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ABSTRACT OF THE DISSERTATION

Development of dielectric elastomer nanocomposites as stretchable and flexible actuating

materials

By
Yu Wang
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2015

Professor Lizhi Sun, Chair

Dielectric elastomers (DEs) are a new type of smart materials showing promising functionalities
as energy harvesting materials as well as actuating materials for potential applications such as
artificial muscles, implanted medical devices, robotics, loud speakers, micro-electro-mechanical
systems (MEMS), tunable optics, transducers, sensors, and even generators due to their high
electromechanical efficiency, stability, lightweight, low cost, and easy processing. Despite the
advantages of DEs, technical challenges must be resolved for wider applications. A high electric
field of at least 10-30 VV/umis required for the actuation of DEs, which limits the practical
applications especially in biomedical fields. We tackle this problem by introducing the
multiwalled carbon nanotubes (MWNTS) in DEs to enhance their relative permittivity and to
generate their high electromechanical responses with lower applied field level. This work
presents the dielectric, mechanical and electromechanical properties of DEs filled with MWNTSs.

Xviii



The micromechanics-based finite element models are employed to describe the dielectric, and
mechanical behavior of the MWNT-filled DE nanocomposites. A sufficient number of models
are computed to reach the acceptable prediction of the dielectric and mechanical responses. In
addition, experimental results are analyzed along with simulation results. Finally, laser Doppler
vibrometer is utilized to directly detect the enhancement of the actuation strains of DE
nanocomposites filled with MWNTSs. All the results demonstrate the effective improvement in
the electromechanical properties of DE nanocomposites filled with MWNTSs under the applied

electric fields.
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Chapter 1 Introduction

1.1 Applications and Challenges of Dielectric Elastomers

An actuator is a mechanical device which controls the system. Conventional actuators include
electronic actuators, motors, hydraulic cylinders and piezoelectric actuators [1]. Those actuators
are complex to transmit energy with poor efficiency at small scales. In addition, there are
limitations with respect to the size, shape, response speed, which motivate researchers to work
on alternative materials for actuators. New high-performance actuator materials are demanded
for the applications of micro robots [2], portable micro devices, stretchable electronics [3, 4] and

medical purposes.

Electro active polymers (EAPSs) have been attracting attention in the field of electromechanical
actuation and sensing. Dielectric elastomers (DEs), an emerging area of EAPs, have been
showing promising functionalities as energy harvesting materials [5-8] as well as actuating
materials for potential applications such as artificial muscles [6, 9-12], implanted medical
devices, robotics [2, 13], loud speakers [14, 15], automotive control, micro-electro-mechanical
systems (MEMS), tunable optics [16], responsive prosthetics[17], transducers[18], sensors, and
even generators[19-21] due to their high electromechanical efficiency, durability, stability,

lightweight, low cost, and easy processing[1, 6, 9, 19, 22-26].



Electrically Activated Polymer (EAP)

/\

Tonic EAP Electronic EAP
— Ferroelectric Polymers
[— Ionic Polymer Gels
L Jonomeric Polymer-Metal L— Dielectric Elastomers
Composites
— Electrostrictive Gel
— Conducting Polymers Elastomers
| Carbon Nanotubes — Electrostrictive Paper
— Electrorheological Fluids — Ei::ttg;;fscoelastlc
— Liquid Crystal Elastomers

Fig. 1. 1. Classifications of actively deformable polymers (Figure modified from [27]).

DE material is an elastic polymer with dielectric properties. As DE materials are insulators, the
material can be used as a medium in structures such as capacitors. In another word, DE actuators
can be described as compliant capacitors [28] with the incompressible and yet highly deformable
elastomer material sandwiched by two compliant electrodes [29] as shown in Fig. 1.1. When
potential difference is applied to the compliant electrodes on both surfaces of the DEs, positive
charges accumulate on one electrode, and negative charges on the other. As a result, Coulomb
force arises due to the attraction force by the opposite charges on the different electrodes, and
repelling force by like charges on each electrode, resulting in a pressure referred to as Maxwell

Stress [22]. The area covered by compliant conductive electrodes deforms and expands its area



under applied electric field. For example, acrylic-based DEs are reported to have up to 380 %

in-plane strain [25, 30].

Compliant electrodes on both top
and bottom surfaces

/ Dielectric elastomer film

Voltage is off

Voltage is on

Fig. 1. 2. Principle of operation of dielectric elastomers (DES).

There are two potential elastomers for DEs, one is acrylic-based elastomers [31-34], and the
other is silicone-based elastomers [35, 36]. Michel, S., et al. summarizes that acrylic-based
elastomers provide higher strain response while silicone-based elastomers enables faster
response, at least 50-67 times faster due to the higher viscoelastic losses in acrylic-based

elastomers [1, 37]. Another significant fact which needs to be remarked here is that



electromechanical response of silicone-based elastomers is time-independent while that of
acrylic-based elastomers is strongly dependent on time and history. It is assumed that the creep
processes are not completed within an activation cycle. As a result, the acrylic-based elastomers
possess risks of damages and unstable actuations which require additional control system. Some
approaches have been proposed to minimize the viscosity in acrylic-based elastomers such as
pre-strain [38-41], however, pre-strain causes increased materials stiffness and slightly reduced
dielectric constant [28]. Therefore, for fast response actuation purposes, silicone-based

elastomers are favored.

Despite the advantages of DEs, technical challenges must be resolved for wider applications. A
high electric field of at least 10-30 V/um is required for the actuation of DEs, which limits the

practical applications especially in biomedical fields [6, 11]. A common solution to the
disadvantages of DEs is to enhance their relative permittivity by implementing ceramic powders
with high dielectric constant such as TiO, particles[42, 43], BaTiO; nanoparticles [43-46] and
PbTiO4[47, 48] to generate high electromechanical responses with lower applied field level.
However, high loading, up to 20-30 vol. % of these particles are required for meaningful increase,
at which the ceramic powders filled composite materials could lose its flexibility, leading to
limited improvement of the electromechanical response. Recently, carbon nanotubes have been
reported to efficiently enhance the relative permittivity with a small loading fraction up to 2
weight % (wt. %) due to its high aspect ratio and conductivity while avoiding the unwanted

increase of the materials rigidity [49-53].



1.2 Historical Overview

Electromechanical responses of DEs are of interest in various fields as mentioned earlier. Pelrine
first demonstrated a silicone-based dielectric elastomer actuation [22], and also developed a

simple model for pure DEs to correlate the thickness strain as

808(Vj2
s, =——2| —
Y \d

where, s, is the thickness strain of the film, &, permittivity of vacuum (8.85x10*F/m), ¢

dielectric constant of the material, Y the modulus of elasticity, V the applied voltage, d the
thickness of the film. Pelrine has also pointed out that the breakdown and pull-in instabilities of

the DEs could occur under certain thickness strain.

