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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 V μm is 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 MWNTs. 



xix 

 

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 MWNTs. All the results demonstrate the effective improvement in 

the electromechanical properties of DE nanocomposites filled with MWNTs 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 (EAPs) 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].  

 



2 

 

 

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

in-plane strain [25, 30].  

 

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 
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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 μm  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 TiO2 particles[42, 43], BaTiO3 nanoparticles [43-46] and 

PbTiO3[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].  
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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  

2

0
z

V
s

Y d

   
   

 
 

where, zs is the thickness strain of the film, 0 permittivity of vacuum ( 128.85 10 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 
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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 TiO2 

particles [42, 43], BaTiO3  nanoparticles[43-46] and PbTiO3 [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 Iijima [69] back in early 1990s. CNTs can be classified 

into 2 categories, single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes 

(MWNTs). 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 CNTs in polymer matrix in 

order to obtain composite materials with improved mechanical properties or high electrical 

conductivity. One of the challenges in using CNTs 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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MWNTs 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 MWNTs to DEs. Finally, we experimentally demonstrate that, with addition 

of MWNTs, 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.  
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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 CNTs 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 CNTs. 

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.  
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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. 

 

 

 

 

 

 

 

 



10 

 

Chapter 2 Materials Processing Techniques for Fabrication of DE 

Nanocomposites Filled with MWNTs 

 

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 (CNTs) [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 CNTs 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 



11 

 

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 MWNTs are to be briefly discussed. Utilization of 

acetone in MWNTs 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 III 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. 

MWNTs purchased from CheapTubes.com, are used as fillers in elastomers. MWNTs have outer 

diameter 20-30 nm, inside diameter 5-10 nm, length 10-30μmand specific surface area 110m2/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 MWNTs 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 

MWNTs, 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 150μmby 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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Fig. 2. 3. The relationship between the DE nanocomposite film thickness and the revolutions per minute 

(rpm) of the spin coater. 
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Fig. 2. 4. The thickness of the DE nanocomposite film measured by Digital Instruments Dektek 3 surface 

profiler. 
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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 ℃ . Mechanical properties are tested by BOSE ElectroForce 3200 

dynamic mechanical analysis (DMA) machine at 24 ℃ . 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 MWNTs in DE Matrix 

 

Nanocomposites with 0.3 wt. % MWNTs 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 MWNTs 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 10-100μm . In this study, the DE films are 100-200μm

in thickness. Thus, aggregates with 10-100 μm  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 5-20μm , 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 MWNTs. 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 MWNTs 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. % MWNTs processed without acetone. 
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Fig. 2. 6. SEM images of nanocomposites with 0.3 wt. % MWNTs processed with acetone. 
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2.3.2 Ultra-sonication Effects 

 

Poorly dispersed MWNTs 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 III dielectric elastomers with 0.3 wt % MWNTs processed with acetone are 

examined to investigate the dispersion of the MWNTs and material properties affected by the 

ultra-sonication. 

Fig. 2.7, Fig. 2.8 and Fig. 2.9 show the dispersion of MWNTs before and after 0.5-hr or 4.0-hr 

ultra-sonication. Obviously, aggregates of MWNTs still exist even with 0.5-hr sonication. 

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

DEs with 0.3 wt. % MWNTs 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. % MWNTs 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 MWNTs is achieved, and larger interaction 

surface areas between the elastomer matrix and MWNTs 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. % MWNTs 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 

MWNTs. Although improved dispersion enables the larger interaction area between DE matrix 

and MWNTs, 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 MWNTs. 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 MWNTs in DE matrix.  
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Fig. 2. 10. Dynamic strain sweeps of DE nanocomposites filled with 0.3 wt. % MWNTs 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. 

 

 

 

 

 

 

 

(c) 
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2.3.3 Damages to MWNTs 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 MWNTs. The next section discusses the 

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

Although ultra-sonication significantly improves the dispersion of MWNTs in matrix, the 

damages are caused to MWNTs [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 

MWNTs [98]. 

In this study, SEM and TEM are utilized to investigate the aspect ratio of MWNTs after the 

processing.  Fig. 2.11 shows the pristine MWNTs before the materials processing. According to 

specifications provided by CheapTubes.com, the diameter of MWNTs is 20-30 nm, and the 

length is 10-30μm . 

Fig. 2.12 shows 3 typical images obtained from TEM. Based on images obtained from TEM, the 

typical length of MWNTs ranges from 400 nm to 1 μm , which is shorter than the pristine 

MWNTs 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 MWNTs in matrix. However, the aspect ratio (length/diameter) is shortened due to 

the energy introduced to MWNTs during the processing. The average aspect ratio of MWNTs 

after processing with acetone and 4.0-hr ultra-sonication is reduced to 20.  

 

 

 

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

and (c) show different MWNTs. 

 

2.4 Conclusions 

 

Acetone and ultra-sonication are demonstrated to be an effective approach to disperse MWNTs 

in elastomer matrix. Acetone reduces the size of the aggregates, and also reduces the viscosity of 

elastomer, resulting in improved mixing of elastomer and MWNTs. Ultra-sonication further 

improves the dispersion of MWNTs by adding energy to break the van der Waals force between 

each MWNT. The shortcoming of ultra-sonication is the damages to MWNTs as mentioned 

earlier, resulting in shortened aspect ratio [96, 97].  

(c) 
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Higher load transfer and larger energy dissipation are observed from the nanocomposites with 

MWNTs as a result of improved MWNTs 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 MWNTs 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 MWNTs 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 MWNTs.  
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Chapter 3 Experimental Study in Electromechanical Responses of Dielectric 

Elastomer Nanocomposite filled with Carbon Nanotubes. 

 

3.1 Introduction 

 

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, MWNTs are introduced as 

fillers to DEs. The idea comes from that only a small amount of CNTs, 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 MWNTs 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 MWNTs. 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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MWNTs separated by DE matrix as the insulating medium, thus the number of capacitors is 

closely related to the dispersion of MWNTs 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 MWNTs 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.  

 

 

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 MWNTs. 

 

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 150μm  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  91μm , 

3.5 and  1.6 μm  [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.  

 



38 

 

 

         

Fig. 3. 2. (a) The principle of and (b) set up of laser Doppler vibrometer. 

(a) 

(b) 
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Fig. 3. 3. Loading cases of applied electric fields and laser Doppler vibrometer setup. 
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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 MWNTs are tested in this study. In order to ensure the conductivity, 2 

wt. % MWNTs 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 MWNTs 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 m , 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 m within

174 m 139 m  area 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 3-10μm . 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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Fig. 3. 6. Thickness measurement of compliant electrodes air brushed on the dielectric elastomers by 

HS200 Confocal Microscope/Profiler. 

(a) 

(b) 
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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 75 m 75 m  area of the electrode surface in Fig. 3.7 (a), the maximum height difference 

is1.195 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 m 115 m 

area of the nanocomposite surface in Fig. 3.7 (b), the maximum height difference is 2.62 m with 

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) 

75 m 75 m  and (b) 115 m 115 m  area. 

(a) 

(b) 



46 

 

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  

2 11 2

0 2.48 10 (Pa)p E E      

When 10(V/μm)E  , then 2 3

0 2.48 10 (Pa)p E   . As a result, the force between the two 

electrodes can be calculated by multiplying the electrode area, and  

3 3 2 42.48 10 (2.38 10 2) 110.4 10 (N)          

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

3 2 6 41160 (2.38 10 2) 9.81 7.59 10 (N) 110.4 10 (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 III 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 III 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.  

 

 

Fig. 3. 8. Displacement measurement of DE film specimen by laser Doppler vibrometer. 
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3.3.4 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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(a) 

(b) 
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Fig. 3. 9. (a) Before and (b) after the application of 22.5 V/μmwith boundary condition 1. (c) Before and 

(d) after the application of 22.5 V/μmwith boundary condition 2. White scale bars are 1.5 mm. 

(c) 

(d) 
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(a) 

(b) 
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Fig. 3. 10. Measured displacement for (a) case 1, (b) case 2, (c) case 3, and (d) case 4. 

(c) 

(d) 
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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].   

 

3.3.5 Acetone Effect on the Electromechanical Properties 

 

Acetone is introduced during the fabrication process to improve the dispersion of MWNTs. 

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/μm is 12 %. Although the 

dielectric constant of acetone is 21.0 at 20 ℃  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. 

 

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 

3 2 1 4d d d d  
 

where id 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 MWNTs, the magnitude of the displacement gives

2 3 4 1d 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. 

 

(a) 

(b) 
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(a) 

(b) 
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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. % MWNTs. 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, 

(c) 
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for electromechanical measurement for other nanocomposites, the measurement order is fixed to 

case 1-case 3-case 4-case 2. 

 

 

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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(a) 

(b) 
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(c) 

(d) 
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(e) 

(f) 
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Fig. 3. 16. Optical microscope images of compliant electrodes (a) before and (b) after the application of 

33.4 V/μmwith scale bars 1.5 mm, and (c) before and (d) after the application of 33.4 V/μmwith scale 

bars 300μm , and compliant electrodes with thin alloy coating (e) before and (f) after the application of 

33.4 V/μmwith scale bars 1.5 mm, and (g) before and (h) after the application of 33.4 V/μmwith scale 

bars 300μm . Gaps shown in (e-h) have already been created before this testing. 

