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ABSTRACT 

Low-cost, simple and robust actuators are important for emerging robotics 

technologies.  In this thesis, a hyperelastic spherical dielectric elastomer actuator 

(DEA) was fabricated out of BJB TC-5005 and tested to determine its feasibility 

as an actuator. The mechanics of the actuator were modelled analytically using 

an Ogden material model for large deformations. The electrical actuation 

mechanism was also derived. A seamless spherical DEA with an external radius 

of 30.65 mm was inflated, recording the expansion with and without actuation 

potentials. The hysteresis upon inflation and deflation of the spherical DEA was 

also investigated, and a pressure difference of 65Pa was recorded. The force 

output of a sandwich-type compression of the sealed spherical DEA was 

measured with different actuation potentials and compression distances. The 

sandwich-type compression is suitable as an actuator as it showed a 3% change 

in height when inflated to 817 Pa and loaded from 2 to 6 N.  

 
Keywords: Electroactive Polymer (EAP), Dielectric Elastomer (DE), Spherical 
Actuator,  
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1:  INTRODUCTION 

1.1 Motivation 

Future technological applications will require the use of actuation devices 

that are inexpensive, lightweight, compact and easily fabricated. The majority of 

conventional actuators require moving parts, bulky power transmission lines, and 

expensive external devices [1]. In recent years, active materials such as 

piezeoelectric ceramics and polymers, shape memory alloys, magnetostrictive 

materials and dielectric elastomers (DEs) have been employed for integrated 

actuators. Integrated actuators can range from a piezoelectric tube to a linear 

actuator consisting of a screw, motor and frame. Compared to transducers, the 

previously mentioned active material actuators are not mechanically complex, as 

they do not include any moving parts. DEs, when compared to the other active 

materials, have high overall performance, including a fast response rate, large 

maximum strain, and large maximum efficiency [2].  

The vast majority of DE research has been in developing different actuator 

designs and their applications. The different configurations already fabricated 

include planar devices [3], rollers [4], tubes [5], stacks [6], diaphragms [7], 

buckling and circular elements [8, 9], and active hinges [10]. Planar and 

diaphragm actuators are easy to fabricate; however, they have not been shown 

to exert large amounts of force under compressive loads [3, 5]. It has been 

reported that stack and rolled actuators are capable of applying larger amounts 



 

 2 

of force; however, they require difficult fabrication processes [4, 6]. The focus of 

this project is to continue research done by M. Soleimani [11] on spherical 

dielectric elastomer actuators (DEAs). The proposed actuator is easier to 

manufacture than stacked or roller actuators and can of exert force under 

compressive loads. Additionally, unlike hinge or rolled actuators, it does not 

require a supporting structure. 

The potential future applications for spherical actuators range from 

seeking antennas for wireless communication [12] to adjustable suspension 

systems. Another potential application is spherical rovers for planetary 

exploration. Actuating individual sections (1/8th of the sphere) would allow control 

of the rotation of the actuator [13]. We are also trying to understand the proposed 

system to gain insight into design improvements for planetary rovers. The goal of 

this thesis is to understand the behaviour of the elastomer and the proposed 

actuator. 

1.2 Thesis Outline 

Chapter 1 presents a brief introduction and presents motivations for the 

work. 

Chapter 2 gives a general literature review about different electroactive 

polymers, and specifically DEAs. The principles of their operation are described 

and selected actuators are presented. A brief literature review of the elastomer 

materials and electrode materials is also presented. 
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Chapter 3 is the derivation of the mechanical framework used in the 

analytical modelling of Chapter 4. The derivation is done from first principles in 

order to understand the limitations of any subsequent models produced.  

Chapter 4 is the derivation of the analytical models for the spherical 

actuator. The mechanical model is derived to allow for large deformation and 

non-linear elasticity. The electrical model for actuation is also derived in detail. 

Chapter 5 presents the fabrication of the DE material and then describes 

the mechanical testing done in order to measure its elastic properties. The 

fabrication procedure of the spherical actuator is also discussed. 

In Chapter 6, we discuss the experiments conducted to evaluate the 

spherical actuator. The inflation with various actuating potentials, as well as the 

force output when compressing the spherical actuator, is measured. The 

hysteresis effects of the spherical actuator are also measured in order to 

evaluate the reproducibility of the device. 

In Chapter 7, we discuss the attempts at discrete modelling of the 

spherical actuator through finite element analysis. This chapter briefly discusses 

the procedure and identifies the issues encountered. We also discuss future work 

for the spherical actuator. 

Finally, Chapter 8 summarizes this thesis. We summarize the conclusions 

from the experimental results and discuss the feasibility of the actuator.  
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2: LITERATURE REVIEW 

2.1 Electroactive Polymers 

Electroactive polymers (EAPs) have the ability to convert electrical energy 

into mechanical work. This enables the EAPs to be used as actuators [14]. These 

actuators have potential applications in aerospace, robotics [15] and biomedical 

applications [7, 16].  

EAPs are a class of active polymers that can change in shape, size or 

volume when they are electrically activated [17]. EAPs can be broken into two 

main categories based on their method for activation [2]. The first type is ionic 

EAPs. The ionic EAP is placed in an electrolytic solution and when an electric 

field is applied, the ions migrate due to Coulomb forces, causing a change in 

shape or volume [18]. Electronic EAPs are the second type. For these, the 

polymer is the dielectric material between two electrodes and the Coulomb forces 

between the charged electrodes cause electromechanical deformation [19]. 

Figure 2-1 shows the breakdown of the different types of EAPs into ionic and 

electronic types. Table 2-1 shows a comparison of the measured strain, 

maximum stress, efficiency and response time for the most commonly used 

EAPs. The data points listed in Table 2-1 were acquired with different 

experimental procedures and should only be used for qualitative comparison. 

Ionic EAPs have one considerable advantage over electronic EAPs, which 

is that ionic EAPs require a much lower voltage to actuate the material. This 
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actuation voltage is typically within the range of 1-2 V [18, 20]. The electronic 

EAPs typically require larger voltages, up to several thousand volts [21]. 

Electronic EAPs have the ability to undergo large in-plane deformations, whereas 

ionic EAPs are generally more suited to a bending type of action [22]. 

 

 
Figure 2-1: Classification of different EAP materials in two main groups based on their 

method of expansion [2]. 

2.1.1 Ionic EAPs 

Ionic EAPs need to be in a wet environment (an electrolytic solution) in 

order to actuate, as ions are required to move within the material in response to 

the applied electric field [2, 22, 23]. The following paragraphs are discussions of 

the more commonly studied types of ionic EAPs. These types and mechanisms 

used for actuation will be touched on only briefly, as they are not the focus of the 

thesis.  
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The ionic polymer gels consist of a cross-linked polymer, typically 

polyacrylic acid, in an electrolyte solution [24]. Ionic polymer gels are classified 

as a type of hydrogel because the polymer swells in water [24]. When placed in 

water, these polymers actuate by a change in the polymer-liquid interaction, that 

is, by a change in the degree of swelling. The ions migrate through the gel and 

electrolyte when an electric field is produced [25]. Ionic polymer gels tend to 

react slowly, as the ions must diffuse through the gel and electrolyte. 

The mechanism behind conductive polymer actuation is based on an 

electrochemical redox cycle [26]. Conductive polymers tend to expand 

perpendicularly to the polymer chains. Changes in the oxidation state of the 

polymer result in a charge flux along the polymer chain [2, 27, 28]. Charge 

balance is maintained by having the ions in the electrolyte solution flow to 

balance the charge. 