Since the pioneering work done by Pelrine, much effort has been made by many researchers to
explore the applications of DEs [25, 54]. Extensive research has been done on the selection of
elastomers and the selection of the curing agent in the 2000s [27, 32]. Some of the efforts have
been done to improve the electromechanical response of DEs by pre-stretch [6, 32, 41, 55]. Li
reported that pre-stretch can even stabilize the actuation of DEs as well as improve the
breakdown strength of DEs [40]. Suo et al also developed the theory of DE actuating principles,
and extensively investigated the DE breakdown and pull-in instability mechanism in a numerical
approach [7, 29, 33, 56-63]. In addition, they investigated the theoretical maximum extractable
energy that could be obtained from DE generators [5]. The selection of electrode materials is also

an active research field as the electrodes cover the entire active region of DEs without restricting



the deformation [1]. So far, carbon grease [22], carbon black, and carbon nanotubes [64] are

proposed to meet the requirements.

Much investigation has also been carried out to enhance the electromechanical properties of DEs
through improving the effective dielectric constant of DEs by adding ceramic fillers such as TiO,
particles [42, 43], BaTiO; nanoparticles[43-46] and PbTiO5 [47, 48] as mentioned earlier.
However, it is reported that the dielectric breakdown occurs, especially under high concentration
of the fillers [45]. Consequently, it is desired to add a type of filler with small concentration

which can still significantly improve the electromechanical response of DEs.

Some of the ideas have been proposed to utilize carbon nanotubes as fillers to DEs [52, 65]. The
idea comes from that only a small amount of CNTs can drastically increase the dielectric
constant [53, 66-68] without changing the elastic modulus much [68], resulting in higher
electromechanical response. Carbon nanotubes (CNTs) are allotropes of carbon with a
cylindrical nanostructure discovered by lijima [69] back in early 1990s. CNTs can be classified
into 2 categories, single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes
(MWNTSs). A SWNT is composed of a single graphene in a cylindrical nanostructure while a
MWNT is made up of multi-layer of graphene sheets. Both types of CNTs possess remarkable
characteristics such as high thermal conductivity, high electrical conductivity, and high
mechanical strength. Extensive research has been done to implement CNTSs in polymer matrix in
order to obtain composite materials with improved mechanical properties or high electrical
conductivity. One of the challenges in using CNTSs as fillers to polymer matrix is the dispersion
of CNTs. CNTs naturally hold themselves together due to Van der Waals forces. Many research
efforts have been made to improve the dispersion of CNTs applying multiple approaches such as
ultra-sonication and functionalization of the CNTs. Moreover, the introduction of well-dispersed
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MWNTSs can potentially enhance the scratch resistance for wider applications. Some researchers
have demonstrated that blending rigid and tough polymer particles like PMMA can enhance the

scratch resistance of the relatively soft polymers [70].

We aim to develop a new generation of DEs by incorporating MWNTS to the DEs as fillers. We
experimentally and numerically investigate the dielectric or mechanical property modification
with the addition of MWNTSs to DEs. Finally, we experimentally demonstrate that, with addition
of MWNTSs, the DE nanocomposites show improved electromechanical properties. An integrated
research is summarized on the synthesis, characterization, modeling and simulation of DEs and

DE nanocomposites.

1.3 Scope

This research is to investigate the electromechanical response enhancement by adding CNTs in
DEs. Here, the first goal is to successfully develop a set of methods to fabricate the novel DE
nanocomposites. In the next step, Laser Doppler Vibrometer is utilized to characterize the
electromechanical response of the DE nanocomposites. This is among the few efforts to precisely
investigate the electromechanical properties of DEs and DE nanocomposites. Last but not least,
representative unit-cell models with multiple CNTs are developed for the first time to investigate
how the microstructure of the DE nanocomposites affects the dielectric and mechanical

properties by applying finite element analysis, and also compared with the experimental results.



This dissertation is organized as follows:

Chapter 2 presents the fabrication process of DEs and DE nanocomposites. The dispersion
process of CNTs is also discussed. First, literature review is conducted and the current research
status on the fabrication of DEs and DE nanocomposites, and CNT dispersion issues are
summarized. Next, the fabrication procedures and materials characterization of the fabricated

specimens are presented. Lastly, fabrication process and CNTSs dispersion are summarized.

Chapter 3 presents the measurement of the electromechanical properties of DEs and DE
nanocomposites by Laser Doppler Vibrometer. First, literature review on the electromechanical
measurement of DEs is summarized. Next, the electromechanical measurement system is
described and the technical issues are addressed. Finally, the obtained electromechanical
response of DEs and DE nanocomposites are evaluated and analyzed to demonstrate the

electromechanical response enhancement of DE nanocomposites filled with CNTSs.

Chapter 4 covers the experimental study of dielectric and mechanical properties of dielectric
elastomer nanocomposites filled with CNTs. First, literature review on the dielectric and
mechanical measurement is summarized. Next, the measurement procedures are described.

Finally, the measurement results are discussed, and the major findings are summarized.

Chapter 5 covers the filler orientation effects on dielectric properties of DEs and DE
nanocomposites. First, literature review on the efforts to enhance the dielectric properties of
elastomer nanocomposites is summarized. Next, representative unit-cell models are proposed and
the correlation between the microstructure and the effective dielectric properties of DE
nanocomposites is investigated. Finally, proposed random orientation models are evaluated by

comparing the simulation results with the experimental data.



Chapter 6 presents mechanical properties of DEs and DE nanocomposites. First, literature review
on the mechanical properties of CNTs filled elastomers. Next, representative unit-cells are used
to analyze the mechanical properties of the nanocomposites. Finally, proposed random

orientation models are evaluated by comparing the simulation results with the experimental data.

Chapter 7 concludes the dissertation by summarizing the major contributions. In addition, some

suggestions for the future work are also discussed.

Finally, an appendix is included. It gives the batch commands to run COMSOL Multiphysics on

High Performance Computing (HPC) facilities available at University of California, Irvine.

Over 170 references are cited.



Chapter 2 Materials Processing Techniques for Fabrication of DE
Nanocomposites Filled with MWNTSs

2.1 Introduction

Polymer/CNTs composites are promising new materials with excellent mechanical, thermal and
electrical functionalities due to the unique properties such as high aspect ratio and high
conductivity of CNTs. The addition of CNTs to polymer matrix enables the conductive elastic
polymers (elastomers) to be utilized in stretchable electronics [71], MEMS [72], actuators and

sensors [72, 73].