(g) 

(h) 
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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.  

 

3.3.9 Thickness Strain of DE Nanocomposites Filled with MWNTs 

 

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 MWNTs enhances 

the electromechanical property of DEs. DE nanocomposites filled with MWNTs show higher 

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

introduction of 0.75 wt. % MWNTs enhanced the electromechanical response of DE by 3 times, 

while 1.5 times for DE with 0.50 wt. % MWNTs. 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. % MWNTs and 0.50 wt. % MWNTs respectively.  

As proposed by Pelrine [22], the thickness strain of HS III 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. % MWNTs 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 MWNTs 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 MWNTs (up to 0.75 

wt. %), the dielectric property of DE nanocomposites is much more sensitive to the introduction 

of MWNTs 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 MWNTs 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 MWNTs. 
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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 MWNTs 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. % MWNTs at 

22.2 V/μm . 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 (158μm ) 

filled with 0.75 wt. % MWNTs as a result of electrical conduction when electric field is applied (22.1

V/μm ). The scale bar in (a) is 1.5 cm. 

 

3.3.11 Conductive Samples (SWNTs) 

 

(a) 

(b) 
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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 51.454 10 which is close to the resistance value ( 51.500 10  ) of the resistor in the circuit. 

This indicates that the nanocomposite film (137.1μm ) 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 

from case 1 and 3 (same surface) are both deforming towards expanding direction while that 

from case 2 and 4 (same surface) are deforming towards the shrinking direction. Furthermore, 

the displacement magnitude of case 1 and 2, 3 and 4 are very similar, indicating that the 

displacement of the film might have been caused by the deflection of the film, not by the 

thickness strain of the DE nanocomposite film. Also, the measured thickness strain for the 

nanocomposite is much smaller than that of pure DEs shown in Fig. 3.20. The measured 

thickness strain is due to the local non-uniform deflection of the film or the roughness of the 

electrodes considering the thickness of the specimen is 137.1μm .  
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Fig. 3. 19. Power supplier (Matsusada AU-10P30-LC) used in the displacement measurement by laser 

Doppler vibrometer. 

 

 

 

(a) 
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Fig. 3. 20. (a) Measured displacement and (b) measured thickness strain of DE nanocomposite filled with 

SWNTs. 

 

The DEs filled with SWNTs show electrical conduction although DEs filled with MWNTs with 

same weight concentration does not. This is because a MWNT is made up of multilayers carbon 

sheets while a SWNT is made of a single layer. For instance, let’s consider a MWNT with 10 

layers for simplicity. Under a certain concentration, 10-layer MWNT can only have 100 carbon 

nanotubes while SWNTs can have 1000 single-layer carbon nanotubes assuming MWNTs and 

SWNTs have the same length. This results in higher probability for SWNTs to form conduction 

paths inside the nanocomposite. As a result, DEs filled with SWNTs tend to be more conductive 

than DEs filled with SWNTs.  

(b) 
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For conductive DE nanocomposite with SWNTs, the small deformation is detected by 

vibrometer. However, the deformation is not caused by the electromechanical response of the 

nanocomposite as the DE nanocomposites filled with 0.3 wt. % SWNTs are electrically 

conductive.  

 

3.4 Conclusions 

 

It is experimentally demonstrated that, with addition of MWNTs, the electromechanical response 

of DEs have been enhanced. Under the fixed applied electric field, such as 30 V μm , the 

nanocomposites show about improvement by 3 times in the induced thickness strain. In addition, 

thickness strain is achieved even with less required electric field. This has verified effective 

improvement in the electromechanical properties of DE nanocomposites filled with MWNTs 

under the applied electric fields. The electromechanical response enhancement in vertical 

direction in Fig. 3.17 shows that the addition of MWNTs as filler is the potential solution to 

further enhance the energy harvesting applications. In addition, the reduction of required electric 

fields has shown an approach to the realization of applications which requires electrical to 

mechanical signal conversion such as actuators or artificial muscles. 

 Furthermore, Laser Doppler vibrometer is demonstrated to be a direct and effective approach to 

precisely capture the electromechanical properties of the dielectric elastomers and dielectric 

elastomer nanocomposites filled with MWNTs.  
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Chapter 4 Experimental Study of Dielectric and Mechanical Properties of 

Dielectric Elastomer Nanocomposites Filled with Carbon Nanotubes. 

 

4.1 Introduction 

 

In order to enhance the electromechanical response of polymer composite materials, introduction 

of ferroelectric materials such as BaTiO3 nanoparticles [43-45], PbTiO3 [47, 48] and CNTs [52] 

has been attempted as mentioned in the previous chapter. In this study, CNTs have been 

introduced to DE matrix to enhance the electromechanical response of DE nanocomposites. Thus, 

it is important to understand how the addition of CNTs to DEs changes the overall materials 

properties. 

A various factors can affect the dielectric and mechanical properties of composite materials with 

high aspect ratio fillers: amount of fillers, filler shape, filler aspect ratio [121-123], filler 

dispersion, distance between each filler [124], waviness of the fillers [125], interaction between 

fillers and matrix, and orientation of the fillers. In addition, materials processing [98], CNT types 

[81] are also the dominating factors. 

In this chapter, measurement of dielectric and mechanical properties of DE nanocomposites 

filled with randomly oriented CNTs is carried out. The dielectric and mechanical properties of 

DE nanocomposites are revealed. 

4.2 Materials, Fabrication, Characterization and Dielectric Properties 
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Alumilite HS III RTV high strength mold-making silicone rubber is chosen as a dielectric 

elastomer material in this study. Two sets of 0.50 wt. % and 0.75 wt. % of MWNTs are added as 

fillers to dielectric elastomers. MWNTs are purchased from Cheap Tubes, Inc., having outer 

diameter 20-30 nm, inside diameter 5-10 nm, and 95 wt. % purity. The fabrication process is 

described in the previous chapter.  

Spin coating technique is utilized to prepare DE nanocomposite films for electromechanical and 

dielectric property measurement. Both sides of the film specimens are coated with silver based 

electrodes with diameter 16.67 mm using Ted Pella, Inc. fast drying silver paint for capacitance 

measurement. This MIM (Metal-Insulator-Metal) is measured using HP 4280A 1MHz C 

Meter/C-V plotter at room temperature 24 ℃ shown in Fig. 4.1, and dielectric constant is further 

extracted from the measured capacitance. At least 10 measurements are carried out for each 

specimen. 

For mechanical property analysis of DE nanocomposites filled with CNTs, the geometry of 

cylindrical specimens with 9.5 mm in diameter and 9.5 mm in height is prepared, following 

ASTM Standard D 5992-96 [126] on dynamic testing of vulcanized rubber and rubber-like 

materials using vibratory methods as shown in Fig. 4.2. 
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Fig. 4. 1. HP 4280A 1MHz C Meter / C-V plotter used for capacitance measurement. 

 

        

Fig. 4. 2. BOSE ElectroForce 3200 dynamic mechanical analysis (DMA) machine. 
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4.3 Results and Discussion 

 

4.3.1 Dielectric Constant and Electrical Conductivity Measurement of DE 

Nanocomposites Filled with CNTs 

 

Both sides of the film specimens are coated with silver based electrodes with diameter 16.67 mm 

using Ted Pella, Inc. fast drying silver paint for capacitance measurement as shown in Fig. 4.3.  

Fig. 4.4 shows the extracted dielectric constant for DEs and DE nanocomposites as a function of 

weight fraction of MWNTs. DEs and DE nanocomposites with 0.3 wt. % MWNTs show similar 

dielectric constant while that of DEs with 0.5 or 0.75 wt. % MWNTs show the improvement by 

28 % and 40 % respectively. This is due to the space-charge polarization by the conductive 

MWNTs associated with Maxwell-Wagner Effects [101, 127].   

Fig. 4.5 shows the electrical conductivity of DEs and DE nanocomposites filled with MWNTs as 

a function of weight fraction of MWNTs. DEs and DE nanocomposites filled with MWNTs do 

not show the significant changes in the electrical conductivity. Although DEs filled with 0.75 

wt. % MWNTs do not show significant change in terms of electrical conductivity compared to 

pure DEs without mechanical loading, conduction paths can be easily formed under compression 

as mentioned in the previous chapter and Fig. 3.18.  

Furthermore, dielectric constant is measured for DEs with SWNTs. Fig. 4.6 shows the extracted 

dielectric constant of DEs and DE nanocomposites filled with CNTs. Even for the same 

concentration of CNTs, addition of SWNTs has significantly enhanced the dielectric constant of 

the nanocomposites. This is associated with the conductivity shown in Fig. 4.7.  The significant 
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improvement in dielectric constant is enabled by the concentration of conducive fillers close to 

the electrical percolation threshold associated with a power law relationship mentioned in [49, 68, 

128, 129]. Moreover, SWNTs have longer aspect ratio due to the smaller diameter (usually 1-2 

nm) assuming SWNTs and MWNTs have their length in similar dimension. The number of 

SWNTs tend to be larger than that of MWNTs under the same weight fraction because MWNTs 

are consisted of multilayers while a single layer for SWNTs. Accordingly, it is easier for SWNTs 

to form electrical conduction paths. As a result, DEs with 0.3 wt. % in the previous chapter is not 

actuated by applied electric field due to the electrical conduction of the specimen. 
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Fig. 4. 3. DE film specimen coated with diameter 16.67 mm using Ted Pella, Inc. fast drying silver paint. 