 Carbon nanotubes (CNTs) can be used as actuators when they are 

bundled together and placed in an electrolyte solution. The tubes are largely 

parallel and are held together through Van der Waals forces [29]. When voltage 

is applied between the CNTs and a counter electrode, the ions flow away from 

the counter electrode and attach themselves to the CNTs [30]. This build up of 

charge on the surface of the CNTs causes a subsequent rearrangement of the 

charge within the tube causing the CNTs to expand. The resulting actuation is 

due to the rearrangement of the charge from the Coulomb forces [27, 30]. CNTs 

require low actuation voltages (~1 V); however, the strains are limited, <2% [27]. 
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Table 2-1: Comparison of Actuator Materials [24]. Maximum stress and strain are the 
rupture point of the materials. Maximum Efficiency is the theoretical maximum 
efficiency calculated by the difference of the total energy used and the energy 
required in actuating, all divided by the total energy used. Response time is 
the amount of time for the actuation and relaxation cycle. 

Type Maximum 
Strain 

% 

Maximum 
Pressure 

MPa 

Maximum 
Efficiency 

% 

Response 
Time 

Reference 

Dielectric elastomer 
(acrylic with prestrain) 

380 7.2 60-80 ~100 ms [19, 27, 
31] 

Dielectric elastomer 
(silicone with prestrain) 

63 3 90 ~ms [31] 

Dielectric elastomer 
(silicone-nominal 
prestrain) 

32 1.36 90 ~ms [19] 

Electrostrictive polymer 
[P(VDF-TrFE)] 

4.3 43 ≈80 ~ms [19] 

Piezoelectric ceramic 
(PZT) 

0.2 110 >90 ~ms [19] 

Piezoelectric polymer 0.1 4.8 - ~ms [19] 

Conducting polymer 
(PANI) 

10 450 <5(est.) ~s [19, 32] 

Ionic Gels 
(polyelectrolyte) 

>40 0.3 30 ~s [19] 

 

2.1.2 Electronic EAPs 

Ferroelectric polymers have a non-centro-symetric crystal structure that 

exhibits a permanent electric polarization. The electric dipoles are aligned in an 

electric field, and the material maintains its polarization once the field is removed 

[33]. The induced polarization can be removed by heating above the Curie 

temperature [34], or by applying a reverse electric field [35]. Ferroelectric 
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polymers have nonlinear polarization curves that demonstrate pronounced 

hysteresis. Some examples of ferroelectric polymers are Nylon 7 and 11 [36] and 

polyvinylidene difluoride (PVDF) [37].  

Dielectric elastomers (DE) are essentially compliant variable capacitors 

that consist of a thin elastomeric film coated on both sides with a compliant 

electrode. When an electric field is applied to the electrodes, electrostatic 

attraction between opposite charges on the electrodes generates a stress on the 

film causing it to compress in thickness. The repulsion of like charges causes an 

expansion in area. Most DEs are incompressible materials so that any 

contraction in the thickness results in an increase in the planar area. The typical 

operating voltages for DE films with thickness of 10-100 µm can range from 500 

V to 10 KV. The driving currents are very low for the device due to their 

electrostatic nature. Theoretically they should consume little power to contract 

and require no power consumption in order to maintain the actuated shape [24]. 

Dielectric EAPs are the focus of the thesis and will be discussed further in 

section 2.2 

Piezoelectricity is observed in certain materials, where a mechanical 

deformation produces an electric field within the material. Conversely, an applied 

electric field produces a mechanical deformation. The key factor in 

piezoelectricity is that the dipole moment in the material changes with 

mechanical stress. This can be achieved by a reconfiguration of the dipole-

inducing surroundings or by reorientation of the dipole moments with an external 

stress [38]. In polymers, the piezoelectric effect comes from the intertwined 
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polymer chains attracting and repelling each other when an electric field is 

applied. Polyvinylidene fluoride (PVDF) exhibits very strong piezoelectricity [39]. 

Liquid crystal (LC) elastomers combine the orientation alignment 

properties of LC with the elastic properties of elastomer networks [40]. The bulk 

of LC elastomer research is done on nematic polymer systems. In the nematic 

LC phase, there is no positional order of the molecules; however, the molecules 

do self align to have long-range directional order [40]. The LC elastomers 

incorporate the LC molecules into the backbone of the polymer network. The LC 

elastomers will elongate when the LC molecules align with an applied electric 

field [41]. Strains of 4% at 133 Hz have been achieved with a field strength of 1.5 

MVm-1 [42]. The small-to-moderate strains achieved in these materials with low 

elastic moduli means that the work densities will be low where the work density is 

the amount of useful work done by the actuator divided by the density of the 

active material.  

2.2 Dielectric Elastomer Materials 

2.2.1 Elastomer Materials 

There has been considerable testing of different materials for use in 

DEAs. The most promising materials are acrylic elastomers, polyurethanes and 

silicones for their ability to exhibit strains in excess of 100% [19]. Their 

incompressible rubber-like nature also maximizes the strain, i.e. change in shape 

with applied stress, as the volume of the elastomer remains constant. The key to 

developing the strains in these materials was to use pre-strain. This means that 
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the polymer is designed to be under strain without actuation. Figure 2-2a is a 

representation of a planar actuator with fixed boundaries on all sides. Actuation 

will cause an expansion in the surface area of the polymer where the electrodes 

are, and a corresponding compression in thickness. If the polymer is not pre-

strained, when actuated, the polymer in area 2 will resist the expansion of 

polymer in area 3, limiting the ability for area 3 to expand. If area 2 and 3 are pre-

strained, when actuated, area 2 will assist in expanding area 3 by reducing the 

strain in area 2 of the material. Figure 2-2b shows a diagram of a sealed 

spherical actuator, with constant gas mass and with internal and external 

pressures noted as P1 and P2. If P1 and P2 are equal before actuation, once 

actuated, the spherical actuator walls will expand and cause a reduction of the 

gas pressure inside, consistent with Boyle’s Law, which states that the product of 

the pressure and volume is constant for a closed system with constant 

temperature. However, the larger outside pressure then acts against expansion 

of the sphere and results in a contraction in the spherical actuator. If P1 > P2 

before actuation, once actuated, the spherical actuator wall will expand and, with 

P1 still larger than P2, will act in conjunction with the actuation to cause an 

expansion in the spherical actuator. 
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Figure 2-2: Diagram of a) a planar actuator where 1 is the fixed boundary of the stretched 
polymer, 2 is the polymer sheet without electrodes and 3 is the area of the 
polymer sheet with electrodes. b) Is a diagram of a sealed spherical actuator 
where P1 is the internal pressure, P2 is the pressure outside the sphere and 
the circle represents the actuator. 

 

Figure 2-3 shows the quantitative effect of pre-strain on the elastomer, as 

well as the effect of pre-strain on the stress from actuation. The electrical 

breakdown of the polymer, with and without pre-strain, is plotted. This shows how 

a pre-strain will allow larger electric fields in the polymer. The exact mechanism 

for the effect of pre-strains is not well understood [24], although it has been 

shown that pre-straining reduces the viscoelasticity in the polymers [9, 43] as 

well as increases the electrical breakdown field by a factor of 10 in acrylic 

elastomers [44].  
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Figure 2-3: Characteristic stress of a DE film as a function of mechanical strain or electric 

field (constant voltage condition). The charts with origin at O are for a non-
pre-strained film and at O’ for the pre-strained film. The cross (x) indicates 
dielectric breakdown and the solid and dashed lines indicate stable actuation 
strain. Small o and large O represent the apparent breakdown field and actual 
breakdown strength respectively. Adapted from [24]. 

The most promising acrylic elastomers in terms of strain performance, 3M 

VHB 4910 and 4905, have been reported to have strains in excess of 380% for a 

highly pre-strained material. The efficiencies of the VHB acrylics have been 

shown to be upwards of 90% and the theoretical work density of the elastomer is 

3.4 MJm-3 [21].  Cone shaped samples of VHB 4905 were cycled to rupture, 

which occurred at 307 cycles on average, but with a standard deviation of 387 

cycles [45]. 
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Polyurethane (PU) elastomers were investigated as DEs because their 

higher dielectric constant results in a larger force output than acrylic elastomers 

can achieve [24]. The main disadvantage of PUs is that the strain is more limited 

than it is for acrylic and silicon elastomers [46]. 