Polymers can be reinforced in strength and stiffness by adding particulate fillers in them. To
obtain materials with great mechanical properties, various kinds of nanoparticles have been used
such as silica, titanium [74] and polymethyl methacrylate (PMMA) [70]. Especially carbon
nanotubes (CNTSs) [69] have been considered to be the potential filler which can reinforce the
mechanical properties of polymers in the last 20 years [74]. With the great progress achieved on
CNTs, CNTs have been used to synthesize not only various polymer/CNTs composites [75] but
also various CNTs/metal oxide hybrids [76], where CNTs can serve as high-performance
supporting materials. CNTs can also be applied in nano-electronic devices [77], or in the
automobiles and aerospace industries due to the dissipation of electrostatic charges [78]. The

critical challenge, however, is the dispersion control of CNTSs inside polymer matrix.

CNTs can easily form aggregates and bundles due to van der Waals force. Aggregation of CNT

could limit the advantage of the CNT aspect ratios. As a result, the aggregated CNTs could have
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poor interfacial bonding with the surrounding elastomer matrix. This weak interfacial bonding
between the matrix and CNTs can result in the poor load transfer within the polymer

nanocomposites.

For the past 15 years, the dispersion of CNTs has been under extensive investigations. The well
dispersed CNTs have been demonstrated to enhance the mechanical, thermal and electrical
properties of polymer/CNTs composites. CNTs surface functionalization [79-85] and the
utilization of solvent [86-93] such as acetone and ketone have been attempted to improve the
dispersion in polymer matrix as well. Poor dispersion and poor interfacial bonding are the
limiting factors of the full utilization of the carbon nanotube as a reinforcing filler in elastomer

matrices [74].

The selection of solvent has a significant influence of the dispersion of carbon nanotubes in
elastomer matrix [92]. Acetone is a simple polar organic solvent and a common chemical
commodity. Acetone is utilized as a solvent to dilute the pure elastomer and reduce the viscosity

during the fabrication process [92].

In this chapter, the approaches to disperse MWNTSs are to be briefly discussed. Utilization of
acetone in MWNTSs dispersion is to be discussed as well. Furthermore, the effect of acetone and

ultra-sonication on MWNTS dispersion is to be discussed.
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2.2 Materials, Fabrication, and Characterization

Alumilite HS 1Il RTV high strength mold-making silicone rubber is chosen as elastomers.
Acetone, from Fisher Scientific, is chosen as a solvent to help CNTs disperse in elastomers.
MWNTSs purchased from CheapTubes.com, are used as fillers in elastomers. MWNTSs have outer

diameter 20-30 nm, inside diameter 5-10 nm, length 10-30 umand specific surface area 110m? /g

according to CheapTubes.com.

Fig. 2.1 shows the flowchart of the DE nanocomposite processing steps. The fabrication process
are consisted of five steps: (1) grinding the pristine MWNT aggregates with a mortar and pestle,
(2) stirring and dispersing MWNTSs in acetone solution by ultrasonic processor (Sonics &
Materials, Inc., VCX 130 shown in Fig. 2.2) for hours, (3) pouring the elastomer matrix into the
solution, (4) adding the curing agent once acetone evaporates and mixing the solution, and (5)
vacuum degasing the mixture for minutes using MZ2C+2AK oil-free vacuum pump. Uniform
dispersion of MWNTS in elastomer matrix can be a common challenge. Therefore, grinding and
solution mixing with ultra-sonication are utilized to break the Van der Waals forces between
MWNTSs, and to minimize the formation of MWNT aggregates [94]. Vacuum degasing is

utilized to eliminate air voids.

Next, spin coating technique is utilized to prepare nanocomposite films for electromechanical
and dielectric property measurement. The thickness of the films for DEs and DE nanocomposites

are controlled to be about 150 umby controlling the revolution per minute (RPM) of the spin

coater (Laurell Photoresist Spinner) as shown in Fig. 2.3. The spin coating time is 40 seconds.
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Fig. 2. 1. DE nanocomposite processing steps.
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Fig. 2. 2. VCX 130 ultrasonic distributor for ultra-sonication processing.
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DE Nanocomposite samples for mechanical testing are prepared by using the molding as shown
in Fig. 2.1. The mold is in cylinder shape with diameter 9.5 mm and height 9.5 mm following

ASTM Standard D 5992-96.

The elastomers completely cure after 72 hours. Then the thickness of the film is measured by
Digital Instruments Dektek 3 surface profiler. Fig. 2.4 shows an example of the thickness
measurement of a film fabricated by spin coating. The thickness at the edge is larger than other

places because the uncured elastomers accumulate at the edge after the spin coating.

After fabrication, each sample is observed by FEI Quanta 3D FEG Scanning Electron
Microscopy (SEM) and FEI/Philips CM-20 Transmission Electron Microscopy (TEM).
Dielectric properties of nanocomposites are tested using HP 4280A 1MHz C Meter/C-V plotter
at room temperature 24 °C. Mechanical properties are tested by BOSE ElectroForce 3200
dynamic mechanical analysis (DMA) machine at 24 °C. The details of the materials

characterization are covered in the following chapters.

2.3 Results and Discussion

2.3.1 Acetone Effects in Dispersion of MWNTSs in DE Matrix

Nanocomposites with 0.3 wt. % MWNTSs are examined to investigate the acetone effect of
acetone. Nanocomposites processed without and with acetones are compared. Fig. 2.5 shows
SEM images of the clusters of MWNTSs found in the nanocomposite materials processed without

acetone. As seen in Fig. 2.5, various sizes of MWNT clusters are observed. The typical size of
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the observed aggregates is in the range of 10-100 um. In this study, the DE films are 100-200 um
in thickness. Thus, aggregates with 10-100 um in size could easily be the sites of electrical

conduction paths or a source of cracks [95] as can be seen in Fig. 2.5, causing the DEs to fail.

Fig. 2.6 shows SEM images of nanocomposites with acetone. The typical size of the clusters is

found to be 5-20um, which is smaller than that of aggregates observed in the nanocomposites

without acetone shown in Fig. 2.5. This shows that the acetone is playing a role in improving the
dispersion of MWNTSs. In addition, acetone dilutes the pure elastomer and reduces the viscosity
during the fabrication process, which enables better mixing between the polymer matrix and each

MWNT [92]. As a result, more interaction between DE matrix and MWNTS is enabled.

Although, acetone successfully reduces the aggregate size, the aggregates issues cannot still be
fully solved using only acetone as can be seen in Fig. 2.6. Thus, other technique is also required

for better dispersion of MWNTSs in DE matrix.

In the next section, one of the powerful tool, ultra-sonication, is examined to investigate the

effectiveness of the technique.
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Fig. 2. 5. SEM images of nanocomposites with 0.3 wt. % MWNTSs processed without acetone.
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Fig. 2. 6. SEM images of nanocomposites with 0.3 wt. % MWNTSs processed with acetone.
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2.3.2 Ultra-sonication Effects

Poorly dispersed MWNTSs usually form aggregates which work as stress concentration and
initiator of cracks [95]. Ultra-sonication is a simple technique to utilize high-intensity acoustic

energy to mix and disperse materials [95].