 

 

Fig. 4. 4. Extracted dielectric constant for DEs and DE nanocomposites with MWNTs. 
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Fig. 4. 5. Measured conductivity of DEs and DE nanocomposites with MWNTs. 

 

Fig. 4. 6. Extracted dielectric constant for DEs and DE nanocomposites with CNTs. 
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Fig. 4. 7. Measured conductivity of DEs and DE nanocomposites with MWNTs and SWNTs. 

 

4.3.2 Static Mechanical Property of DE Nanocomposites Filled with MWNTs 

 

Fig. 4.8 shows the measured displacement of DEs in static cases. Once the applied electric field 

is applied, the displacement reaches the equilibrium instantaneously, and stays in the equilibrium 

until the applied electric field is removed. As a result, it can be assumed that HS III DE can reach 

its relaxed state momentarily, under static compression loading. Thus, viscoelasticity is not 

considered in this section. 

Fig. 4.9 shows the measured effective stress as a function of the stretch ratio in the loading 

direction. It is shown the effective stress due to the addition of MWNTs is increased by 10 % and 

5.0 % for DEs with 0.75wt. % and 0.50 wt. % MWNTs respectively for wide range of stretch 
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ratio
3 in loading direction. This result is smaller than the enhancement of dielectric constant of 

DE nanocomposites reported in the previous section, which is 40 % and 28 % respectively. This 

shows that the dielectric properties of DE nanocomposites are more sensitive to the addition of 

MWNTs than mechanical properties under small concentration of MWNTs. This could be due to 

the bonding strength between the DE matrix and MWNTs which will be discussed in the next 

section. Due to the imperfect bonding between DE matrix and MWNTs, DE matrix and MWNTs 

slide from each other under compression loading, resulting in smaller reinforcement in the 

measured effective stress. 

At larger concentration of MWNTs, dielectric constant cannot be defined due to the electrical 

conduction of DE nanocomposites although mechanical properties of DE nanocomposites are to 

be strengthened drastically due to the network formation of MWNTs [75, 98].  

 

Fig. 4. 8. Measured displacement by laser Doppler vibrometer on applying and removing the electric field. 
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Fig. 4. 9. Measured static mechanical property of DEs and DE nanocomposites filled with MWNTs.  

 

4.3.3 Amplitude and Frequency Dependence  

 

The dependence of dynamic strain amplitude of dynamic mechanical properties is investigated 

and the results are shown in Fig. 4.10. The dynamic strain sweep is from 1.0 % up to 10.4 % at 

fixed pre-strain 10.0 % with frequency of 10 Hz.  

At fixed frequency, although the gradual decrease of the storage moduli is observed for DEs and 

DE nanocomposites, the amplitude of the sinusoidal curve has very limited effect on the storage 

modulus of DEs and DE nanocomposites within the measured strain amplitude. This verifies that 

DEs and DE nanocomposites are still in elastic regions although thickness strain amplitude is 
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applied up to about 11 %. At fixed strain amplitudes in Fig. 4.10 (a) and (d), storage moduli 

show the increase with the increased concentration of MWNTs. This is due to the elastic moduli 

of MWNTs whose elastic moduli are in the range of GPa. 

 

 

 

(a) 
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(b) 

(c) 
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(d) 

(e) 
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Fig. 4. 10. (a) Storage modulus, (b) loss modulus and (c) loss factor of DEs and DE nanocomposites filled 

with MWNTs with 10 % pre-strain at 10 Hz. (d) Storage modulus, (e) loss modulus and (f) loss factor of 

DEs and DE nanocomposites filled with MWNTs with 15 % pre-strain at 10 Hz. 

 

The addition of MWNTs results in higher loss modulus and loss factor. Regardless of the pre-

strain, the addition of 0.75 wt. % MWNTs increases loss factor by 15 %. This means that the 

interaction between DEs and MWNTs causes energy loss under cyclic loading although MWNTs 

are usually considered to be elastic materials [130]. As the amplitude increases, elastomers 

which have initially been bonded to the filler tend to be partially debonded from MWNTs, 

resulting in local sliding and friction at the interphase between the DE matrix and MWNTs. 

When the amplitude is larger than 5 %, the loss modulus and tan reaches constant values for 

DE nanocomposites. This might indirectly show that the no more net partial debonding of DEs 

from MWNTs is progressing once the strain amplitude goes beyond 5 % at the fixed frequency. 

(f) 
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Further changes of storage, loss moduli and loss factor depend on the frequency of applied cyclic 

loadings.  Fig. 4.11 shows the storage and loss moduli and associated loss factor ( tan ) of DEs 

and DE nanocomposites with MWNTs as a function of frequency of the dynamic loading. 

Storage and loss moduli are found to increase with frequency, which reflects the linear 

viscoelastic nature of elastomer composites at small strains [131].  

 

 

 

 

(a) 
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Fig. 4. 11. (a) Storage modulus, (b) loss modulus and (c) loss factor of DEs and DE nanocomposites filled 

with MWNTs under cyclic loading with varying frequency with pre-strain 1.5 %, strain amplitude 1 %. 

(b) 

(c) 
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4.4 Conclusions 

 

This chapter investigates the dielectric and mechanical properties of DEs and DE 

nanocomposites. It is experimentally demonstrated that dielectric property of DEs is more 

sensitive to the addition of MWNTs than mechanical property of DEs at low MWNT 

concentration. This could explain the enhanced electromechanical response of DE 

nanocomposites. Enhanced dielectric properties enable more charges to accumulate on the 

electrodes, resulting in the larger stress between the electrodes. Meanwhile, less change in 

mechanical properties further improves the deformation enabled by the enhanced stress.  

Dynamic mechanical analysis reveals that the interface between DE matrix and MWNTs is one 

of the primary factors deciding the mechanical properties of DE nanocomposites. This has posted 

the future work to analyze the interface effect by investigating the DE nanocomposites filled 

with pristine MWNTs or functionalized MWNTs as functionalized MWNTs enable stronger 

bonding between DE matrix and MWNTs and better dispersion [81, 83].  
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Chapter 5 Filler Orientation Effect on Relative Permittivity of Dielectric 

Elastomer Nanocomposites Filled with Carbon Nanotubes 

 

5.1  Introduction 

 

Electro active polymers (EAPs) have been attracting attention in the field of electro-mechanical 

actuation and sensing. Dielectric elastomers (DEs), an emerging area of EAPs, have been 

showing promising functionalities as energy harvesting materials [5, 6] as well as actuating 

materials for potential applications such as artificial muscles, capacitors, sensors, and even 

generators due to their high electromechanical efficiency, durability, stability, lightweight, low 

cost, and easy processing [1, 6, 9, 19, 22]. Despite the advantages of DEs, technical challenges 

must be resolved for wider applications. A high electric field of at least 10-30 V μm  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 TiO2 particles [42], BaTiO3 

nanoparticles [43-45] and PbTiO3 [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 wt. % due to its high aspect ratio and conductivity while avoiding the 

unwanted increase of the materials rigidity [49-52].  
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A various factors can affect the effective dielectric constant of composite materials with high 

aspect ratio fillers: amount of fillers, filler shape [132], filler aspect ratio, filler dispersion, 

distance between each filler [124], waviness of the fillers [125, 133], interaction between fillers 

and matrix [134], and orientation of the fillers. Different filler orientation may cause anisotropic 

dielectric constant. As a result, fillers parallel to the applied electric field can significantly 

enhance the effective dielectric constant, while the ones perpendicular to the applied electric 

field do not have primary impact on the effective dielectric constant. Many theories have been 

developed to predict the effective dielectric constant of composite materials such as Maxwell- 

Garnett (MG) rule of mixture [135, 136], and finite-element-based approaches [45, 137]. Some 

works have also focused on the filler orientation effects on both electrical and mechanical 

properties in extreme cases [132, 138-140]. The experimental efforts have been done on the 

alignment of MWNTs [139, 141], and characterization of the dielectric constant electromagnetic 

properties of aligned ceramic based nanowires [140] and polymer based composites with aligned 

MWNTs [138, 142-144]. However, detailed specific relationship between the filler orientation 

parameter and the associated effective dielectric constant value, especially for composite 

materials with fillers of high aspect ratio and rod-like shape, has not been revealed yet. Thus, it is 

demanded to investigate how the filler orientation can affect the overall materials properties 

while the filler orientation transits from one to another.  

