuébers has
been characterized and demonstrated as a strain gauge. These compositapplatbe
to surfaces via brushing or airbrushing, and so can cover large or small atttarhs Pa
can be produced using stencils to generate the desired shape. By varyingdhdiigs |
sample thickness, and sample geometry, the sensitivity and stiffness cdoréd (aiith
GFs up to 27,000). The versatility of the composites allows the same baselsiatéra

used for a wide range of strain measurement applications.

The sensing materials were demonstrated in tactile sensors and farratmncinitoring.
Neoprene/EG tactile sensors were capable of determining when contamtid@sand
the latex/EG bridge sensors provided the same quality of data as comnesretssdong
after the commercial sensors had come off due to the formation of cracks. &tasgde
ease of application, the conformability, and the unrestricted geometrlessefdensors
are advantageous. Furthermore, the composite sensors exhibited little depemdenc

temperature, a benefit for outdoor use.

135



5.7 Acknowledgments

This research was supported by the US Army Research Laboratory under the MAS
CTA program in the Center for Microsytem Mechanics. We would like to thank
Professor Grace, Charles Elder, Omkar Dear, and Steve Downing frorarcaw
Technological University in Southfield, Ml for graciously providing the resousoés

facilities necessary to conduct the bridge beam tests.

136



5.8 Chapter 5 Appendix

5.8.1 Electron tunneling and activation enerqgy of latex/EG composites

Graphite is a zero band gap semiconductor with an intrinsic'N¥CAn energy barrier,
or activation energy, is created when electrons traverse from one condudinle par
(EG), through an insulator (latex), to another conductive paftfclé® 1! |f the

available thermal energy is higher than the activation energy then coragabiieated
with graphite may exhibit increasing electrical conductivity withréasing temperature
(e.g. an NTC). To determine if the conduction mechanism in the latex/EG corap®site
a thermally activated process, and to gain insight into the observed NTC, conductivity

was expressed using the Arrhenius equatfont®? 19
Eq. 19 o =0, exp(-Ea/ kgT),

whereg is the DC conductivityg, is a material constant depending on the mobility of
charge carriersg is Boltzmann constant, is absolute temperature, aglis the
activation energy. The material constagis thes asT — o and was determined as the

y-intercept of the la&/T plot for each EG loading (Figure 62).
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Figure 62. The natural logarithm of conductivity as a function of inverse absolet
temperature for latex/EG composites with EG loadings of 6 (circles), (Bquares), 8
(diamonds), 9 (triangles - up), and 10 wt% (triangles - down).

The calculated activation energies (using Eg. 19 and the valagslofained from

Figure 62) for the latex’EG composites are shown in Figure 63. The Amtiatergies

for each composite loading were independent of temperature, as represented by the
standard deviations, and dependent on EG loading. 6 wt% composites exhibited higher
activation energies (0.046 eV), compared to 7 - 10 wt% composites, and is believed to be
due to the composite microstructure. Activation energies are a reflection pbsiben
microstructures and are a function of both particle size and interparticlagep™®*

1% It is also understood by percolation modeling that, near the percolation threshold,
particles begin to form conductive pathways by a reduction in particle-paéphration

distance as a result of the increasing filler particle concentratibe.intreased

activation energy of the 6 wt% composites is postulated to be attributed to large
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separation distances at lower EG loadings, and hence larger energs harméectron
transport. The calculated activation energies for the latex’EG compargtssnilar to
those reported in the literature for other NTC composites, such as for carbapbhagr/

(0.0015 - 0.018 eV}*! and for carbon fibers in latex (0.018 &4?f!
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Figure 63. Activation energy of latex/EG composites as a function of EG loading.

From the above analysis, it was concluded that the conduction mechanism for latex/EG
composites with EG loadings7 wt% were indeed thermally activated processes;
however, the calculated activation energy for 6 wt% composites (0.046 eV) was highe
than the calculated thermal energy in the -50 to +50 °C range (0.019 - 0.027 eV)
indicating that the conduction mechanism for this loading is due, at least in partgto som
other non-thermally activated process. Further analysis is required tarididystand

this phenomenon.
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Chapter 6: Concluding remarks and suggestions for future work

6.1 Concluding remarks

New elastomer composites have been fabricated, characterized, and impleasente
mechanical sensors and polymer actuators. The composites were edrapegatively
unexplored filler particle, exfoliated graphite, blended with one of severtal hos
elastomers. Processing of the particles was improved, resulting in tegrees of
exfoliation and reduced processing time. The improved processing conditions provided
the fabrication of composites with lower percolation thresholds and higher coniietivi
The objective of maintaining the mechanical properties of the host elastohilers w

rendering the composite electrically conductive was accomplished.