In this section, HS Il dielectric elastomers with 0.3 wt % MWNTSs processed with acetone are
examined to investigate the dispersion of the MWNTSs and material properties affected by the

ultra-sonication.

Fig. 2.7, Fig. 2.8 and Fig. 2.9 show the dispersion of MWNTSs before and after 0.5-hr or 4.0-hr
ultra-sonication. Obviously, aggregates of MWNTSs still exist even with 0.5-hr sonication.

However, the typical size of the aggregates is 3-8 um, which is smaller than those observed in

DEs with 0.3 wt. % MWNTSs without ultra-sonication shown in Fig. 2.6 and Fig. 2.7. As shown
in Fig. 2.9, the aggregates are not observed any more in the nanocomposite with 4.0-hr ultra-

sonication process, and uniformly dispersed individual MWNTS are observed.

Fig. 2.10 shows the dynamic mechanical analysis results of nanocomposites with 0.3 wt. %
MWNTs at 10 Hz. The introduction of 0.3 wt. % MWNTSs in elastomer matrix indeed enhances
the storage modulus of the nanocomposites. The specimen with 4.0-hr ultra-sonication improves
the storage modulus by 25 % at all the dynamic strain amplitude range while the specimen with
0.5-hr ultra-sonication also improves the modulus by 11 % at all the dynamic strain amplitude.
This demonstrates that the better dispersion of MWNTSs is achieved, and larger interaction
surface areas between the elastomer matrix and MWNTSs enables larger load transfer under

compression [95]. As a result, higher storage modulus is obtained.
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Fig. 2. 7. SEM images of nanocomposites with 0.3 wt. % MWNTSs processed with acetone without ultra-

sonication treatment.
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Fig. 2. 8. SEM images of nanocomposites with 0.3 wt. % MWNTs processed with acetone with 0.5-hr

ultra-sonication treatment.
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Fig. 2. 9. SEM images of nanocomposites with 0.3 wt. % MWNTs processed with acetone with 4.0-hr

ultra-sonication treatment.
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It is also shown that the loss modulus and loss factor are increased with the longer ultra-
sonication. The 0.5-hr ultra-sonication increases the loss modulus up to 9 % while the 4.0-hr
ultra-sonication increases the loss modulus by 40 %. Moreover, the 0.5-hr ultra-sonication
increases the loss factor up to 15 % while the 4.0-hr ultra-sonication increases loss factor by 20-
25 %. One possible reason behind this is related to the nature of bonding between DE matrix and
MWNTSs. Although improved dispersion enables the larger interaction area between DE matrix
and MWNTSs, the bonding between them is not strong enough. As a result, the energy due to the
sliding and friction at the interfacial surface areas is dissipated under dynamic mechanical
loadings. This phenomenon is not prominent for samples with 0.5-hr ultra-sonication as the
existence of aggregates reduces the effective interaction surface areas between the elastomer
matrix and MWNTSs. However, the nanocomposites processed with 4.0-hr ultra-sonication show
this trend as they have larger effective interaction surface areas enabled by improved MWNT
dispersion. As a result, nanocomposites processed with 4.0-hr ultra-sonication shows larger loss

modulus and loss factor.

In conclusion, ultra-sonication is proven to be an effective technique to help dispersion of
MWNTs in elastomers as shown in SEM micrographs. Moreover, the introduction of ultra-
sonication during the processing increases both storage, loss modulus and loss factor of
nanocomposites under dynamic mechanical loadings, providing another clue for the improved

dispersion of MWNTSs in DE matrix.
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Fig. 2. 10. Dynamic strain sweeps of DE nanocomposites filled with 0.3 wt. % MWNTSs processed with
acetone and ultra-sonication (a) Storage moduli and (b) loss moduli and (c) loss factors under

compression loading. The test frequency is 10 Hz.

27



2.3.3 Damages to MWNTSs Caused by Ultra-sonication

Although Fig. 2.9 demonstrates that the acetone and 4.0-hr ultra-sonication during the processing
successfully minimizes the number and size of MWNT aggregates, it does not mean longer ultra-
sonication can further improve the dispersion of MWNTSs. The next section discusses the

damages to MWNTSs by ultra-sonication during the material processing.

Although ultra-sonication significantly improves the dispersion of MWNTs in matrix, the
damages are caused to MWNTSs [95-99] because of the energy introduced by ultra-sonication. It
is reported that the aspect ratio strongly depends on the material processing, and 420, 80 and 8
are reported as MWNT average aspect ratio under different treatments even for the same type of

MWNTSs [98].

In this study, SEM and TEM are utilized to investigate the aspect ratio of MWNTSs after the
processing. Fig. 2.11 shows the pristine MWNTSs before the materials processing. According to
specifications provided by CheapTubes.com, the diameter of MWNTSs is 20-30 nm, and the

length is 10-30 um.

Fig. 2.12 shows 3 typical images obtained from TEM. Based on images obtained from TEM, the
typical length of MWNTSs ranges from 400 nm to 1um, which is shorter than the pristine
MWNTSs before the processing. The reasoning behind is associated with the lengthy time of
ultra-sonication. The ultra-sonication is carried out at 130 Watts, 20 kHz. For nanocomposites

with MWNTS, 4.0-hr ultra-sonication is applied in order to achieve the uniform distribution.
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In conclusion, it is demonstrated the ultra-sonication technique successfully improves the
dispersion of MWNTSs in matrix. However, the aspect ratio (length/diameter) is shortened due to
the energy introduced to MWNTSs during the processing. The average aspect ratio of MWNTS

after processing with acetone and 4.0-hr ultra-sonication is reduced to 20.
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Fig. 2. 11. SEM micrograph of pristine MWNTSs before the processing.
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Fig. 2. 12. TEM images of MWNTSs processed with acetone and 4.0-hr ultra-sonication treatment. (a), (b)

and (c) show different MWNTSs.

2.4Conclusions

Acetone and ultra-sonication are demonstrated to be an effective approach to disperse MWNTSs
in elastomer matrix. Acetone reduces the size of the aggregates, and also reduces the viscosity of
elastomer, resulting in improved mixing of elastomer and MWNTSs. Ultra-sonication further
improves the dispersion of MWNTSs by adding energy to break the van der Waals force between
each MWNT. The shortcoming of ultra-sonication is the damages to MWNTSs as mentioned
earlier, resulting in shortened aspect ratio [96, 97].
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Higher load transfer and larger energy dissipation are observed from the nanocomposites with
MWNTSs as a result of improved MWNTSs in elastomers. Dynamic mechanical properties of
polymer/CNTs composites have been proven to be closely correlated with the dispersion of
CNTs. The increase of the storage modulus is associated with the MWNT dispersion
improvement. As the dispersion improves, more elastomer-MWNT interaction is enabled. As a
result, more dynamic loading can be carried due to the extended interfacial area between

elastomer and MWNTS.