Silicone elastomers have the major advantage of having lower 

viscoelasticity than acrylic elastomers. This lower viscoelasticity allows the DE to 

operate at a higher frequency with lower losses [47, 48]. Silicone elastomers are 

also able to operate over a wide range of temperatures [49]. These show limited 

ability to actuate without pre-straining, however pre-straining greatly improves the 

actuation. Silicone elastomers are able to achieve strains of over 100%, but they 

do fall short of acrylic elastomers in this regard [19, 46]. One other disadvantage 

of silicone elastomers is that they have a relatively low dielectric constant and 

require higher voltages to actuate [31, 50]. However, the low dielectric constant 

can be overcome by blending polymers or by adding oxides in the fabrication of 

the polymer. 

It should be noted that the current materials used in DEAs were not 

designed for this purpose and function by coincidence. Research into novel 

materials has made slow progress [24].  

2.2.2 Electrodes 

The electrodes on a DEA are just as important as the dielectric materials 

themselves. The electrodes pose a difficulty, as they are required to undergo the 

same strains as the polymer. The original tests of DEAs were preformed with 
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metallic electrodes. While the metallic electrodes maintain good conductivity, 

their high stiffness limits strain to 1%. The ideal electrodes should be able to 

maintain high conductivity at large strains, have negligible stiffness, maintain 

good stability and be fault tolerant. A study of various electrodes was performed 

by Carpi et al. in 2003, and is summarized below [3]. 

Typical electrodes used include metallic paints (silver grease or paint), 

carbon grease, graphite, carbon powder and beaten gold. Wet electrodes such 

as carbon grease or metallic paint are very commonly used electrodes, as they 

maintain good conductivity at high strains, adhere well to the DE materials, and 

are cheap and easy to apply. Dry electrodes, such as carbon powder and 

graphite, are also commonly used. They offer the same benefits as the carbon 

greases and are also much easier to handle. Dry electrodes are more suited for 

multilayered devices, as the wet electrodes tend to have slippage, which can 

result in inhomogeneities in the coverage of the electrode. However, dry 

electrodes can have problems at larger strains, as the particles tend to be pulled 

apart, preventing the electrode from conducting. Gold electrodes that consist of a 

thin layer of beaten gold showed an attractive property, which is called the “self-

healing” effect. Preliminary tests showed that, when an electrical breakdown 

would normally have occurred, the thin gold layer was vaporized. This 

vaporization leaves a conducting gap in the electrode, but allows the actuator to 

function. If vaporization had not occurred, there would have been a short circuit 

and actuation would not have occurred. The actuator with gold electrodes could 
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not fail, as the distance between the electrodes was sufficiently large to prevent 

electrical breakdown. 

Research has been done to develop new, more sophisticated electrodes. 

One technique was to first apply a compressive strain to the DE in order to create 

surface waves. The surface wave technique allowed the creation of a gold 

electrode that could withstand a strain up to 22% [51]. In another study an 

anisotropic electrode that can obtain strains of 33% in one direction was 

developed [52]. The key to achieving this strain was to pre-pattern the DE in a 

corrugated pattern and an actuator design that allows extension in the corrugated 

direction when actuated. Figure 2-4 shows the corrugated electrode with strain 

direction indicated. The corrugation of the electrode also prevented the DE from 

expanding in the non-corrugated direction.  

 
Figure 2-4: Diagram showing the surface patterning of the DE for the fabrication of the 

corrugated electrode. 

Studies performed by Yuan et al. [53] have shown that conductive 

polyaniline (PANI) fibres, carbon nanotubes (CNT) and poly(3-

decyloxythiophene-2,5-diyl) (P3DOT) are promising electrodes for actuators that 
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have puncture fault tolerant behavior. Nanowires and tubes are of interest as 

they are able to maintain a percolation network at large strains thus reducing the 

thickness of the electrode required. The PANI and CNT electrodes are also 

capable of “self-clearing”. This “self-clearing” is done by burning off the electrode 

locally in the event of a short through the dielectric film. Figure 2-5 shows an 

image of a DEA with CNT electrodes punctured by a cactus needle.  

 

 
Figure 2-5: Fault tolerance of CNT electrodes. From left to right: pre-strained planar 

circular VHB acrylic actuator with CNT electrodes (black); actuated; actuated 
with a cactus pin though the active area [54]. 

2.3  Actuators based on Dielectric Elastomers 

Since DEs can be fabricated in different configurations and shapes, a 

variety of different DE actuators have been created [3-7, 9, 10, 16]. These 

actuators can be broken into two categories: 1) non-pre-strained actuators and 2) 

pre-strained actuators that are supported by an external frame [20]. 

2.3.1 Non-Pre-Strained Actuators 

The non-pre-strained actuators have the benefit of reduced bulk as they 

have no frame attached; however, they have lower electrical breakdown values, 
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resulting in lower maximum actuating strains. The planar actuator is the most 

basic actuator created. The planar actuator consists of a sheet of DE material 

with electrodes on both sides [3]. The planar actuator will be used as a basis to 

describe some other actuators. Figure 2-6 shows the non-actuated and actuated 

DEA. 

 

 
 a)      b) 

Figure 2-6: a) Non-actuated planar DEA; b) Actuated planar DEA. Arrows indicate a 
contraction in thickness and expansion in planar area when actuated. 

A unimorph actuator consists of a planar DEA that has been constrained 

by a stiffer material along one electrode plane [14, 55]. When the unimorph 

actuator is actuated, the unimorph actuator bends towards the constrained 

material. Figure 2-7a shows a schematic drawing of the unimorph actuator. 

A bimorph actuator is created by having two planar DEAs stacked on top 

of each other [14, 55]. When one of the planar actuators is activated, the actuator 

will bend similarly to the unimorph actuator. When both of the bimorph actuators 

are activated, then the actuator will expand in area. Figure 2-7b shows a 

schematic diagram of a bimorph actuator. 
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A folded actuator, shown in Figure 2-7c, is constructed by folding one long 

dielectric elastomer several times in alternate directions to achieve the desired 

multilayered configuration [6]. The DEA must be folded in alternating directions in 

order to prevent opposite electrodes from making contact. It has been shown that 

this type of actuator can provide up to 15% strain and support external forces. 

Stacked actuators consist of many separate layers of DEAs with 

intermediate electrodes [6], shown in Figure 2-7d. They can take external 

pressure forces in the thickness direction and provide stresses up to 20 N/mm2 

under actuation, which enables contraction along the thickness direction.  
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Figure 2-7: a) Planar actuator b) Bimorph actuator c) Folded actuator d) Stacked actuator. 

Adapted from [20]. 

2.3.2 Pre-Strained Actuators 

There are many reasons for pre-stretching a DE, such as decreasing the 

elastomer thickness and simultaneously lowering the applied voltage required or 

increasing the electrical breakdown strength [56]. The spring roll actuator is 

obtained by wrapping a spring with a planar DEA [57]. The planar DEA is 

stretched to reach both ends of the spring, which in turn compresses the spring. 

When the actuator is activated, the planar sheet expands, as does the spring. 

The spring roll actuator can be designed to obtain a linear extension or a 
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bending. The bending can be obtained by segmenting the planar DEA into 

separately actuated areas. The total force of this system has been recorded at 20 

N with a free strain of 35%. Figure 2-8a shows a 2 degree of freedom spring roll 

actuator at rest and Figure 2-8b shows the actuator bending. 

 

 
a) b) 

Figure 2-8: a) Spring roll actuator at rest b) Spring roll actuator actuated to cause bending 
[57]. 