6.2 Future work

Despite the best efforts of many researchers over the past decade,rBEfMs lamited

by the mechanical and electrical properties of the elastomer diedesntid compliant
electrodes being used, particularly the low dielectric constants. Ldsettlie constants
result in high voltages (10kV +) required for actuation. Such high voltagestrdstric
number of possible applications. For DEAs to reach their full potential and become
widely used in consumer products, new elastomers and/or elastomer composites are
required that increase the dielectric constant without greatly inogeths associated

loss. Composites with metallic filler particles with insulating icwgt are one potential
solution. Future work should focus on maintaining the mechanical properties of the
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elastomeric hosts, minimizing dielectric loss, and increasing the wieleanstant of the
composites. It is also important that the resistance of the composite rerghits hi
reduce current leakage through the dielectric and to minimize power consumption.
Future work should also focus on providing a physical explanation for the critical

exponent in percolation modeling of conductive composites.

The mechanical properties of the elastomer dielectrics are anothereigaueng further
research to ensure the continued use of DEAs. DEA elastomers should idedily exhi
little creep strain when pre-stressed, actuate at high frequencidse lve be processed

in to various shapes and sized, and have high efficiency. Synthesis of new elastomers
engineered for DEA applications are one possible solution. Another possible solution is
to explore bio-polymers, such as resilin. Resilin is the elastomericrpfotaid in insect
cuticle and is gives insects like fleas the ability to jump many timeshkibdy length and
cicadas the ability to generate loud noises used for attracting nitassin is the most
energy efficient polymer known to man; over 98% of elastic strain energyiaedt

from cycle to cycle, losing less than 2% to HE&t

Sensors have and will continue to benefit from the development of new composite
materials. Current limitations such as lengthy installation times aalll sronitoring
areas can be alleviated using composites that can be painted onto surfaceswdikt
should explore new materials, such as graphene and carbon nanotubes, and take
advantage of their unique properties for the development of advanced sensors.

Conductive elastomer composites should also be more extensively studied tondeermi
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the mechanisms for increasing resistance with increasing humidity, amel ii) t
mechanisms for electron tunneling and additional thermally activatedsgesce

responsible for the observed negative temperature coefficients of resigtahwere

observed.
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Chapter 7: Intellectual contributions

There were a number of intellectual contributions made during the completion of this

dissertation.

1) Improved the degree of exfoliation, resulting in elastomer composites with higher
conductivity, lower percolation thresholds, and improved mechanical properties.

e Replacing bath sonication with horn sonication increased the degree of
exfoliation, decreased sonication time from 9 hours down to 20 minutes,
increased the processing volume from 20 ml to 300 ml, and increased the
composite conductivities from 0.5 S/cm to 12.5 S/cm. Improved exfoliation
resulted in lower percolation thresholds and higher conductivities.

e Compared three methods of exfoliation: chemical, thermal, and microwave
irradiation. Developed a one-step microwave procedure that was safer and less
complicated than published methods. Optimization of this protocol reduced the
processing time down to 60 sec, compared to 20 min for thermal exfoliation and 2

weeks for chemical exfoliation.

2) Developed new methods of fabrication for improving elastomer composite prepertie
e Tailored selection of solvents and surfactants and optimized their concentrations
based on particular host/particle combinations. This allowed immiscible mixtures

to be blended and resulted in improved conductivity and processability.
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Introduced shear mixing to blend the EG into the elastomeric precursor. Bhis wa
required to prevent airbrushes from clogging due to partial curing of therakast
precursors caused by the heat generated during bath sonication.

Added a desiccation step to the fabrication protocol to removed trapped air in the

uncured composites and increase conductivity.

3) Developed new methods of fabricating multi-layer DEAs with compliantreldes.

Optimized composite solution viscosity to improve layer thickness, cure time, and
surface roughness and to allow layered structures to be fabricated.

Developed spin coating methods that preventing the liquid composites from
penetrating under the stencils and preventing wrinkling due to the solvents
swelling underlying cured layers.

Identified compatible organic solvents and optimized concentrations to allow EG
to be mixed into elastomers without phase separation upon curing.

Optimized the size and shape of DEA electrode stencils to prevent sparking

between electrodes when actuated.

4) Developed paintable composites.

In order to air brush composite solutions without clogging the nozzle, the pH of
the uncured composites was adjusted using sodium hydroxide to prevent

premature crosslinking due to remaining acids from the exfoliation process.
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5) Demonstrated real world applications of the new materials.

e Produced compliant electrodes with high conductivities (12.5 S/cm) and the
lowest modulus ever reported for conductive filler composites (1.4 MPa).

e Fabricated and characterized DEAs with patterned compliant electrodes.

e Created tactile sensors for robotic and prosthetic applications.

e Developed paintable strain gauges for structural health monitoring having
performance equal to those of commercial gauges while having the additional
benefits of providing data even after the structure began cracking, larger
monitoring areas, and reduced installation time. Developed a strain galige w
the highest gauge factor ever reported (27,000).

e Implemented strain gauges for structural health monitoring.

6) For the first time, detailed comparisons were conducted on the actuation performance

of three elastomers for DEAs, including strain, stress, and speed.

7) For the first time, measured changes in material properties for paintaiypesite

strain gauges as functions of temperature and humidity.
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