The loss modulus and loss factor are associated with the strength of the bonding between
elastomer and MWNTs. As the dispersion improves, more elastomer-MWNT interaction is
enabled. Although interfacial area between elastomer and pristine MWNTSs increases, the
bonding is unchanged by acetone or ultra-sonication after acetone evaporates. As a result, the

friction is generated at the weak bonding sites when dynamic mechanical loading is applied.

In conclusion, ultra-sonication processing with acetone improves the dispersion of MWNTS in
elastomers. All the nanocomposites filled with MWNTSs tested in the later chapters are fabricated
using the approach described in this chapter. Acetone along with 4.0-hr ultra-sonication is

utilized for all DE nanocomposites filled with MWNTSs.
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Chapter 3 Experimental Study in Electromechanical Responses of Dielectric
Elastomer Nanocomposite filled with Carbon Nanotubes.

3.1Introduction

An actuator is a mechanical device which controls the system or detects the system change.
Dielectric elastomers (elastic+polymers) (DEs) are an emerging field of electro-active polymer
(EAP) materials attracting attention in the field of actuators in the last 10 years [1, 22, 23] due to
its softness, flexibility and the ability to convert electrical energy to mechanical energy and vice
versa. Pelrine et al, first developed a model to describe the behavior of silicone based dielectric
elastomers [22, 23, 25] and seek the possibility to use dielectric elastomers as actuators. They
numerically showed “Maxwell stress”, and correlated it to the electromechanical response of the
dielectric elastomer materials. The detail is shown in literature [100]. An electromechanical

response is the physical response of a mechanical system to electrical stimulation.

Soft elastomers, mostly silicone elastomers and acrylic elastomers are potential candidates as
dielectric elastomers in electro-active polymer actuator technology. A comparison between these
2 types of elastomers were conducted by Michel [37], and it was revealed that the response time
of silicone based elastomers are much faster than that of acrylic elastomers due to the viscosity
of the materials. Moreover, the electromechanical response of silicone elastomers is time and
history independent, while that of acrylic elastomers are strongly time and history dependent. In
this study, silicone dielectric elastomers are to be used for analysis of electromechanical

properties.
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Fillers are extensively utilized to enhance the specific polymer materials properties [44]. We aim
to develop a new generation of DEs by incorporating MWNTS to the DEs as fillers. In order to
enhance the electromechanical response of DE nanocomposites, MWNTSs are introduced as
fillers to DEs. The idea comes from that only a small amount of CNTSs, conductive fillers, can
drastically increase the dielectric constant [66-68] without changing the elastic modulus much
[68]. Higher dielectric constant of nanocomposites brings more charges on the electrodes,

resulting in larger deformation under the application of the electric fields.

There are candidate conductive fillers which can enhance the dielectric property of
nanocomposite when the concentration is close to the electrical percolation threshold as shown in
Fig. 3. 1. Lower percolation threshold means lower concentration is required to achieve the
substantial dielectric property enhancement for the nanocomposites. Although, the elastic
modulus varies from a material to another, concentration of the fillers is one of the primary

factors deciding the stiffness of the nanocomposites.

It is known that MWNTSs in a polymer matrix can increase the dielectric constant, especially,
around the electrical percolation threshold [53, 66]. Charge accumulation occurs at the interface
of two materials with different charge carrier relaxation time (Maxwell-Wagner effect) [101,
102]. In this study, there are two materials, DE matrix and MWNTSs. Under applied electric fields,
the charges in conducting fillers move inside the fillers, imparting to them a dipole moment;
hence the aspect ratio of fillers is closely related to the dielectric constant of nanocomposites as a
dipole moment depends on the distance between the unlike charges. Furthermore, when the
concentration of conductive fillers is smaller than the percolation threshold, more “micro
capacitors” are formed with the increase of the concentration, leading to enhanced dielectric

constant of nanocomposites [66, 103, 104]. The “micro capacitors” are assumed to be formed by
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MWNTSs separated by DE matrix as the insulating medium, thus the number of capacitors is
closely related to the dispersion of MWNTSs inside DE matrix. The similar dielectric constant
enhancement was also observed for epoxy resin or polydimethylsiloxane filled with conductive
fillers/carbon black [102, 105], graphite powders [106], onion-like carbon [107] and metals [108].
However, the high aspect ratio of MWNTSs leads to lower percolation threshold, resulting in the

more efficient dielectric property enhancement.

We demonstrate that, with addition of MWNTS, the nanocomposites show improved deforming
properties. An integrated research plan is proposed to study the synthesis, characterization,
modeling and simulation in order to understand the deforming mechanisms of DE

nanocomposites.
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Fig. 3. 1. Potential fillers which can enhance the electromechanical response of DEs.
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In most of the previous studies, DE actuation is characterized by the area changes using digital
cameras or CCD (charge-coupled device) cameras [17, 22, 38, 43, 55, 59, 64, 109-117]. Based
on the area change, the strain in the thickness direction is calculated. Although the area
measurement by cameras is a simple and easy approach to indirectly detect the
electromechanical response of materials, it could lose its accuracy especially when the material
deformation becomes larger due to the limited depth of field of the camera. In addition, the
electromechanical detection by cameras is based on the incompressibility assumption, thus it is

not a direct approach to measure the electromechanical response.

Very little attention has been paid so far to direct measurement of the electromechanical response
of the nanocomposite materials based on the thickness strain measurement [118]. However, laser
Doppler vibrometry system turns out to be a very accurate way to measure the surface

displacement, and even hundreds of nanometer displacement can be detected.

In this study, laser Doppler vibrometry technique is employed to directly characterize the

electromechanical properties of the DEs and DE nanocomposites filled with MWNTSs.

3.2 Materials, Fabrication, Characterization and Electromechanical Measurement

Dielectric elastomer nanocomposites filled with MWNTS are fabricated using the steps described

in the previous chapter. The thickness of the films is controlled to be about 150 um by adjusting

the rotation speed of the spin coater.
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Micro System Analyzer (Polytech MSA 500) is used to obtain the surface displacement of top
and bottom surfaces with compliant electrodes in addition to optical images of the surface area
change when subjected to applied electric field. Although Micro System Analyzer can provide
the optical images, it is not accurate to measure the area change under materials deformation due
to the depth of field of the lens. Depth of field is defined as the vertical distance in the specimen,
measured from above and the below the exact plane of focus, which still yields an acceptable

image [119]. The depth of field for optical lens 2X, 10X, and 20X by Mitutoyo are +91um, +
3.5 and + 1.6 um [119]. 10X and 20X optical lenses can easily lose the focus when larger

deformation is introduced. Thus, measurement by optical lens could mislead the displacement
results. As a result, measurement without the depth of field issue needs to be addressed. Laser
Doppler vibrometry function of Micro System Analyzer is one of the best options to accurately
capture the electromechanical response of the materials even under large deformation as the
system is using the laser to detect the frequency change due to the samples surface motion
(Doppler Effect). Doppler Effect refers to a change in frequency of a propagating wave caused
by a relative movement between the source and the receiver. This principle could be applied to
the frequency change of the laser. The displacement/velocity decoders detect the frequency
change between the frequency of the incoming laser wave and the reflected laser wave. Then

vibrometer calculates the displacement based on the detected surface motion velocity.