A diaphragm actuator is constructed by laying a planar DEA on a hard 

surface with small holes and sealing all the edges, as shown for a circular 

diaphragm in Figure 2-9. Assuming air can flow through the holes, the DEA will 

buckle and lift off the surface when actuated. The diaphragm actuator can 

produce a vertical extension of up to 50% of the diameter [7, 8, 58, 59]. 
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Figure 2-9: Diaphragm Actuator adapted from [59]. 

 

The diamond hinge type actuator consists of a pre-strained planar DEA 

fixed in a frame. The frame has a four bar linkage geometry as shown in Figure 

2-10a). Further pre-strained loads are introduced by a pair of elastic bands, 

which are attached parallel to each other, as shown in Figure 2-10b). The planar 

DEA expands under activation and thus the diamond-shaped actuator elongates 

uniaxially (linear actuator), as shown in Figure 2-10c) [60, 61].  
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Figure 2-10: a) Planar DEA and frame assembly of diamond actuator b) Diamond actuator 

at rest c) Actuated diamond actuator. The white horizontal bands are the 
elastics [61]. 

Table 2-2: Comparison of DEA actuators at maximum capability. 

Actuator Mass of 
actuator 
(kg) 

Volume 
of 
actuator 
(m3) 

Density 
of 
actuator  
(kgm-3) 

Force 
exerted 
on load 
(N) 

Force 
divided by 
density 
(Nm3/kg) 

Reference 

Spring Roll (20 film 
layers) 

0.01 5.1x10-6 1960 15 7.7x10-3 [4] 

Spring Roll (35 film 
layers) 

0.01 5.1x10-6 1960 21 1.1x10-2 [4] 

Diamond Hinge 0.312 9.4x10-4 333 0.3 9.0x10-4 [10] 

 

As shown, EAPs are a large group of polymers that can function as 

actuators. Their mechanism for actuation varies depending on the material used. 

The effects of pre-straining have been discussed, as were the different types of 
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available electrodes. Table 2-2 shows the dimensions, mass and force output of 

a few actuators, where such information was available. With the desire to have 

compact and lightweight actuators, we have calculated the force divided by the 

density of the actuator in order to assist in a quantitative comparison.  

The spherical DEA proposed in this thesis is unique, as it is a pre-strained 

actuator that does not require a frame. The force that the actuator produces is 

from the air compressed inside the spherical DEA. The actuation affects the 

pressure by altering the volume of the air inside the spherical DEA. The 

electrodes used are dry electrodes (carbon black), as this is a preliminary study. 
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3: ANALYTICAL MODELING 

An analytical model to describe and predict the behaviour of the spherical 

DEA is desired in order to understand the effects of the mechanical properties of 

the material and the geometric parameters.  To achieve an analytical model and 

to understand its limitations, we derive it from first principles in this section. 

3.1 First Principles Derivation 

In order to model the behaviour of the spherical DEA, we can begin with a 

model for elasticity. The simplest model for elasticity is Hooke’s Law, which is 

stated as, “The observation that elongation is directly proportional to force for 

elongations that are not too great” [62]. Hooke’s law is a useful approximation for 

materials that exhibit a linear or “Hookeian” elasticity. This can be expressed 

mathematically by 

 
  F = k!x,  

(3.1) 

where F is the force to stretch the material, Δx is the extension and k is the 

proportionality constant. Hooke’s law is inconvenient for the analysis of materials, 

as it depends on the geometry and materials of the sample under investigation. 

We can remove the dimensions of the material by involving the cross-sectional 

area of the material and the initial length. The force divided by the cross sectional 

area, A0, is stress: 
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σ =

F
A0

, 
(3.2) 

 

and Δx divided by the initial length, x0, gives strain: 

 

  
ε =

Δx
x0

. 
(3.3) 

If we take Equation (3.1) and multiple by a unitary value (
  

A0

A0

and 
  

x0

x0

) to 

the left and right hand and substitute Equation (3.2) and (3.3) into Equation (3.1) 

we can arrive at:  

 

  
F !

A0

A0

= k"x !
x0

x0

  #   $ =
k ! x0

A0

%   #   $ = E%.  
(3.4) 

The coefficient 
   

kix0

A0  
or E, called the Young’s Modulus or elastic modulus, 

is a mechanical property of an elastic material and can be calculated by a simple 

mechanical traction test. An example of a typical stress and strain curve is shown 

in Figure 3-1, and aspects of the plot are shown below: 

•  Area #1 is the elastic region: This region is where the material 

undergoes a little elongation (from ε=0 to ε=εyp) and returns to its 

original shape. The slope of the line from strain 0 to εyp gives the 

elastic modulus of the material 

• Area #2 is the plastic region: This is the region where the material 

undergoes a permanent deformation. If the material is released, only 

the elastic deformation will be recovered. The yield point is the point 
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where the material begins to deform plastically and is denoted by σys	  
and εyp for the respective stress and strain.  

• Area #3 is the break region: This region is where the material begins to 

break. The material does not have to rupture in this region, but the 

cross-section of the material begins to change more rapidly than the 

previous regions. The region starts at the ultimate tensile strength (σuts 

and εyp)  

 
Figure 3-1: Stress-strain curve for an elastic material [13]. 

3.2 Small-Strain Approximations of Isotropic Polymers 

If a unit cube of isotropic material has a tensile stress applied to it, there 

will be an extension in the direction parallel to the stress as wells as a contraction 
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in the perpendicular direction. This is shown in Figure 3-2. Poisson’s ratio, ν, is 

defined by the ratio of the parallel and perpendicular strains, 

 

  
ν =

−εperpendicular

εparallel

.  

(3.5) 

Poisson’s ratio can take on a large range of different values. A value of ½ 

corresponds to a material that is incompressible, meaning that the total volume is 

conserved. A negative Poisson’s ratio corresponds to a material whose cross-

section enlarges when a tensile stress is applied [63]. Open-cell foam can have a 

negative Poisson’s ratio. Cork has a value of approximately zero, indicating that 

tensions in one direction do not to affect the other directions.  

 

 
Figure 3-2: a) Diagram of unit cube with (b) tensile stress applied in one direction 

The bulk modulus, K, of a material can be defined by 
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1
K

= −
1
V
⎛
⎝⎜

⎞
⎠⎟

dV
dP

,  
(3.6) 

 

where V is the volume and P is the applied pressure. The negative sign is 

introduced so that K is positive. If we assume the material response is linear and 

an equal tensile stress is applied in all three directions, the bulk modulus can be 

related to the elastic modulus by 

 

  
K =

E
3 1− 2ν( ).  

(3.7) 

The shear modulus G is defined in terms of the shear strain θ produced by a 

shear stress τ , assuming that θ is very small so that 

 

  
G =

τ
θ

. 
(3.8) 

Like the bulk modulus, the shear modulus can be related to the elastic modulus 

as  

 

  
G =

E
2 1+ ν( ). 

(3.9) 

Equations (3.7) and (3.9) show that there are only two independent elastic 

constants for isotropic elastic solids. This is because the shear modulus, G, and 

bulk modulus, K, depend only on the Young’s modulus, E, and Poisson’s Ratio, 

ν .  
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For an isotropic material, an equation can be derived to relate the stresses 

and strains in all directions. If we take our example in Figure 3-2, we see that a 

tensile stress in the x direction gives resulting contractions in the z and y 

directions. This can be expressed mathematically as 

  

E! x = " x 1+#( )$#" x
%& '(,

E!y =     0        $#" x
%& '(,

 

 (3.10) 

 (3.11) 

and 

  
E!z =     0        "#$ x

%& '(.  
 (3.12) 

If we were to apply tensile stress in 3 perpendicular directions to the cube, they 

can be summed and simplified to give [64] 

 

  
ε i =

1
E

σ i 1+ ν( )−ν σ x +σ y +σ z( )⎡
⎣

⎤
⎦ , i = x,y,z. 