In this chapter, finite element analysis (FEA) is performed in three-dimensional (3D) unit cell 

models to investigate the filler orientation effect on the dielectric properties of dielectric 

elastomer nanocomposites with high aspect-ratio fillers. A statistical approach is employed to 

obtain a comprehensive understanding on how the mean angle of the MWNTs is associated with 

the theoretical effective angle when MWNTs are randomly dispersed in the dielectric elastomers. 
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Specifically, we fabricate, characterize and simulate the dielectric elastomer nanocomposites 

with randomly orientated MWNTs. Experimental results are compared with predictions given by 

FEA. We also show the approaches on how to reduce the model sizes to achieve less numerical 

efforts without sacrificing the accuracy of the results. Finally, the relationship between the mean 

filler angle and the corresponding effective dielectric constant is revealed. 

 

5.2  Materials, Fabrication, and Characterization 

 

Alumilite HS III RTV high strength mold-making silicone rubber is chosen as a dielectric 

elastomer material in this study. Under our materials processing method, dielectric elastomers 

with MWNT concentration above 0.75 wt. % are close to or reaching the electrical percolation 

threshold and showing electrical conductivity. Thus, two sets of 0.50 wt. % and 0.75 wt. % of 

MWNTs are added as fillers to dielectric elastomers to investigate the materials dielectricity. 

MWNTs are purchased from Cheap Tubes, Inc., having diameters of 20-30 nm with 95 wt. % 

purity.  

The fabrication process are consisted of six steps: (1) grinding the pristine MWNT aggregates 

with a mortar and pestle, (2) stirring and dispersing MWNTs in acetone solution by ultrasonic 

processor (Sonics & Materials, Inc., VCX 130) for hours, (3) pouring the dielectric elastomer 

matrix into the solution followed by accelerated evaporation of acetone with a hot plate, (4) 

adding the curing agent followed by mixing, (5) vacuum degasing the mixture for minutes, and 

(6) spin coat the materials to obtain thin film specimens with controlled thickness. Grinding and 

solution mixing with ultra-sonication are utilized to break the Van der Waals forces between 
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MWNTs, and to improve MWNTs dispersion and also to minimize the formation of MWNT 

aggregates [79, 94, 95]. Vacuum degasing is utilized to eliminate air voids. The nanocomposite 

films are fabricated on silicon wafer substrates using Laurell spin coater, and the typical 

thickness is between 150 to 160 μm measured by Digital Instruments Dektek 3 surface profiler.  

For the nanocomposite film with MWNTs of concentration 0.75 wt. %, a cross section of a 

fractured surface is imaged by using FEI Quanta 3D FEG scanning electron microscope (SEM) 

to examine the microstructures. MWNTs after ultra-sonication process mentioned above are 

observed by using FEI/Philips CM-20 transmission electron microscope (TEM) to obtain the 

typical filler aspect ratio. Both sides of the film specimens are coated with silver based electrodes 

with diameter 16.67 mm using Ted Pella, Inc. fast drying silver paint for capacitance 

measurement. This MIM (Metal-Insulator-Metal) is measured using HP 4280A 1MHz C 

Meter/C-V plotter at room temperature 24 ℃, and dielectric constant is further extracted from the 

measured capacitance. At least 10 measurements are carried out for each specimen. 

 

5.3  Finite Element Methodology 

5.4.2 Periodic Boundary Conditions and Materials Properties 

 

Three-dimensional finite element analysis (FEA) is performed using commercially available 

FEA software, COMSOL Multiphysics (version 4.4). The geometry of the unit cell is set to be a 

half cubic due to the symmetry of the top half and bottom half.  Using symmetries can reduce the 

model size from a cubic to a cuboid shown in Fig. 5.1.  
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Fig. 5. 1. (a) The unit cell model used in FEA; (b) the coordinate system used to define the filler 

orientation.  
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A unit cell is a fundamental repeating block of the representative material microstructure, and 

therefore the continuity of the structures has to be satisfied. To assure the continuity of the 

electric field and the potential at the edges, periodic geometry and periodic boundary conditions 

are applied. For any points on the corresponding opposite boundaries, the potential is set to be 

identical. Fixed voltage values are applied on the Z  plane shown in Fig. 5.1 (a). The effective 

dielectric constant is calculated over the entire domains using the following relation. 

 effD E       

where D  is the volume average of electric displacements, and E  is the volume average of 

electric fields in Z -direction.  

The material properties used in this study are listed in Table. 5.1. Although MG rule of mixture 

predicts the increase of the effective dielectric constant with the dielectric constant of the fillers, 

it does not consider the effects of the high aspect ratio and its distribution, and the rod-like shape 

of MWNTs. For nanocomposites with fillers of high aspect ratio and rod-like shape, the effective 

dielectric constant of the nanocomposites is not sensitive to the dielectric constant of MWNTs 

when the contrast between the dielectric constant of MWNTs and that of dielectric elastomer is 

large enough [45]. For instance, when the filler dielectric constant varies from 5000 to 120000, 

the effective dielectric constant of the nanocomposites increases for 3.4 %, from 3.81 to 3.94, in 

a model with filler aspect ratio 20 and filler weight fraction of 0.75 %. For this reason, the 

dielectric constant of MWNTs is set to be 90000 experimentally obtained at 1Hz from Basu et 

al.[50, 145] even though the exact value for MWNTs used in this study is unknown.  
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Table. 5. 1. Material property input used in FEA. 

Material Dielectric constant Diameter Aspect ratio 

MWNTs 90000 [50] 30 nm 20 

Dielectric Elastomer  2.8 - - 

 

Ultra-sonication and grinding during the fabrication process introduce the breakage of MWNTs, 

resulting in the shortened aspect ratio [95-99]. 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 MWNTs [98]. Ten MWNTs after ultra-sonication are 

examined in TEM, and the average diameter 30 nm with average length 600 nm is observed. Fig. 

5.2 shows one of the fillers observed using TEM. Although the exact MWNT aspect ratio 

distribution in the nanocomposites is unknown, 20 is a reasonable value as reported in literature 

[98, 99]. In this study, MWNTs are represented by cylinders with diameter of 30 nm and aspect 

ratio of 20.  
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Fig. 5. 2. TEM image of a typical MWNT after ultra-sonication (before mixing with dielectric elastomer 

matrix).  
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Fig. 5. 3. SEM images showing (a) pristine MWNTs before processing and (b) the randomly oriented 

MWNTs in a cross section.  
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Figure 5.3 (a) shows the pristine MWNTs before processing. After the fabrication process, a 

micrograph of a cross section of the nanocomposite with 0.75 wt. % MWNTs is taken as shown 

in Fig. 5.3 (b), and the microstructure of the nanocomposite is obtained. During the fabrication 

process of the dielectric elastomer nanocomposites, no electric field is introduced. Therefore, the 

orientation of the MWNTs inside the nanocomposite is considered to be pure random (mis-

oriented).  

 

5.4.3 Theoretical Effective Angle in a Random Orientation Model 

 

To investigate the effective angle parameters in a random orientation model, cylinder-shaped 

fillers are generated with random angle   and   without overlapping each other as shown in Fig. 

5.1 (b). To ensure the uniform distribution of the angle parameters, spherical uniform distribution 

is employed.  

The angles   and   are defined as 0    ,      . Due to the spherical symmetry, the 

range can be reduced to 0
2

  , and 
2 2

    . An area element   is defined as 

sind d d     in a unit sphere shown in Fig. 5.1 (b). The probability that a point sits in an 

infinitesimal cone can be described as ( )P d   with the normalization specified as

( ) 1P d   . Over a unit quarter sphere, ( ) 1/ P  . From ( ) ( , )P d P d d     , 

( , ) sin /P      is obtained. Therefore, the effective angle   of a model with randomly 

oriented fillers can be described as 
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 2 2

0
2

( , ) 1radian 57.3P d d
 


     


       

 

5.4.4 Numerical Accuracy of the Models 

 

Ten-node tetrahedral elements are used in the space domain for unit-cell FEA. Typical models of 

all cases are shown in Table. 5.2 along with the number of ten-node tetrahedral elements and the 

computed effective dielectric constant values. Although the number of elements, nodes and 

computed values are different from each model due to the difference in geometry, sufficiently 

refined meshes are applied to all the models to ensure calculations are sufficiently accurate. 

Table. 5.2 shows that the mesh refinement results in small changes. For models with 5 or 9 fillers, 

the difference of the values provided by “normal” mesh and “extra fine” mesh is less than 0.03 % 

as shown in Table. 5.2, demonstrating that the additional mesh refinements are not required for 

those models. By contrast, for models with 20 or 40 fillers, at least “finer” mesh is required due 

to the complexity of the geometry, resulting in much longer computing time. For models with 20 

or 40 fillers, the difference of the mesh density caused less than 0.79 % difference in the 

calculated values. Therefore, it is judged that the “normal” mesh provides sufficiently accurate 

results for models with 5 or 9 fillers, while “finer” mesh for models with 20 or more fillers.  
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Table. 5. 2. Comparison of results by representative models for different finite element meshes for 

nanocomposites with 0.75 wt. % fillers. 