The laser Doppler vibrometer setup is described in Fig. 3.2. DE and DE nanocomposite
specimens are connected to Matsusada AU-10P30-LC power supplier. Electric fields are applied

in 4 cases shown in Fig. 3.3 to investigate how each case affects the displacement.
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Fig. 3. 2. (a) The principle of and (b) set up of laser Doppler vibrometer.
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3.3 Results and Discussion

3.3.1 Selection of Electrodes

The selection of the electrode materials is an area of ongoing research. Compliant electrodes are
key factor to the development of EAP technology as they maintain the uniform contact over the
entire active region of the elastomer [1]. The requirements for the compliant electrodes are: (1)
capable of large deformation without restricting dielectric elastomer performance, and (2) not
losing the conductivity and contact with elastomers even under mechanical loading. A number of
potential materials are proposed for compliant electrodes including carbon black, carbon
nanotubes [64, 120], grease electrodes [22], rubber electrodes, dust electrodes, and glue

electrodes [1].

Elastomer electrodes with MWNTSs are tested in this study. In order to ensure the conductivity, 2
wt. % MWNTSs are introduced. However, the primary drawbacks are that thickness cannot be
controlled well, and uniform coverage is a challenging issue. As seen in Fig. 3.4, the cured
elastomer electrodes are uneven compared to the dielectric elastomer film. This is because the
higher viscosity of elastomer with more than 2 wt. % MWNT prevents the uniform spreading on
spin coater even before curing. The network formed by MWNTSs prevents the flow of the
elastomers even during the spin coating process. Thus, the random thickness can be easily
observed from Fig. 3.5. In addition, conductive elastomer with MWNTs have MWNT
concentration more than 2 wt. % at which the electrodes are not as compliant as the dielectric

elastomer any more, resulting in the restriction of DE deformation.
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Fig. 3. 4. Elastomer electrodes coated on dielectric elastomer after spin coating.

In this study, a mixture of silicone-polymer-based graphite grease and carbon-filled silicone is

used as proposed by Pelrine [22].

Carbon conductive grease from MG Chemicals, and RTV 60-CON adhesive sealant from
Stockwell are utilized as compliant electrode materials. These two raw materials are mixed 1:1
by weight, and then mixed with acetone followed by ultra-sonication for 1 minute. Then, the
mixture is air-brushed on the surface of the DEs using MASTER airbrush S68 with TC-828 twin
tank compressor at 400 kPa. Once acetone evaporates, the electrodes are well attached to the DE

surfaces.

Both sides of the film are coated with the compliant electrodes as shown in Fig. 3.5. The center
of the dielectric elastomer film is sandwiched by electrodes on both surfaces. The diameter of the

compliant electrodes is 2.38 mm. Fig. 3.6 shows the thickness measurement of the compliant
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electrodes by HS200 Confocal Microscope/Profiler. The typical thickness of the complaint
electrodes is about 20 zm, and the thickness is consistent at locations far away from the edges.
Fig. 3.6 (b) shows the center of the electrode. From Fig. 3.6 (b), some locally uneven locations
are found. However, the maximum surface height change is about 4.0 xm within
174 umx139umarea as shown in Fig. 3.6 (b), which is within the thickness fluctuation observed
in Fig. 3.6 (a) left side of the white line. In addition, the diameter of laser spot used in the
measurement is 3-10 um. As a result, the surface roughness within the laser spot is negligible.
Thus, it is concluded that the carbon conductive grease from MG Chemicals, and RTV 60-CON
adhesive sealant from Stockwell provides more uniform electrodes than the elastomer electrodes

whose rough surface is visible.

Fig. 3. 5. Fabricated DE film specimen coated with compliant electrodes.
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Atomic Force Microscopy technique is also used to characterize the top surface of
nanocomposites and electrode surfaces. It is utilized to make sure that the displacement results

obtained by vibrometer are not affected by the roughness of the surfaces.

Within 75umx 75um area of the electrode surface in Fig. 3.7 (a), the maximum height difference
151.195,m with the average roughness is117.3 nm. For pure elastomers, the surface roughness is
very similar. This indicates the spin coating technique could fabricate the thin films of elastomer
materials without creating the large variation in thickness enough to affect the displacement
measurement. In addition, the surface of the electrodes is also examined. Within115,mx115xm
area of the nanocomposite surface in Fig. 3.7 (b), the maximum height difference is 2.62zmwith
the average roughness is176.7 nm . This indicates that the displacement measurement could
potentially affect the measured displacement, but the effect is very limited especially the
displacement measurement is carried out at high electric field. In order to minimize the
roughness effects, at least 5 random points are picked up for displacement measurement by laser

Doppler vibrometer.
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Fig. 3. 7. Surface roughness measurement of compliant electrodes by atomic force microscopy. (a)
75umx 75umand (b) 1154mx115umarea.
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3.3.2 Comparison Between the Ideal Maxwell Stress and Deformation by the Films

Ideal Maxwell stress proposed by Pelrine [22] is calculated to compare with the gravity effect on

the deflection of the thin film [118]. The Maxwell stress is described as

p=cg,E* =2.48x10™ x E*(Pa)

When E =10(V/um), then p = gg,E* =2.48x10°(Pa) . As a result, the force between the two

electrodes can be calculated by multiplying the electrode area, and

2.48x10% x 7 x (2.38x10° +2)2 =110.4x10*(N)

On the other hand, the gravity applied to the DEs with compliant electrodes can be described as

1160 x 7% (2.38x107° +2)% x9.81 = 7.59x10 °(N) <« 110.4x10*(N)

This simple calculation demonstrates the displacement measured by the vibrometer is mainly
caused by the electromechanical stress instead of the gravity effect. For higher electrical field,
the electromechanical stress is more dominant, thus, it can be concluded that the deflection due
to the gravity has little effect on the measured electromechanical response. Thus, the addition of
the measured displacement on both sides of the film can directly provide the strain in thickness

direction.