 (3.13) 

In the special case that a material is incompressible, i.e ν  = ½, we see 

from Equations (3.7) and (3.9) that the bulk modulus will be very large and that 

the shear modulus goes to G = E/3. The physical meaning of a large bulk 

modulus compared to the elastic modulus is that it is easier to deform the shape 

of the material than the volume. Substituting the incompressibility constraint 

reduces Equation (3.13) to  
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2ε i =

1
E

3σ i − σ x +σ y +σ z( )⎡
⎣

⎤
⎦ , i = x,y,z.  

(3.14) 

 

3.3 Phenomenology of Rubber Elasticity 

The mechanics of rubbers pose difficulties in modelling because of their 

ability to undergo large strains as well as their non-linear behaviour. 

Phenomological descriptions, which do not take the microstructure of the rubber 

into account, have been introduced to describe the rubber elasticity. There are 

two common ways to try to generalize the behaviour. The first way is to 

generalize to large strain values, and the second is to use a strain-energy 

density. 

In order to generalize to large strain values, two assumptions must be 

made: The first assumption is that the material is isotropic in its deformed state. 

The second assumption is that the material is incompressible, so that changes in 

the volume of the material as it deforms are small and thus can be neglected.  

In order to generalize to larger strain values, it is more common to use 

extension ratios, λ. The extension ratios are defined to be the ratio of the new 

length over the original length, mathematically as 
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λi =

xi

x0 i

, i = x,y,z,  
(3.15) 

where λi is the extension ratio in the i direction, xi is the final length in the i 

direction and x0i is the original length in the i direction.  

We can combine (3.15) with our definition of strain from (3.2) to relate the 

strain with the extension ratio to obtain  

 

  
ε i =

xi − x0 i

x0 i

=
xi

x0 i

−1= λi −1.  
(3.16) 

Thus, we end up with 

 
  λi = 1+ ε i  

(3.17) 

 

and  

 
  
λ

i

2 = 1+ 2ε i + ε i
2.  (3.18) 

Taking the limit that 1>>εi and neglecting higher-order terms, i.e. in the limit of 

small strain, gives 

 
  λi

2 = 1+ 2ε i .  
(3.19) 

With this expanded definition, we can expand on Equation (3.14) by adding one 

to both sides of the equation, resulting in 
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1+ 2ε i =

1
E

3σ i − σ x +σ y +σ z( )⎡
⎣

⎤
⎦ +1,  

(3.20) 

which can be reduced to  

 

  
λi

2 =
3
E

σ i + p*⎡⎣ ⎤⎦ ,  
(3.21) 

where  

 

  
p* = E

3
!

" x +" y +" z( )
3  

 (3.22) 

is the normalized hydrostatic pressure and is independent of σi in Equation (3.21). 

Now we can compare this model to Hooke’s Law by considering uniaxial 

tension in the z direction. This leaves σx= σy =0 and λx= λy by symmetry. Thus, 

we can relabel λz= λ and σz= σ. This then leads to  

 

  
! 2 = 3

E
" + p*( )  

(3.23) 
 

and  

 

  
λx

2 = λy
2 =

3
E

p*.  
(3.24) 

Now we add our incompressibility constraint, which will allow us to relate the 

extension ratios. This is expressed by 
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!x!y!z =

xxxy xz

x0xx0y x0z

= V
V0

= 1,  
(3.25) 

which gives constant volume. Using Equation (3.25), we can get 

 

  
! = !z =

1
!y!x

= 1
!x

2 = E
3p* .  

(3.26) 

Upon substitution into Equation (3.23); 

 

  
λ2 =

3
E

σ +
E
3λ

⎡

⎣
⎢

⎤

⎦
⎥  

(3.27) 

 

and solving for σ: 

 

  
σ =

E
3

λ2 −
1
λ

⎛
⎝⎜

⎞
⎠⎟

.  
(3.28) 

If we take the limit of small strain to our extension relations, ε<<1, we arrive at 

 

  
σ =

E
3

1+ ε( )2 − 1+ ε( )−1⎡
⎣⎢

⎤
⎦⎥
≅

E
3

1+ 2ε( )− 1− ε( )⎡⎣ ⎤⎦ = Eε,  
 (3.29) 

which gives us Hooke’s Law.  

Equation (3.28) gives us a material model that is compatible with both the 

isotropy and incompressibility of rubber and reduces to Hooke’s Law at small 

strains. These materials are generally known as Neo-Hookeian solids. Figure 3-3 
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shows a plot to illustrate the difference between Hooke’s Law and a neo-

Hookeian material. 

 

 
Figure 3-3: Example plot illustrating the difference between Hooke’s Law (Equation (3.4)) 

and a neo-Hookeian material (Equation (3.25)). 

 

3.4 Strain-Energy Density 

The strain-energy density deals with more general cases than uniaxial 

stress. When rubber is strained, work is done on the rubber in order to achieve 

the strain. The strain-energy density function, W, is defined as the work done per 

unit volume of the material. The shear strain is assumed to be zero in this model, 

so that W depends only on the extension ratios, as shown in the following 

equation: 
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W = f λ1,λ2,λ3( ).  

(3.30) 

The choice of axis is arbitrary so that Equation (3.30) must be independent 

of the permutations of the subscripts on the extension ratios [65]. There are an 

infinite number of functions that leave Equation (3.30) invariant. The simplest of 

these are 

 

 

λ1 + λ2 + λ3,

λ1
2 + λ2

2 + λ3
2,

λ1λ2 + λ2λ3 + λ3λ1,
 

(3.31a) 

(3.31b) 

(3.31c) 

 

and  

 
 λ1λ2λ3.  

(3.31d) 

Rivlin first made the assumption that Equation (3.30) involves only even 

powers of the products of λi [66]. The simplest functions that can be constructed 

are 

 

  

I1 = λ1
2 + λ2

2 + λ3
2,

I2 = λ1
2λ2

2 + λ2
2λ3

2 + λ1
2λ3

2,

I3 = λ1
2λ2

2λ3
2.

 

(3.32a) 

(3.32b) 

(3.32c) 

However, because of the incompressibility constraint shown in Equation (3.25), 

I3=1 and I2 can be reduced to 



 

 36 

 

  
I2 =

1
λ1

2 +
1
λ2

2 +
1
λ3

2 .  
(3.33) 

Now because W=0 when λ1= λ2= λ3=1, meaning the energy is zero when 

no strains are applied, the simplest possible form of the strain energy density 

function is [64] 

 
  
W = C I1 − 3( )= C λ1

2 + λ2
2 + λ3

2 − 3( ),  
(3.34) 

where C is a material constant. In order to utilise the strain-energy density, we 

need to relate this to the stress, which can be done through  

 

  
σ i = p + λi

∂W
∂λi

,  
(3.35) 

where p is the hydrostatic pressure [65]. This is a simplification of the Cauchy 

stress-tensor formulation for incompressible rubbers. Using Equations (3.34) and 

(3.35) and the uniaxial set up discussed above, we can arrive at the neo-

Hookeian model from Equation (3.28) with C=E/6. This relationship allows us to 

confirm that the strain-energy-density formulation applies to large strains. 

Mooney [67] and Rivlin [66] have presented a phenomenological model 

using the strain-energy density, which has the form of 
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W =

µ1

2
I1 ! 3( )! µ2

2
I2 ! 3( ),  

(3.36) 

where µi are the material constants. The material constants, µ 1 and µ 2, are 

usually obtained from fitting a stress-strain curve. This model has had good 

success in modelling many hyperelastic polymers. 

The Ogden model is the most complicated phenomenological model for 

hyperelastic materials discussed in this thesis [68]. The model neglects Rivlin’s 

constraint that invariants have even powers. Ogden’s model allows the powers 

on the extension ratios to be fit along with the material constants from 

experimental tests. This allows for a more precise description of the polymers. 