Mesh description  Normal Fine Finer Extra Fine 

Number of tetrahedral elements 48896 145382 413702 915856 

Dielectric constant (5 fillers) 3.640 

 

3.640 

 

3.639 

 

3.639 

Number of tetrahedral elements 69171 189507 704397 1462136 

Dielectric constant (9 fillers) 4.007 

 

4.007 

 

4.003 

 

4.002 

Number of tetrahedral elements -* -* 1410948 3073279 

Dielectric constant (20 fillers) - 

 

- 

 

3.861 

 

3.850 

Number of tetrahedral elements -* -* 1903693 5978299 

Dielectric constant (40-fillers) - 

 

- 

 

3.569 

 

3.597 

*- indicates that the geometry cannot be meshed by the given mesh categories. 

 

5.4 Results and Discussion 

5.4.1 Orientation Parameter and  

 

The influence of the orientation parameters is systematically investigated. Ten models with 

randomly oriented five, nine, twenty, and forty fillers are examined. Fig. 5.4 (a)-(d) illustrate the 
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trend that the effective dielectric constant increases with the decrease of the mean orientation 

angle . The correlation coefficient is calculated to investigate the relationship between the 

effective dielectric constant and the orientation parameters shown in Table. 5.3. Further, R and

R
 represent the correlation coefficient between the effective dielectric constant and   or . 

Regardless of the number of fillers in models, strong correlation is found from R . On the other 

hand, weak correlation is found from R
. This demonstrates that effective dielectric constant 

along Z direction is primarily controlled by the parameter  which relates the deviation from Z 

direction. In addition,  has little influence on the effective dielectric constant along the applied 

electric field direction. Thus, the rest of the results and discussion are based on the orientation 

parameter .  

 

Table. 5. 3. Correlation coefficient between the effective dielectric constant of the nanocomposites and 

the filler orientation parameter or . 

Number of fillers in models R  R  

5 0.954 0.139 

9  0.797 0.0706 

20 0.587 0.301 

40 0.872 0.125 
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Fig. 5. 4. (a)-(d) Relationship between the orientation parameters and the effective dielectric constant of 

nanocomposites based on 10 random models with 5, 9, 20 or 40 fillers respectively.  
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5.4.2 Unit-Cell Model Size Effect 

 

Various sizes of the 3D unit-cell models with randomly oriented fillers are studied for the 

comparison of unit-cell size effect and the numerical efforts. Models with 5, 9, 20 and 40 fillers 

shown in Fig. 5.5 are analyzed and compared. Ten models with randomly oriented fillers are 

created for each case. The results are shown in Fig. 5.6. The error bar is derived from one 

standard deviation based on ten models each. The calculated effective angle from Eq. (2), 1 

radian ( 57.3 ), has a good agreement with the mean angle of the random-orientation numerical 

models.  

Five-filler models show the scattering of the effective dielectric constant varying from 3.36 to 

4.36 while the models with nine or more fillers demonstrate the dispersion ranging from 3.46 to 

3.97.  The size of the error bar shrinks to 51% in size from five-filler models to nine-filler 

models, resulting in more consistent results. This is due to the larger number of orientation 

angles in a larger unit cell model with more fillers, resulting in more consistent dielectric 

constant values.  

 

Table. 5. 4. Normalized minimum required computing time for models with 5, 9, 20 and 40 fillers. 

Number of fillers in each  model 5 9 20 40 

Normalized minimum computing time 0.661 1.00 66.8 88.8 
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Fig. 5. 5. Examples of microstructures with “finer” mesh for 0.75 wt.% fillers: (a) 5-filler models, (b) 9-

filler models, (c) 20-filler models, and (d) 40-filler models. Periodic geometry is defined at the boundaries 

for fillers. The unit in the axes is μm. 
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Fig. 5. 6. A comparison of (1) effective dielectric constant with respect to the unit cell size with the error 

bar derived from one standard deviation based on 10 models each; (2) a comparison of mean angle   

with respect to the unit cell size with the error bar derived from one standard deviation based on the mean 

values of 10 models each.  
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It is also illustrated in Fig. 5.6 that the deviation from the theoretical angle   (1 radian) results in 

larger scattering of the effective dielectric constant, indicating that the dielectric property of the 

nanocomposites with randomly oriented fillers is significantly affected by the mean angle of the 

fillers in the microstructures.  Furthermore, Table. 5.4 shows that a model with fillers greater 

than or equal to 20 requires much more numerical efforts compared to models with 9 fillers. This 

is due to the complicated geometry in models of 20 or more fillers which requires at least “finer” 

mesh, resulting in larger number of elements to solve as shown in Table. 5.3. As a result, the 

minimum required computing times was drastically increased for models with 20 or more fillers 

as shown in Table. 5.4. Although larger number of fillers could provide more consistent 

prediction, calculations are not affordable in most of the cases. Therefore, 9 fillers are 

determined to be sufficient to represent the microstructures of the nanocomposites with high 

aspect ratio fillers while keeping the numerical simplicity. 
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Fig. 5. 7. The relationship between the mean filler orientation parameter and the corresponding effective 

dielectric constant of the nanocomposites (9-filler models).  
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5.4.3 Filler Orientation Effect 

 

Representative models with 9 fillers are utilized to investigate the filler orientation effect. The 

relationship between the effective dielectric constant and the mean filler angle   is shown in Fig. 

5.7. The FEA results show the effective dielectric constant variations as a function of mean filler 

angle . The FEA simulation demonstrates a trend of effective dielectric constant enhancement 

with the decrease of the mean filler angle   of the microstructures. The effective dielectric 

constant ranges from 2.83 to 4.85 and from 2.83 to 6.23 for nanocomposites with 0.50 wt. % and 

0.75 wt. % fillers respectively depending on the mean filler angle. 

It is noted that the effective dielectric constant enhancement is not pronounced even with 

different MWNT concentrations when the mean filler angle   is larger than 1 radian: effective 

dielectric constant ranges from 2.83 to 3.33 and from 2.83 to 3.73 for nanocomposites with 0.50 

wt. % and 0.75 wt. % fillers respectively.  By contrast, the amount of fillers significantly affects 

the effective dielectric constant, ranging from 3.33 to 4.85 and from 3.73 to 6.23 for 

nanocomposites with 0.50 wt. % and 0.75 wt. % fillers respectively, especially when the mean 

filler angle  is below 1 radian.  This is because as orientation angle of fillers decreases, fillers 

have longer paths in the direction along the applied electric field. As a result, under the fixed 

potential difference, larger electric displacement field can be induced, resulting in higher 

dielectric constant in the direction of the applied electric field. 

Fig. 5.7 provides an estimate on how aligned the fillers need to be processed to get the desired 

dielectric constant enhancement. This implies that the microstructures of the nanocomposites can 

be predicted based on the effective dielectric constant. It is demonstrated that the most efficient 

enhancement of effective dielectric constant is to align the fillers along the applied electric field 
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while the least efficient approach is to align the fillers perpendicular to the applied electric field 

as reported in literature[146].  

In addition, the relationship between the effective dielectric constant and the orientation angle 

parameter  can provides the potential explanation on the reduction of the effective dielectric 

constant of MWNTs-filled nanocomposites reported in literature [147]. The stretch of the 

specimen introduces the compression along the applied electric field, resulting in the larger

shown in Fig. 5.8. For simplicity, let’s consider i and 'i representing the orientation parameter 

of i
th

 filler projected on a plane parallel to the applied electric field before and after the stretch. 

'i i   is valid for all the fillers due to the compression along the field. As a result, effective 

dielectric constant of the nanocomposites is lowered due to the larger orientation angle .   
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Fig. 5. 8.  Schematic image of the filler orientation changes in 2-dimension simplified figure before and 

after stretching. 
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5.4.4 Acetone Effect 

 

Although evaporation of acetone during the fabrication process is accelerated by a hot plate, 

there could be residue acetone left in the processed materials. A set of specimen of pure 

dielectric elastomer are prepared to investigate how the residue acetone could affect the effective 

dielectric constant of the materials as shown in Table. 5.5. The dielectric constant difference 

between the 2 specimens is 2.94 %. Both specimens show similar standard deviation from the 

measurements, 0.0650 (2.38 %) and 0.0794 (2.84 %) respectively for specimens without and 

with acetone. This demonstrates that residue acetone has little effects on the dielectric constant 

measurement although 2.94 % difference of the dielectric constant values could have derived 

from either measurement errors or residue acetone effect.     

 

 

Table. 5. 5. Residue acetone effect on the measured dielectric constant based on 10 measurements for 

each specimen. 

Material Dielectric constant Standard Deviation 

Without Acetone 2.72 0.0650 

With Acetone  2.80 0.0794 
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5.4.5 An Approach to Further Enhance the Dielectric Property of DE 

Nanocomposites. 

 

Experimental results by the dielectric elastomer nanocomposites with several MWNTs 

concentrations are further compared with the proposed random-orientation models shown in Fig. 

5.9. Models with fillers aligned parallel and perpendicular to the applied electric field are also 

plotted for comparison.  

When it comes to nanocomposites with randomly oriented MWNTs, the measured effective 

dielectric constants have a good agreement with the prediction provided by FEA shown in Fig. 

5.9.  However, both the experiments and simulation imply that the effective dielectric constant 

enhancement is limited unless the nanocomposites are processed with filler alignment. It is also 

noted in Fig. 5.9 that the filler orientation is more influential than the amount of fillers to obtain 

the desired effective dielectric constant. For instance, to obtain effective dielectric constant 6.23, 

only 0.75 wt. % MWNTs are needed if they are all aligned parallel to the applied electric field. 