3.3.3 The Displacement Measurement by Vibrometer
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As mentioned in the previous chapter, the surface displacement of the DEs and DE
nanocomposites is measured by vibrometer. The typical displacement measurement is shown in
Fig. 3.8. It is shown that the HS 11l DEs immediately reach the relaxed state once the electric
field is applied. As the relaxation process takes place momentarily under static case with
constant applied voltage, viscoelasticity is not considered in this case. Thus the difference
between the initial position and the final position of the surface is calculated and determined to

be the surface displacement.

In addition, the surface returns back to the initial location once the applied electric field is
removed. This demonstrates that the electromechanical response of HS 11l DEs induced by the
applied electric field does not leave any residue strain, thus the each displacement measured is

primarily due to the electromechanical response of DEs.
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Fig. 3. 8. Displacement measurement of DE film specimen by laser Doppler vibrometer.
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3.34 Boundary Conditions in Experiments and Thickness Strain

Boundary conditions are significant factors affecting the measured electromechanical response of
the materials. In order to avoid the boundary condition effect, small tension is applied to place
the DE thin films between 2 cylinder-shaped plastics as shown in Fig. 3.2 (b). In order to

examine the validity of this method, a several measurements are performed.

Small tension is applied to the film specimens [118] to make the film flat enough to avoid the
potential deflection due to the gravity or wrinkles, and then spread on the sample holder, then

another half is used to fix the boundaries as shown in Fig. 3.2 (b).

Fig. 3.9 shows the optical image of DE before and after the application of electric fields at
different boundary conditions. Fig. 3.10 shows the displacement for each case measured by
vibrometer under different boundary conditions (boundary condition 1 & boundary condition 2).
All the data points are average values from 5 measurement points at 5 random locations. It is
reasonable to understand the displacement changes due to the different boundary condition.
However, there are several things in common: (1) for case 1 and 3, boundary condition 2
provides larger displacement. (2) for case 2 and 4, boundary condition 1 provides larger
displacement. The difference between case 1 and 3 is the applied voltage direction, and the
displacement of same surface is detected by vibrometer. The same applies to case 2 and 4. The
surface displacement of each case is turned out to have the order, which will be discussed in the

next section.
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Fig. 3. 9. (a) Before and (b) after the application of 22.5 \//um with boundary condition 1. (c) Before and
(d) after the application of 22.5 \V/um with boundary condition 2. White scale bars are 1.5 mm.
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Fig. 3. 10. Measured displacement for (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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Fig. 3. 11. Measured displacement by laser Doppler Vibromter under different boundary conditions.

Vibrometer can only detect the displacement of the surface facing towards or outward the laser.
However, by combining the displacement on both surfaces of DEs, thickness strain can be
calculated. As mentioned earlier, the deflection by gravity is negligible compared to the

displacement introduced by the electromechanical response of DEs.

Next, in order to determine the thickness strain of DEs under the applied electric fields,
displacement of case 1 and 2 are added, and also displacement of case 3 and 4 are added to

calculate the thickness strain. The added displacement is shown in Fig. 3.11. It is demonstrated
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that 2 different boundary conditions provide consistent total displacement even under different
boundary conditions, thus, it is validated that the total displacement or the thickness strain does
not depend on the boundary conditions tested as long as small tension is applied and the DEs
films are fully stretched in our sample holder described earlier. In addition, the measured

thickness strain has a good agreement with that reported by Pelrine [22].

3.35 Acetone Effect on the Electromechanical Properties

Acetone is introduced during the fabrication process to improve the dispersion of MWNTSs.
Although acetone evaporation is accelerated by a hot plate during the processing, there could be
residue acetone left in the processed materials. To examine the acetone effect on the
electromechanical properties of the materials, pure DEs processed with or without acetone are
compared shown in Fig. 3.12. Even though, DEs processed with acetone show slightly lower
electromechanical response than DEs processed without acetone, the difference between two

specimens is not pronounced. The largest difference observed at 26 V/um s 12 %. Although the

dielectric constant of acetone is 21.0 at 20 °C and the residue acetone is supposed to enhance the
electromechanical response, the introduction of acetone actually lowers thickness strain under
the same applied electric field according to Fig. 3.12. The potential causes of this difference
could derive from the quality of the electrodes, specimen films, film thickness uniformity or
measurement errors. More comparison needs to be carried out among DEs processed with or

without acetone.
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At this point, in order to have fair comparison with DE nanocomposites processed with acetone,

DEs processed with acetone are chosen as a reference in this study.
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Fig. 3. 12. Measured displacement by laser Doppler vibrometer of specimens processed with or without
acetone.

3.3.6 Surface Displacement Order

Surface displacement on the DEs is captured by laser Doppler vibrometer. The displacement for

each case is detected and compared. It is found that the magnitude of the displacement for each
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case has the order depending on the materials. For instance, regardless of the boundary

conditions, the magnitude of the displacement of pure DEs is found to be

[ds| > |d,| > || >|d|
where d. is the measured displacement in case i (i=1, 2, 3, 4). Although the identical surface is

measured for case 1 and 3, the displacement in case 3 is always larger than that of case 1. This is
true for displacement in case 2 and 4: displacement of case 2 is larger than that of case 4

although the identical surface is measured.

For all the nanocomposites filled with MWNTSs, the magnitude of the displacement gives

|d,|>|d,| >|d,|>|d,|as shown in Fig. 3.13 and Fig. 3.14. The measured displacement order is

correlated with the materials. The introduction of MWNTs in DEs has enhanced the

displacement measured from case 2 and 4 compared to case 1 and 3.

Although the reasons for these orders are not revealed yet, some of the potential causes involve
the material characteristics, fabrication processing, or the uniformity of the film specimens or

electrodes. More investigation is required to find out the causes of the displacement orders.
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Fig. 3. 13. Measured displacement by laser Doppler Vibrometer under different boundary conditions.
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Fig. 3. 14. Measured displacement by laser Doppler vibrometer of dielectric elastomer nanocomposite
specimens with (a) 0.3 wt. %, (b) 0.5wt. % and (c) 0.75 wt. % MWNTSs. Positive displacement here is
defined as the displacement in compression direction while negative displacement is defined as the
displacement in tension direction.

3.3.7 Loading Cases Order

The electromechanical measurement is carried out in the order of case 1-case 3-case 4-case 2 for
easiness. To examine the order effect on the material electromechanical response, the
measurement order is reversed. Fig. 3.15 shows that the measurement order does not
significantly affect the measured electromechanical response of the materials. This result also
has a significant implication because the displacement order discussed earlier is not caused by

the order of the applied electric fields or the residue charges on the compliant electrodes. Thus,
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for electromechanical measurement for other nanocomposites, the measurement order is fixed to

case 1-case 3-case 4-case 2.
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Fig. 3. 15. Measured displacement by laser Doppler of pristine DE under the different order of the applied
electric fields.