However, the Ogden model has drawbacks, as the powers are fit parameters and 

are not whole numbers. Thus, manipulations for analytical modelling can become 

very challenging, as discussed later in the thesis. Ogden’s model takes the form 

of 

 

  
W =

µi

! i

"1
! i + "2

! i + "3
! i # 3( )

i=1

N

$ ,  

(3.37) 

where αi and µi are fit parameters and N is the number of desired terms. The 

model is most commonly used with N=2, and N=3 can describe most rubbers 

very accurately [65]. The Ogden model can also describe the neo-Hookeian 

model, with N = 1 and α = 2, and Mooney-Rivlin model, with N = 2, α1 = 2 and α2 

= −2. 
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The Mooney-Rivlin and Ogden models are phenomenological models that 

are concerned with the description of the observed elastic behaviour of real 

materials.  More specifically, they deal with the mathematical representation of 

the macroscopic elastic properties found from experimental tests, and not the 

explanation of how these properties arise from the underlying microscopic 

behaviour [65]. 

In this chapter, we derived the mechanics of stress and strain from first 

principles. The model was then expanded to incorporate large strain values, 

yielding the neo-Hookeian model. This phenomenological construction of the 

strain-energy-density was shown to yield the neo-Hookeian model. The 

phenomenological Mooney-Rivlin and Ogden models were also discussed. We 

will apply the Ogden model to the DE materials used in this work. 
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4: ANALYTICAL MODELING FOR SPHERICAL DEA 

Now that we have introduced the method for modelling the spherical DEA, 

we can discuss the specific problem of modelling the spherical DEA. 

4.1 Hyperelastic Sphere 

In this section, the analytical model of the expansion of a hyperelastic 

spherical shell will be derived. The derivation is based on a previously derived 

result [65], and is done best in spherical coordinates. Let us denote the 

subscripts of our extension ratios by the appropriate spherical variables. In order 

to define our extension ratios, we must first define our coordinate system. Let 

(r,θ,φ) be the coordinates in the deformed state and (R,ϑ,ϕ) be the coordinates 

in the undeformed state, giving the extension ratios below.  

 

  
λ1,λ2,λ3( )= λρ,λθ ,λϕ( )= r

R
,θ
ϑ

,ϕ
φ

⎛
⎝⎜

⎞
⎠⎟

 
(4.1) 

The spherical shell will have an interior and external radius of A and B in 

the undeformed state, and an internal and external radius of a and b in the 

deformed state. 

Using Equation (3.35) and the Ogden model (3.27), we can arrive at the 

stresses in the three directions: 
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σ i = p + λi µ1λi

α1−1 + µ2λi
α2 −1⎡⎣ ⎤⎦ , i = ρ,θ,ϕ.  

(4.2) 

Because of the radial symmetry of the sphere, we can conclude that 

 
 
λθ = λϕ = λ.  (4.3) 

This reduces the stress to a pair of equations: 

 

  
σρ = p + λρ µ1λρ

α1−1 + µ2λρ
α2 −1⎡⎣ ⎤⎦  

(4.4) 

and  

 

  
σθ = σϕ = p + λ µ1λ

α1−1 + µ2λ
α2 −1⎡⎣ ⎤⎦ .  

(4.5) 

Using the incompressibility constraint from Equation (3.25), we can reduce the 

equations to be a function of only one variable 

 

  
λ2λρ = 1→ λp =

1
λ2 ,  

(4.6) 

yielding 

 

 
λρ,λθ ,λϕ( )= 1

λ2 ,λ,λ
⎛
⎝⎜

⎞
⎠⎟

,  
(4.7) 

and changing our stresses to 
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σρ = p +

1
λ2 µ1λ

2 1−α1( ) + µ2λ
2 1−α2( )⎡

⎣
⎤
⎦  

(4.8) 
 

and  

 

  
σθ = p + λ µ1λ

α1−1 + µ2λ
α2 −1⎡⎣ ⎤⎦ ,  

(4.9) 

which simplifies to 

 

  
σρ = p + µ1λ

−2α1 + µ2λ
−2α2⎡⎣ ⎤⎦  

(4.10) 
 

and 

 

  
σθ = p + µ1λ

α1 + µ2λ
α2⎡⎣ ⎤⎦ .  

(4.11) 

Now we can use the continuity equation for the stresses of a rigid body, 

Equation (8.10) in Appendix A, which balances the stress for static equilibrium 

and applies constraints to the gradient of the stresses to prevent the calculated 

stresses from varying arbitrarily within the body. Equation (8.10) simplifies to 

 

  

dσρ

dr
+

1
r

2σρ − σθ − σϕ( )= 0,  
(4.12) 

and forms the following differential equation: 
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dσρ

dr
= −

2
r

µ1

1
λ2α1

− λα1
⎛
⎝⎜

⎞
⎠⎟
+ µ2

1
λ2α2

− λα2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥ .  

(4.13) 

A change of variables is needed, as the differential equation is with respect to r, 

and our stress equations are a function of λ. This change of variables can be 

done through the conservation of the volume of the spherical shell before and 

after the deformation: 

 

  

Vundeformed =Vdeformed ,
4π
3

R3 − A3( )= 4π
3

r 3 − a3( ),
R3 − A3 = r 3 − a3.

 

(4.14a) 

(4.14b) 

(4.14c) 

Now we take the derivative of both sides, leaving 

 

  

3R2dR = 3r 2dr,

dR =
r 2

R2 dr,

dR = λ2dr.

 

(4.15a) 

(4.15b) 

(4.15c) 

From the definition of λ we can determine the relations of the derivatives of λ, r 

and R: 

   r = λR,  (4.16a) 
 

and  
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   dr = Rdλ + λdR. (4.16b) 

Upon substituting Equation (4.15a) in to Equation (4.16a) and simplifying, we 

arrive at the relation 

 

  

dr
r

=
dλ

λ 1− λ3( ).  
(4.17) 

Upon substitution Equation (4.17) into the continuity equation (4.13), we can arrive 

at 

 

  

dσρ

dλ
=

2
λ λ3 −1( ) µ1

1
λ2α1

− λα1
⎛
⎝⎜

⎞
⎠⎟
+ µ2

1
λ2α2

− λα2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥ .  

(4.18) 

With the boundary conditions of P = σa -σb where P is the net pressure, and 

representing λa = a/A, λb = b/B we can arrive at the integral 

 

  
P =

2
λ λ3 −1( ) µ1

1
λ2α1

− λα1
⎛
⎝⎜

⎞
⎠⎟
+ µ2

1
λ2α2

− λα2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥dλ.

λb

λa

∫  

(4.19) 

This integral is difficult to evaluate analytically as the powers of λ are not known. 

Numerical integration can be utilized to predict the deformation of the spherical 

shell with applied pressure. λa and λb can be related through the constant volume 

of the shell for comparison to experimental results. Equation (4.19) does not 

account for viscoelasticity of the material.  
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 Figure 4-1 is a plot of Equation (4.19) which is valid for incompressible 

rubbers. The parameters for material 1 are µ1 = 135 kPa, µ2 = 1.47 kPa, α1 = 

0.325 and α2 = 3.55, which come from a tensile test of our material, as is 

discussed in Section 5.2. For material 2 as µ1 = 145 kPa, µ2 = 300 Pa, α1 = 2.0 

and α2 = −2.0 showing how greatly the material properties can affect the 

pressure required to expand the spherical balloon. The volume of the spherical 

balloon is also plotted.  