By contrast, twice or three times more MWNT concentration is required if the fillers are 

randomly oriented in the nanocomposites. However, higher loading of MWNTs may easily cause 

the loss of the insulation [49, 148] and to give rise to the aggregation of MWNTs, which destroys 

the electromechanical functions of dielectric elastomers.  

 

 

 

 



116 

 

 

Fig. 5. 9.  A comparison between the experimental data and FEA results. The error bar for random 

orientation models is derived from one standard deviation based on ten models. 
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5.4.6 Tortuosity Effect 

 

Many research efforts have been made to investigate the waviness effect of high aspect ratio 

fillers inside the polymer matrix. Fisher, F. T., et al. utilized finite element analysis and 

micromechanics approach to investigate the waviness effect of CNTs on the mechanical 

properties of the Polymer/CNTs composites [125, 149, 150]. In their work, curved CNTs are 

described as cylinders with 2-dimensional sinusoidal curves. Much work has been dealing with 

filler waviness by introducing one cylinder with 2-dimensional sinusoidal or exponential curves 

[151, 152] in unit-cell representative models. Dendievel, R., et al. investigated the tortuosity 

effect of CNTs on the percolation threshold of polymer/CNTs composites [153]. In their work, it 

is summarized that the fiber tortuosity reduces the average aspect ratio, resulting in the increase 

of percolation threshold. A new approach to create the tortuosity is proposed by Herasati [154], 

and the tortuosity effects on mechanical properties are investigated for polymer/CNTs 

composites.  

In this section, 3-dimensional fiber tortuosity is defined and finite element models are created 

using Digimat-FE [155].  Random orientation models with different fiber tortuosity are also 

proposed to investigate the filler tortuosity effects on the dielectric properties of dielectric 

elastomers filled with MWNTs. 

11 control points are assigned to each filler, and there are 10 small segments for each filler. Each 

segment does not have to be the same in length. However, the tangents of any 2 segments at the 

control point they share need to be the same. The filler tortuosity is defined as the maximum 

acceptable change in orientation from one control point to the next [155]. In the fixed aspect 

ratio 20, the tortuosity 10 is not realistic. From the TEM image from Fig. 5.10, we assume the 
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typical tortuosity is 3 for filler with aspect ratio 20, and also investigation on the tortuosity of 1, 

3 and 5 shown in Fig. 5.11 are conducted.  

 

 

Fig. 5. 10. TEM image of a MWNT with tortuosity 3. 
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Fig. 5. 11. Examples of microstructures of nanocomposites with 0.75 wt.% fillers (9-filler models): One 

example of (a) waviness 0, (b) waviness 1, (c) waviness 3, and (d) waviness 5. Periodic geometry is 

defined at the boundaries for fillers.  
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Fig. 5. 12. Effective dielectric constant calculated by FEA using 9-filler random orientation models with 

different tortuosity. The error bar is derived from one standard deviation based on ten models. 
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Fig. 5.12 shows the tortuosity effects on the DE nanocomposite dielectric constant. It can be 

observed that the dielectric constant of nanocomposites is not sensitive to the tortuosity when 

fillers are randomly oriented within the DE matrix. 

One of the potential reasons is that the fillers are randomly oriented and placed within the models. 

Thus, the mean filler angle for each model with specific tortuosity is around 1 radian as shown 

in the Fig. 5.12. As mentioned earlier in this chapter, filler orientation plays an important role in 

determining the dielectric properties of nanocomposites. If fillers are aligned to certain degrees, 

such as 0 to 0.523 rad, then the tortuosity could become a significant factor. 

The second potential reason is the fixed aspect ratio 20. The accurate aspect ratio of fillers in 

nanocomposites is unknown, and the aspect ratio distribution is also unknown as well. However, 

longer aspect ratio fillers, such as filler with aspect ratio 50 or 100, could have larger tortuosity 

factor due to its geometry [155]. More research will be done to reveal the aspect ratio effects 

coupled with tortuosity effects on the relative permittivity of DE nanocomposites.  

 

5.5 Conclusions 

 

This study systematically investigates the relationship between the filler orientation parameter 

and the effective dielectric constant of the nanocomposites. To ensure the simple and affordable 

FEA study, a unit cell model with nine fillers is determined to be sufficient to represent the 

microstructures of the nanocomposites. This provides a strategy allowing us to obtain the results 

with acceptable precision for a low computational cost.  
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It is shown that the orientation parameter  perpendicular to the applied electric field has little 

effect on the effective dielectric constant along the electric field direction. The angle   between 

fillers and axis parallel to the applied electric field serves a primary factor to control the 

dielectric property of the nanocomposites. It is demonstrated that the effective dielectric constant 

of the nanocomposite with high aspect ratio is strongly associated with the mean filler orientation 

in the microstructures. As a result, it is more efficient to control the microstructures in order to 

enhance the effective dielectric constant by aligning the fillers than simply increasing the filler 

concentrations which causes problems such as filler dispersion, stiffening of the materials and 

the reduction of the dielectric strength of the materials [43, 156]. This also addresses the 

possibility of controlling the effective dielectric constant by altering the orientation of the fillers 

either by processing [139] or external stimulus such as mechanical loading [157] while keeping 

the same amount of the fillers. In addition, the models can potentially explain the dielectric 

property change of the nanocomposites due to the filler orientation change under mechanical 

deformation.  

Tortuosity effect on dielectric properties of DE nanocomposites is also investigated. It is 

demonstrated that tortuosity has little effect on the dielectric properties of DE nanocomposites 

filled with randomly oriented MWNTs. However, it has posted some possibilities that DE 

nanocomposites with longer aspect ratio fillers and/or with aligned fillers could be significantly 

affected by tortuosity in terms of dielectric property. 

In summary, we have created representative models for nanocomposites with fillers. The 

proposed unit-cell models, controlled by filler orientation parameters, provide straightforward 

and successful predictions on the effective dielectric constant of the nanocomposites.  
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Chapter 6 Modeling of Mechanical Properties of Dielectric Elastomer 

Nanocomposites 

 

6.1 Introduction 

 

As described in the previous chapter, the basic ideas to improve dielectric elastomers are to: (1) 

achieve higher effective dielectric constant for larger energy storage and less required actuating 

voltage, and (2) keeping the material rigidity low while achieving (1) at the same time. A 

common improvement has been reported including implementing ceramic powders with high 

dielectric constant such as TiO2 particles [42], BaTiO3 nanoparticles [44, 45, 146] and PbTiO3 

[47]. 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, 

making the materials not suitable for the actual applications. 

Recently, carbon nanotubes have been reported to efficiently enhance the relative permittivity 

with a small loading fraction up to 2 wt.% due to its high aspect ratio and conductivity while 

avoiding the unwanted increase of the materials rigidity [49-51].  

A various factors can affect the mechanical properties of composite materials with high aspect 

ratio fillers: amount of fillers, filler shape, filler aspect ratio, filler dispersion, distance between 

each filler [124], waviness of the fillers [125], interaction between fillers and matrix, and 

orientation of the fillers. Different filler-orientation may cause anisotropic mechanical responses. 

Many works have been focusing on the mechanical properties of polymer based composite 

materials. Fisher et al. investigated the 2-dimensional waviness effects of CNTs on the 

mechanical properties of composite materials [125, 149]. Efforts have been taken to create the 
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unit-cell models with one filler to predict the mechanical properties of polymer composite 

materials [133, 134, 158-160]. Farsadi used FE method to investigate the effective response of 

embedded wavy inclusions of CNT within a matrix [161].  

Furthermore, assigning the correct boundary conditions is essential to reasonable material 

property prediction provided by FEA. For unit-cell models, special boundary conditions need to 

be assigned due to the continuity of geometry and stress/strain field. Periodic boundary 

conditions have been proposed to satisfy both the geometry and fields for unit-cell models [162-

168]. Application of periodic boundary conditions can guarantee the continuity of the 

displacement and the traction at the boundaries [162]. 

In this chapter, finite element analysis (FEA) is performed in three-dimensional (3D) unit cell 

models with nine high aspect ratio fillers are created to investigate the mechanical properties of 

DE nanocomposites. A statistical approach is employed to obtain an understanding on how the 

mean angle of the MWNTs is associated with the theoretical effective angle when MWNTs are 

randomly dispersed in DEs. Experimental results are also compared with predictions given by 

the FEA. Moreover, the 3-dimensional tortuosity effect by filler is investigated.   

 

6.2 Finite Element Methodology 

6.2.1 Displacement-Difference Periodic Boundary Conditions 

 

Three-dimensional finite element analysis (FEA) is performed using commercially available 

FEA software, COMSOL Multiphysics (version 4.4). The geometry of the unit cell is set to be a 

half cubic due to the symmetry of the top half and bottom half.  Using symmetries can reduce the 
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model size from a cubic to a cuboid shown the previous chapter. A unit cell is a fundamental 

repeating block of the representative material microstructure, and therefore the continuity of the 

structures has to be satisfied.  