3.3.8 Thin Alloy Coating on the Electrodes

Micro System Analyzer uses the Doppler Effect by the laser. In order to get the accurate
measurements, reflected laser from the specimen surface is a key player. The compliant
electrodes used in this study are black-colored, thus, detecting enough intensity of the reflected
laser is a common challenge. In order to solve this problem, Au-Pd thin layer (1-2 nm) is
deposited on the surface of the electrodes to improve the intensity of the reflected signal. Fig.

3.16 shows the optical microscope images of the compliant electrodes without or with the Au-Pd
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thin layers. From Fig. 3.16 (e-h), it is obvious that the compliant electrodes with Au-Pd layer
have better light reflection, making the measurement easier. However, from Fig. 3.16 (e-f), the
electrode surface looks uneven. Fig. 3.16 (g-h) shows the zoomed-in images from (e-f). From Fig.
3.16 (e-f), Au-Pd thin layer and gaps between the layers are observed. The gaps are produced
right after the electromechanical deformation is introduced for the first time. Gaps have already
been created before Fig. 3.16 (g) and (h) are captured. It should be noted that the discontinuous
displacement is observed by vibrometer for specimens with coated electrodes. Under applied
electric field, some locations show little displacement while the others (gaps) show large
displacement. This can be explained by the poor adhesion between the Au-Pd thin layer and the
electrodes. The Au-Pd layer attached to the electrode deforms with electrodes although Au-Pd
layer poorly attached to the electrode does not deform along with the electrodes. As a result, the
non-uniform displacement measurement results as well as light reflection is observed from the

Au-Pd layer on the electrodes shown in Fig. 3.16 (e-f).
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Fig. 3. 16. Optical microscope images of compliant electrodes (a) before and (b) after the application of
33.4V/um with scale bars 1.5 mm, and (c) before and (d) after the application of 33.4 V/um with scale

bars 300 um, and compliant electrodes with thin alloy coating (e) before and (f) after the application of
33.4V/um with scale bars 1.5 mm, and (g) before and (h) after the application of 33.4 VV/um with scale
bars 300 um . Gaps shown in (e-h) have already been created before this testing.
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It is concluded that Au-Pd thin coating layer could be beneficial to enhance the signal for
measurement of surface displacement. However, measured displacement is highly discontinuous
due to the poor adhesion of the Au-Pd layer and the electrodes. As a result, the obtained data can
mislead the surface displacement measurement. Additionally, the elastic modulus difference
could potentially cause the restriction of the DE deformation. The elastic modulus for Au-Pd
alloy is in the range of GPa while that of elastomer is in the range of kPa. As a result, the

deformation of the DEs or DE nanocomposite could be restricted.

3.39 Thickness Strain of DE Nanocomposites Filled with MWNTSs

The thickness strain of nanocomposites is detected and the electromechanical response is
compared with that of pristine DEs. It is demonstrated that the introduction of MWNTSs enhances
the electromechanical property of DEs. DE nanocomposites filled with MWNTSs show higher

thickness strain under any applied electric field as shown in Fig. 3.17. For example, at 30 V/um,

introduction of 0.75 wt. % MWNTSs enhanced the electromechanical response of DE by 3 times,
while 1.5 times for DE with 0.50 wt. % MWNTSs. In addition, at magnitude of thickness strain
10 %, the required electric field is reduced for 30 % and 18 % for DE nanocomposites with 0.75

wt. % MWNTSs and 0.50 wt. % MWNTSs respectively.

As proposed by Pelrine [22], the thickness strain of HS 111 DEs are proportional to the square of
applied electric fields. If we assume that the thickness strain of DE nanocomposites filled with
0.75 wt. % MWNTSs also follow the Pelrine model, the required electric field reduction could be
up to 57.7 % at fixed thickness strain 10 %. However, the measured electric field reduction is
30 % which is about the half of the calculated values. This shows that DE nanocomposites filled
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with MWNTSs follows a unique path deviated from Pelrine models, following the larger exponent

of applied electric fields.

As will be discussed in the following chapters, at low concentration of MWNTSs (up to 0.75
wt. %), the dielectric property of DE nanocomposites is much more sensitive to the introduction
of MWNTSs than mechanical property of the DE nanocomposites. As a result, higher dielectric
constant attracts more charges on the electrodes resulting in larger stress while the mechanical
property change MWNTSs introduce is limited at low MWNT concentration. In addition, the
coupling effect of electrical and mechanical properties might have been involved in the
electromechanical response, resulting in the effective improvement of electromechanical

response of DE nanocomposites filled with MWNTS.
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Fig. 3. 17. Measured thickness strain under applied electric fields of DEs and DE nanocomposites filled
with MWNTSs.

68



3.3.10 Percolation Threshold for DE Nanocomposites Filled with MWNTS

Percolation threshold is the point where the conductivity and dielectric properties of materials
abruptly changes. Ideally, higher concentration of MWNTSs can enable higher dielectric constant
for DE nanocomposites. However, higher concentration of MWNTs can make the DE
nanocomposites conductive, which leads to fail for DEs and DE nanocomposites. The electrical
conduction is due to the formation of conduction paths formed by conductive fillers in the
material, and at the same time, the percolation threshold is strongly related to the material

processing.

Fig. 3.18 shows the moment of burning of a DE nanocomposite film with 0.75 wt. % MWNTSs at
22.2V/um . This shows that DE nanocomposites filled with 0.75 wt. % MWNTS is reaching or
close to the percolation threshold point. As a result, the application of high electric field causes
the electric conduction, leading to the heat generation and burning around the conduction paths.
Thus, DE nanocomposites with more than 0.75 wt. % are not tested as they are likely to be more

conductive.

The electrical conduction measurement of DE nanocomposites with CNTs and the associated

results will be discussed in the next chapter.
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Fig. 3. 18. (a) The moment of burning and (b) after the burning of a DE nanocomposite film (158 um)
filled with 0.75 wt. % MWNTSs as a result of electrical conduction when electric field is applied (22.1
V/um ). The scale bar in (a) is 1.5 cm.

3.3.11 Conductive Samples (SWNTs)
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DE nanocomposites filled with SWNTs are also tested to investigate the electromechanical
property. When voltage is applied to the nanocomposite films, the film becomes conductive in an

equilibrium state shown in Fig. 3.19. From Fig. 3.19 and Ohm’s Law, the resistance is calculated

as 1.454-10°Qwhich is close to the resistance value (1.500-10°Q) of the resistor in the circuit.

This indicates that the nanocomposite film (137.1um) filled with 0.3 wt. % SWNTs becomes

conductive under applied high voltage, and there is consistent current flowing in the circuit.

The displacement measurement is shown in Fig. 3.20. It can be clearly seen that the displacement
f