 

 
Figure 4-1: Plot of pressure from Equation (4.19) with parameters for material 1 as µ1 = 135 

kPa, µ2 = 1.47 kPa, α1 = 0.325 and α2 = 3.55 and for material 2 as µ1 = 145 kPa, 
µ2 = 300 Pa, α1 = 2.0 and α2 = −2.0. Also shown is the volume of the sphere at 
different lambdab values. 
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4.2 Analytical Modelling of Electrical Actuation 

In order to actuate the spherical actuator we need to apply electrodes to 

the inside and outside of the sphere. This produces a spherical capacitor around 

the spherical shell. In order to determine the pressure from the capacitor, we 

need to first determine the capacitance of our spherical geometry. Figure 4-2 

shows a schematic of the geometry of the capacitor. We can use Gauss’s Law to 

determine the voltage between the faces of the spherical shell [69]:  

 

  
V =

q
4πεemεr

1
r 2 dr =

a

b

∫
q

4πεemεr

1
a
−

1
b

⎡

⎣
⎢

⎤

⎦
⎥ ,  

(4.20) 

where q is the charge on the sphere, εem is the dielectric constant in vacuum, εr is 

the relative dielectric constant in the dielectric material, a is the internal radius of 

the spherical shell, and b is the external radius of the spherical shell as shown in 

Figure 4-2. Using the definition of capacitance, we get 

 

  
C =

q
V

=
4πεemεr

b − a( ) ab. 
(4.21) 

 

 
Figure 4-2: Geometry of the Spherical Capacitor 
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 The easiest way to determine the pressure applied to the dielectric 

material is to apply Maxwell’s stress tensor [69]: 

 

  
σ ij = εemεr EiE j −

1
2
δ ijE

2⎛
⎝⎜

⎞
⎠⎟
+

1
µ0

BiBj −
1
2
δ ijB

2⎛
⎝⎜

⎞
⎠⎟

, 
(4.22) 

where εem is the dielectric constant in a vacuum, Ei or j is the electric field in the i 

or j coordinate, δij is the Kronker Delta, µ0 is the permittivity of free space and     

Bi or j is the magnetic field in the i or j coordinate. In our application, the magnetic 

field is zero everywhere. Also, the electric field is zero in the θ and φ directions. 

This leaves the only non-zero term as  

 

  
σ rr =

εemεrE
2

2
.  

(4.23) 

The electric field inside of the capacitor, i.e. between the a and b sections of the 

capacitor, is [69] 

 

  
E =

1
4πεemεr

q
r 2 . 

(4.24) 

Substitution of (4.24) into Equation (4.23) yields 

 

  
σ rr =

q2

32εemεrπ
2

1
r 4 .  

(4.25) 

In order to get the pressure difference exerted on the dielectric, we need 

to evaluate Equation (4.25) at the boundaries of the capacitor. The net pressure 

exerted by the capacitor can be expressed as ΔP = Pa- Pb, yielding 
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!P = Pa " Pb =

q2

32#em#e$
2
1
a4

" 1
b4

%
&'

(
)*
= q2

32#em#e$
2
b4 " a4

b4a4
%

&
'

(

)
*.

 

(4.26) 

Solving for q and inserting Equation (4.21) into Equation (4.26), we can arrive at 

our expression for the net Maxwell’s pressure for our spherical geometry, as 

shown in Equation (4.27). 

 
!P = "em"eV

2

2
b4 # a4

b # a( )2 b2a2
$

%
&
&

'

(
)
)
.  

(4.27) 

This result differs from the result derived by a different method reported by Carpi 

et al. [5, 15]. These authors utilize a gradient modulus of the energy stored in a 

capacitor, whereas here we utilize Maxwell’s stress tensor in the derivation. The 

only difference is attributed to the use of a modulus of the gradient of work in the 

derivation. The gradient of work is equal to the force and when divided by the 

surface area gives a pressure. Carpi used the modulus of the gradient of the 

work, whereas, we utilize only the gradient.  

Since the shell has constant volume, we can reduce Equation (4.27) to one 

variable, using equation (4.14a), to obtain  

 

!P = "em"eV
2

2
b4 # A3 + b3 # B3( )4 3

b # A3 + b3 # B3( )13$
%

&
'

2

b2 A3 + b3 # B3( )2 3

(

)

*
*
*
*

+

,

-
-
-
-

,

 

(4.28) 

where A and B are the internal and external radii of the undeformed state. 
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 The theory in Sections 4.1 and 4.2 can be related through Equation (4.29), 

 PG = P ! "P,  (4.29) 

where PG is the pressure of the gas inside the balloon, P is the pressure from 

Equation (4.19) and ΔP is the actuation pressure from Equation (4.28). This 

shows us that the pressure required for deformation can be attributed to the 

combination of the expansion pressure and actuation pressure. 

In this chapter, we have derived the analytical model (Equation (4.19)) for 

the expansion of the spherical actuator. The limitations of this model are that 

there can be no shear stresses on the spherical DEA and that the polymer must 

still be isotropic in its deformed state. As well, the analytical model for the 

actuation pressure of the spherical DEA (Equation (4.28)) was derived for a 

perfectly spherical geometry and includes the constant-volume relationship of the 

shell. 
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5: DESIGN AND MATERIAL PREPARATION 

In this section, we discuss the materials that are used in the spherical 

DEA and the methods for fabricating our spherical DEA. The tensile test for 

determination of the material properties to link the experiments and the analytical 

model is also described in this section. 

5.1 Dielectric Material Preparation 

The material used as the dielectric elastomer was TC-5005 (BJB,USA), 

which was used by Carpi in [6], and presented good overall performance. TC-

5005 is a soft silicone material that is commercially available as a three-

component product, A, B and C. The base component A was mixed with curing 

component B at a ratio of 10:1. The mixture was then placed in an ultrasonic bath 

for 180s to ensure a homogenous mixture. Then, component C was added to the 

A and B mixture at the ratio of 50% of the total weight of TC-5005 A/B, in order to 

decrease the force required for elongation and in order to increase the total 

elongation in the final elastomer. To obtain a homogenous mixture, we placed it 

in the ultrasonic shaker for 180s. The mixture was then poured into a suitable 

mould.  The polymer was then degassed for 20 minutes in a vacuum oven at 

room temperature to remove any air incorporated into the polymer when filling 

the mould. After degassing, the polymer was allowed to cure for 24 hours in air at 

room temperature.  
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5.2 Tensile testing of TC-5005 

In order to model the polymer, we required a tensile test to obtain the 

appropriate material parameters for the model. Since the polymer is mixed in the 

lab, with slight manufacturing variations between batches, the material properties 

must be measured for each sample. The mechanical properties of TC-5005 are 

best described by the Ogden model [11]. The equations for a one-axis tensile 

test can be derived from Equations (3.37) and (3.36). The boundary conditions for 

uni-axial tension in z leaves σx= σy =0 and λx= λy by symmetry. This leaves two 

equations 

 

  
! z = p + µi"z

# i$1( )
i=1

N

%  
(5.1) 

and  

 

  
! x = 0 = p + µi"z

# i$1( ).
i=1

N

%  
(5.2) 

Using the incompressibility relationship, Equation (3.25), and solving for p in 

Equation (5.2) we arrive at 

 

  
σ z = µi λz

α i −1 − λz

−
1
2
α i −1( )⎛

⎝⎜
⎞

⎠⎟i=1

N

∑ .  

(5.3) 

Equation (5.3) can be used to fit the experimental data for the tensile test. 



 

 51 

The tensile test samples were created in a dog-bone-shaped mould. A 

schematic of the shape and dimensions of the samples is shown in Figure 5-1. 

Measured dimensions of the samples are shown in Table 5-1. 

 
Figure 5-1: Sample shape and dimension indicators for tensile testing. 

 

Table 5-1: Sample Dimensions for Tensile Testing 

Sample # Length (mm) 
±0.02 

Width (mm) 
±0.02 

Thickness (mm) 
±0.03 

1 5.51 4.41 1.73 

2 5.02 3.24 1.80 

 

 

The tensile test was conducted using the system shown in Figure 5-2. The 

system uses two electronic stages (Zaber T-LS28) controlled through LabVIEW. 

The force exerted on the polymer was measured by a 10-lb force-deflecting 

beam sensor (Futek, LSM 300) and recorded by a computer using LabVIEW. 
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The extension of the stage was measured by the number of voltage pulses sent 

to the stepper motor in the stage and also recorded by LabVIEW. The samples 

were stretched at a constant rate until broken. Plots of the results of two tensile 

tests are shown in Figure 5-3. 