2 boundary conditions are compared: (1) Free Boundary Conditions (FBCs), and (2) 

Displacement-Difference Periodic Boundary Conditions (PBCs) [162, 169, 170]. FBCs only 

assign the displacement of the top plane and fix the displacement of the bottom plane, or called 

“plane-remains-plane” boundary conditions [164]. It was revealed that FBCs are over-

constrained and violates the stress/strain periodicity conditions [164]. 

All the other 4 planes remain free to deform. As all the 4 side planes are free, the incompressible 

hyperelastic materials tend to inflate in XY direction in all the edges to conserve the volume, 

resulting in discontinuity of the geometry especially after the load is applied. Thus, deformed 

unit-cell model loses its periodicity as a repeating block. 

To guarantee the continuity of the displacement and the traction at the boundaries, periodic 

boundary conditions are applied [162, 169, 170]. Displacement-difference periodic boundary 

condition (PBC) has been proven to guarantee the displacement and traction continuity, thus it is 

applied in the unit cell models in this study. 

Consider a periodic unit cell structures. The geometry of the fillers is continuous at x and x

planes, y
and y

planes, and z and z planes, where “+” and “-” identify the pair of two opposite 

boundary surfaces in the unit cell models shown in Fig. 6.1. 

The displacement field of the periodic boundary conditions can be described as 

*
iki k iu x u   
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*j j
iki k iu x u    

*j j
iki k iu x u    

( )j j j j j
ik iki i k k ku u x x x          

where ik  is the global average strain tensor of the periodic structures, *

iu is the local fluctuation 

and the periodic part of the displacement components on the periodic boundary surfaces. “j+” 

and “j-” mean the directions along positive and negative
jX directions. 

The difference of 
j

iu 
and

j

iu 
is given as well. Since j

kx are constants for each pair of the 

periodic boundary surfaces, 
j

ik kx  is constant as long as the global strain is specified. It is note 

that
j

ik kx  does not contain the periodic term ( *

iu ) any more, which makes it easier to apply the 

constraints in the finite element analysis using COMSOL Multiphysics.  
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Fig. 6. 1. Assignment of the planes of unit-cell models to define boundary condition. 
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6.2.2 Hyperelastic Models and Materials Parameters 

 

Rubbers and rubber-like materials usually exhibit extremely large strain, sometimes 10 times 

longer than its original length, and stress strain curve of those materials show non-linear 

behaviors [171]. As a result, those materials are usually modeled as incompressible hyperelastic 

materials. 

Let’s first consider the incompressible hyperelastic case. In nearly incompressible models, elastic 

strain energy density can be described as  

s iso volW W W   

where sW is elastic strain energy density, isoW the isochoric (also called volume-preserving) strain 

energy density, and volW volumetric (also called dilatational) strain energy density. The most 

commonly used form for volumetric strain energy density is: 

21
( 1)

2
vol elW J   

Neo-Hookean model is employed to calculate the material parameters used from experimental 

results. Neo- Hookean model [172] can be described as 

2

1

1 1
( 3) ( 1)

2 2
s iso vol elW W W I J        

where  Lamé coefficient,  initial bulk modulus, and 1I the first invariant of the deviatoric part 

of the left Cauchy-Green deformation tensor and can be described as  
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2
2 2 23

1 1 2 3 1 2 3( ),el elI J J     


     

For the simplest case, perfectly incompressible hyperelastic models are assumed. In perfectly 

incompressible model, 1elJ  . Thus, Neo-Hookean model can be simplified as 

1

1
( 3)

2
s isoW W I    

3 1 2

1
,   


    

21 2
( 3)

2
sW  


    

Cauchy stress is related to sW under uniaxial compression by 

2

3 3

3

1
( )sW

   
 


  


 

From the fitting shown in Fig. 6.2, Lamé coefficient is determined to be 98.4 kPa as shown in 

Table. 6.1. It needs to be noted here that static mechanical response is measured under fixed 

displacement as discussed in the previous chapter. Viscosity is not considered in this static case. 

Thus, Lamé coefficient  discussed here is related to the relaxed elastic modulus.  

Wide range of materials parameters are reported for carbon nanotubes [130, 134, 173, 174]. In 

this study, parameters from a literature [174] is used for FEA as shown in Table. 6.2. Also, 

MWNTs are to be assumed to be isotropic in all directions. 

It is also noted that the perfect bonding between the DE matrix and carbon nanotubes is assumed. 

Although some research groups are introducing the concept of the interlayers between the matrix 
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and the fillers [134, 175], it is not realistic to experimentally investigate the interface between the 

matrix and the fillers, especially nano-fillers. Thus, in this section, interface concepts are not 

introduced. However, interlayers are a useful concept to understand the strength of bonding 

between the matrix and fillers [134]. 

 

 

 

 

 

 

 

 

Table. 6. 1. HS III dielectric elastomer materials parameters used in FEA. 

Material Lamé coefficient   

Dielectric Elastomer  98.4 kPa 

 

Table. 6. 2. MWNT materials parameters used in FEA [174]. 

Material Young’s Modulus Poisson’s Ratio 

MWNTs  200 GPa 0.2 
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Fig. 6. 2. Fitting of compression testing results and Neo-Hookean models. 

 

6.3 Results and Discussion 

6.3.1 Periodic Boundary Conditions 

 

To guarantee the continuity of the displacement and the traction at the boundaries, periodic 

boundary conditions are applied mentioned earlier.  

Fig. 6.3 shows the static mechanical property of DE nanocomposites. It is experimentally shown 

that the introduction of 0.75 wt. % enhances the mechanical response of DE nanocomposites by 

9 %. The numerical results by using either PBCs or FBCs are plotted as well. Fig. 6.3 shows the 

calculated result by FBCs is even lower than the mechanical response of the pristine DEs under 
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compression. This seems unreasonable as MWNTs have much higher elastic modulus, and 

contradictory to the experimental results at the same time.  

On the other hand, the numerical results done by PBCs have shown the increase trend with the 

addition of 0.75 wt. % MWNTs to DEs by 20-25 %. Although the numerical results show higher 

enhancement of the mechanical property of DE nanocomposites than the experimental results, 

this reasoning can be associated with 2 factors which will be discussed later in this chapter. 

In conclusion, PBCs have been proved to provide reasonable results coupled with FEA analysis 

although many earlier works have been based on FBCs.  

 

Fig. 6. 3. The relationship between the stretch ratio in thickness direction 3 and the effective strain 

measured or calculated. 
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6.3.2 Static Mechanical Response of DE nanocomposites  

 

As we have seen, once the applied electric field is applied, the displacement reaches the 

equilibrium within a second, and stays in the equilibrium until the applied electric field is 

removed. As a result, it can be assumed that HS III DE can reach its relaxed state momentarily, 

under compression. Thus, viscoelasticity is not considered in this section. 

Hyperelastic models are employed to investigate the relationship between the material stretch 

ratio and the relaxed stress state of DE nanocomposites.  

Fig. 6.4 shows the static compression results. The increase of the measured effective stress of DE 

with 0.75 wt. % MWNTs is about 9 % even under large deformation at  =0.78. This 

demonstrates that the mechanical property enhancement from the introduction of MWNTs is 

limited under static loading cases compared to the dielectric constant improvement, which is 

about 40 % enhancement with the introduction of 0.75 wt. % MWNTs.   

Although the numerical results show higher enhancement of the mechanical property of DE 

nanocomposites than the experimental results, this reasoning can be associated with a few 

potential factors which will be discussed later in this chapter. 

Based on the random orientation discussion mentioned in the previous chapter, MWNTs are 

assumed to be randomly distributed and oriented inside DE matrix. As discussed in the previous 

chapter, 9-filler models are utilized to investigate the mechanical properties of the DE 

nanocomposites filled with MWNTs.  
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Fig. 6. 4. Measured static effective stress under compression testing of DEs and DE nanocomposites filled 

with MWNTs. 
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6.3.3 Filler Orientation Effects on Mechanical Response of DE nanocomposites  

 

Filler orientation effects on mechanical properties of nanocomposites are investigated. 9-filler 

models are created as mentioned in the previous chapter. Fig. 6.5 shows the relationship between 

the calculated effective stress and the mean orientation angle of each model. The magnitude 

correlation coefficient is calculated to be 0.630, which shows medium correlation between the 

calculated effective stress by FEA and the mean orientation angle .  However, the scattering of 

the data points can be observed from Fig. 6.5. The potential causes of the data scattering involve 

the number of fillers in the unit-cell models. Although 9 fillers are enough to investigate the 

orientation effects for dielectric properties, more fillers might be required for orientation effects 

for mechanical properties. In addition, bonding strength between DE matrix and MWNTs, and 

the dispersion of MWNTS as mentioned in chapter 2 and 4 are all affecting factors for 

mechanical analysis.  

One potential reason to the gap shown in Fig. 6.3 between the calculation and experimental 

results could also be the orientation change due to the compression. Although, the filler 

orientation is random before the mechanical loadings, the mean orientation could change due to 

the compression as illustrated in Fig. 5.8 in the previous chapter. If this is the primary factor, the 

gap between the numerical and experimental results should be shrinking as the compression 

proceeds as the larger orientation angle results in smaller effective stress. However, this cannot 

be clearly validated from Fig. 6.5. As a result, it can be concluded that the filler orientation 

change due to the compression is not the primary cause of the gap mentioned above in the range 

currently tested in the compression test.  
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In summary, the orientation effect on mechanical properties has been carried out. Moderate 

correlation has been found between the effective stress and the mean filler orientation of unit 

cells. With the decrease of the mean filler orientation, the effective stress is reinforced. However, 

the orientation effect is not statistically meaningful yet, thus models with more fillers are to be 

test to validate the orientation effects on the mechanical properties of DEs and DE 

nanocomposites. 

 

 

Fig. 6. 5. Filler orientation effects on static effective stress at stretch ratio in loading direction 0.95  . 

Calculated effective stress as a function of the mean orientation angle of the fillers in the unit-cell models. 
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6.3.4 Tortuosity effects and Aspect Ratio Effects on Mechanical Properties of DE 

Nanocomposites 
 

Tortuosity has been defined in the previous chapter. The tortuosity effects on the mechanical 

properties of nanocomposites are to be discussed in this section. The periodic boundary 

conditions mentioned above are applied to the unit-cell models with 9 fillers. Tortuosity 1, 3 and 

5 are investigated in this study. In the fixed aspect ratio 20, the tortuosity 10 is not realistic [155]. 

Fig. 6.6 and Table. 6.3 show the tortuosity effects on the effective stress of nanocomposites 

under 0.9  . Although the error bars are closely overlapping each other, the magnitude of the 

error bars is very closely related to the mean orientation deviation in the random orientation 

models. However, the mean effective stress shows slight decrease with tortuosity by 5-6%, 

showing the limited reduction of effective stress by tortuosity for fillers with aspect ratio 20. As 

a result, tortuosity cannot fully explain the gaps between the computed effective stress and the 

measured effective stress. Thus, this has posted the direction to further investigate another 

potential factor which is interface effects between the DE matrix and MWNTs. 

Aspect ratio of MWNTs is also a deciding factor for mechanical properties of DE 

nanocomposites [121]. Although longer aspect ratio MWNTs tends to aggregate during the 

processing, it is reported that Young’s modulus of the polymer composite filled with MWNTs is 

reinforced with the increase of MWNT aspect ratio [121]. However, tortuosity is more 

significant for higher aspect ratio MWNTs as tortuosity can easily shorten the effect aspect ratio 

of MWNTs. 

More research is required to investigate the coupling effects of aspect ratio and tortuosity effects.  
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 Table. 6. 3. The relationship between tortuosity, effective stress and mean angle .   

Tortuosity Effective 

Stress (kPa) 

Error  (One standard 

deviation, kPa) 

Mean Angle   

(rad) 

Error  (One standard 

deviation, rad) 

0 35.3 2.69 0.993 0.1064 

1 33.2 1.91 1.023 0.0914 

3 33.2 3.40 0.985 0.1459 

5 33.4 3.27 0.979 0.1187 

 

 

Fig. 6. 6. Effective stress calculated by FEA using 9-filler random orientation models with different 

tortuosity. The error bar is derived from one standard deviation based on ten models. 



139 

 

6.4 Conclusions 

 

This chapter is focusing on the static mechanical properties of DE nanocomposites filled with 

MWNTs. The static mechanical property of DE nanocomposites filled with 0.5, 0.75 wt. % is 

experimentally investigated, and also numerically analyzed by FEA. 

The results show the effective stress predicted by FEA is overestimated by 10-15 % compared to 

experimentally obtained stress. The potential causes to the gap between the experimental results 

and the computed results are the tortuosity of fillers, remaining aggregates of MWNTs [152] and 

the bonding between DE matrix and MWNTs.  

Tortuosity effect study reveals that the reduction of effective stress of DE nanocomposites is 

limited under the assumption that aspect ratio of fillers is 20.  

As mentioned in chapter 4, it is still likely that the aggregates of MWNTs are remaining in the 

DE nanocomposites, resulting in smaller effective stress. In addition, the results have posted the 

direction to further investigate the interface (bonding/debonding) effects between the DE matrix 

and MWNTs. In other word, mechanical properties of DE nanocomposite are processing 

dependent. 

In conclusion, the mechanical property change due to the introduction of MWNTs is limited 

compared to the dielectric property change. As a result, the electromechanical response of DE 

nanocomposites filled with MWNTs is significantly enhanced due to the pronounced 

improvement in relative permittivity of DE nanocomposites filled with MWNTs, and limited 

mechanical change. 
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Chapter 7 Conclusions and Future Research 

 

7.1.Conclusions 

 

This dissertation is devoted to investigations of the development of DE nanocomposites as 

stretchable and flexible actuating materials. MWNTs are introduced to DE matrix to enhance the 

deforming properties. Both experimental and numerical works have been carried out to 

investigate the dielectric, mechanical and electromechanical properties of DE nanocomposites 

filled with MWNTs. As a final remark, the 2 major achievements in this dissertation are 

summarized below, followed by some suggestions on future work. 

As the first major contribution, the novel smart DE nanocomposites filled with MWNTs have 

been developed, and their electromechanical properties are fully characterized via laser Doppler 

vibrometer. It is demonstrated that the addition of 0.75 wt. % MWNTs to DEs has enhanced the 

thickness strain by 3 times, and reduced the required electric field by 30 % to achieve the same 

amount of thickness strain compared to pristine DEs. This is due to the significant improvement 

of dielectric constant by the addition of MWNTs, and limited mechanical reinforcement at low 

MWNTs concentration. This opens up the option for DE nanocomposites as energy harvesting 

materials due to the enhanced thickness strain compared to conventional DEs. 

The second major contribution includes the investigation of the filler orientation effects on 

relative permittivity of MWNTs in dielectric elastomer nanocomposites. To further improve the 

electromechanical properties at the fixed weight fraction of MWNTs, filler orientation turns out 

be a dominating factor. Unit-cell models are created to investigate the filler orientation effects on 
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the both dielectric and mechanical properties of dielectric elastomer nanocomposites. Nine fillers 

in the unit-cell models are found to be sufficient to represent the microstructures of dielectric 

elastomer nanocomposites while keeping the numerical simplicity. The proposed random 

orientation models show a good agreement with the experimental results of dielectric properties 

of DE nanocomposites. Furthermore, the proposed model is efficient in predicting the dielectric 

properties of DE nanocomposites with fillers of high aspect ratio while keeping the numerical 

simplicity. Lastly, the proposed model reveals the relationship between the microstructure of DE 

nanocomposites and the associated relative permittivity. The proposed model provides the 

prediction of the effective permittivity of dielectric elastomer nanocomposites as a function of 

the mean filler orientation of the microstructures. The results show the further improvement of 

relative permittivity of nanocomposites with the alignment of the fillers, leading to the further 

enhancement of electromechanical response of dielectric elastomer nanocomposites while 

keeping the MWNT concentration low.   

 

7.2.Suggestions for Future Research 

 

In the future research on the development of DE nanocomposites, in terms of experimental 

efforts, DE nanocomposites filled with SWNTs should be developed, while improving 

fabrication techniques is a continuing objective. In addition, to further investigate the interface 

effects between DE matrix and the MWNTs, functionalized MWNTs need to be introduced to 

the matrix and compared with the data obtained in this study. 
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As for the numerical modeling, tortuosity effects should be further investigated with varying 

aspect ratios. Interface models need to be developed to achieve better understanding on the 

mechanical properties of DE nanocomposites. Finally, electromechanical coupling models need 

to be developed to investigate the coupling effects of DE nanocomposites filled with MWNTs. 
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Appendix: Commands to Run COMSOL Multiphysics in a Batch Mode on 

High Performance Computing Facilities Available at University of California, 

Irvine. 

 

“qsub.sh” 

 

#!/bin/bash 

# DO NOT SET THE -cwd flag for a /scratch job 

 

#$ -cwd 

#$ -q cee 

#$ -pe openmp 32 

 

# specify the genuine bash interpreter 

#$ -S /bin/bash 

 

# specify the name of the job displayed in 'qstat' output 

#$ -N comsol 
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# email me when things happen 

#$ -notify 

 

# at this address 

#$ -M yuw2@uci.edu 

 

# these are the things I want to be notified about 

# b=begin; e=end; a=abort; s=suspend 

#$ -m beas 

 

# set the output file name 

#$ -e comsol.err 

 

# set the error file name 

#$ -o comsol.out 

 

# make sure you have a clean module env 
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module purge 

 

# this job requires comsol 

module load comsol 

 

# finally execute the application with the output tagged with the ${hn} suffix 

#comsol batch -inputfile YOURINPUT -outputfile YOUROUTPUT 

 

echo "Here's the module environment:"  

module list 

 

echo ${HOSTNAME} 

 

date 
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“submit.sh” 

 

#! /bin/bash 

 

date >> history 

echo $* >> history 

 

file=tmp.sge 

 

cat /share/pub/yuw2/comsol/qsub.sh > $file 

echo $* >> $file 

 

qsub $file 

 

rm -f $file 

 

 