 
Figure 5-2: System for tensile testing of TC-5005. 
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Figure 5-3: Load vs extension for uni-axial tensile test of TC 5005.  

Using the sample dimensions and the tensile test data, the results were fit 

with the Ogden model with N=2, as shown in equation (5.3). Figure 5-4 shows the 

stress-strain curves for the sample with the Ogden fit for the parameters. The fit 

parameters are shown in Table 5-2. 
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Figure 5-4: Stress strain curve of TC-5005 with Ogden model fit. 

 

Table 5-2: Fit parameters for Ogden model. 

Sample # µ1 (kPa) α1 µ2 (kPa) α2 

1 135 ± 8 0.325 ± 0.004 1.47 ± 0.06 3.549 ± 0.011 

2 133 ± 6 0.333 ± 0.004 1.48 ± 0.04 3.512 ± 0.015 

 

 

Except for the parameter α 2 , the parameters obtained from the two 

measurements agree within the errors. The errors presented are from the least-
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squares regression of the experimental data, which I believe are underestimating 

the errors present. Since the mould for the test samples has one open side, the 

thickness of the sample may have varied along the testing area. The polymer will 

form a mound if the mould is over filled and a meniscus when under-filled. These 

filling conditions will give an irregular cross-sectional area for the test. Also, since 

the Ogden model is phenomenological, it may not be an accurate description of 

the polymer.   

5.3 Spherical DEA Design 

Since the goal of the thesis is to test a spherical DEA, careful 

consideration must be taken for fabrication of the spherical DEA. Seamless 

samples were desired, as adding glue would add a material of different elastic 

modulus, strain ability and dielectric constant, which would add more uncertainty 

in testing. In order to achieve a seamless sample, we created a mould. The 

original mould created by M. Soleimani [11] was a 5-piece mould, constructed 

using a rapid prototyping machine, out of ABS plastic. The mould was designed 

for the balloon to have an external radius of 30 mm and a thickness of 1 mm. A 

diagram of the mould is shown in Figure 5-5. A distinguishing feature of the 

mould is that the balloon will have a neck that can be attached to a hose for 

inflating and deflating as well as allowing electrical contact to the inside 

electrode. This mould did not create acceptably uniform balloons. Uncured 

polymer leaked out of the mould during curing, requiring the mould to be refilled 

after the polymer had cured. This two-stage filling created material non-

uniformities, as the precise mixture of polymer could not be achieved because of 
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the high viscosity of the A and B components. This was visually evident, as the 

polymer would not have the same translucent appearance across the entire 

sample. 

 
Figure 5-5: Illustration of 5-piece mould for seamless balloon-shaped DEA. Figure adapted 

from [11].  

A revision of the mould was done to correct the issues mentioned above. 

The first and second pieces, referenced from Figure 5-5, were joined into one 

part to prevent leaking of uncured polymer. The mould still suffered from non-

uniformities; in particular, the bottom of the balloon was thicker than the top. A 

pin was inserted through the neck of parts 3, 4 and 5 to prevent part 5 from 

moving during the long curing time. The high viscosity of the uncured polymer 

would cause part 5 to shift during curing. The two corrections mentioned above 
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led to suitable mould for making spherical DEAs. An image of the completed 

mould (without part 4 from the above figure) is shown in Figure 5-6. 

 
Figure 5-6: Photograph of completed mould for fabrication of the spherical DEA. 

In order to obtain a sample, the polymer needs to be removed from the 

mould. This process is very delicate, as the polymer is sticky. The mould must be 

pried apart without damaging the polymer, as any adhesives used to repair the 

polymer would add further uncertainty to the experiments. The polymer must be 

inspected for air bubbles that were not removed during degassing. The air 

bubbles will cause short circuits when the balloon is actuated. These 

requirements make the yield of functional samples quite low. Our success rate 

was one sample out of 45 attempts.  

In this section, we have presented the tools required to build the actuator 

as well as the steps to apply the derived models. We discussed the preparation 

of TC-5005 for the fabrication of tensile test samples and spherical DEAs. Data 
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for tensile tests of two samples of TC-5005 were shown along with the material 

parameters obtained. The design and improvements of the mould for the 

spherical DEA were also presented.  
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6: EXPERIMENT  

Three different experiments were conducted in the course of this research. 

The first experiment was conducted to analyse the expansion of the spherical 

balloon under different applied voltages. The second experiment was conducted 

to determine the effect of hysteresis on the balloon inflating and deflating, as well 

as to determine whether a previously applied voltage would affect the pressure 

measured in the balloon. The third experiment was conducted to measure the 

force exerted by the balloon when compressed between two plates. This was 

compared to the force exerted when the balloon was actuated with 5000 V. From 

the two measurements, we can determine the change in force from actuating the 

spherical DEA or the change in compression for a constant load. 

6.1 Preliminary Expansion of the Spherical DEA  

A test was set up to determine the relationship of the analytic expansion 

model presented in Section 4.1 to the experimental results. A spherical actuator 

was prepared with an external radius of 30.65 mm and a thickness of 1 mm. 

Electrodes were created on the actuator by brushing powdered carbon black 

(Vulcan xc72r (FBO, Brampton)) onto the internal and external surfaces of the 

spherical actuator. The interior electrode of the balloon was extended into the 

neck to allow for a connection to the power supply. Great care was taken to 

prevent the carbon black forming the exterior electrode from going up too high on 

the neck of the balloon, which could create a short circuit. The carbon black 



 

 60 

electrodes are connected to the DC-to-DC high voltage power converter (EMCO 

Q101) by copper tape. Placing the internal electrode connection where the 

balloon is affixed to the tubing provides a pressure connection of the copper tape 

to the interior carbon black electrode, as shown in Figure 6-1. The exterior 

electrode is rigidly affixed to the tubing and placed so that it will always contact 

the balloon exterior. The DC-to-DC power converter is connected to a variable 

power supply with wires. The pressure of the air inside the spherical actuator was 

measured using a pressure transducer (Omega Px-309) with a pressure range of 

0-1 psig. An image of the balloon and the pressure sensor valve and tubing is 

shown in Figure 6-2.  

 

Figure 6-1: Illustration of spherical DEA with interior and exterior electrode connections. 
The inset is an exploded view of the cross section showing contact with the 
interior carbon black electrode. 
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Figure 6-2: Photograph of the balloon apparatus identifying components. 

With zero voltage applied, the spherical actuator was slowly inflated with 

moisture-free air from a pressurized cylinder. The expansion of the spherical 

actuator was recorded using two cameras (Canon Rebel T1i, Sony Cybershot) to 

obtain the radius in perpendicular horizontal directions. Figure 6-3 is a 

representation of the experimental set up for capturing the images of the 

expansion of the spherical DEA.  
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Figure 6-3: Diagram of two cameras capturing the expansion of the spherical actuator. 

The images were analyzed in ImageJ (National Institutes of Health, USA) 

to determine the average radius of the spherical actuator. The analysis of the 

data was conducted by first finding edges of the balloon using an intensity 

threshold. Once the edges were found the image was converted into a binary 

image for pixel counting. The threshold for the binary image was adjusted so that 

only the balloon itself contributes to the binary image. The total pixels of the 

balloon image were obtained and used to determine the area. Since the spherical 

actuators do not have enough stiffness to maintain a spherical shape when 

deflated, a small pressure was applied in order to obtain a spherical shape with 

the diameter of the mould. This initial pressure, in the range of 30-40 Pa 

depending on the actuation voltage, is subtracted from the measured pressure. 

The experiment was then repeated, increasing the actuation voltage up to 5000 
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V. Photographs of the spherical actuator at three different expansions are shown 

in Figure 6-4.  

 
Figure 6-4: Photographs of the un-actuated spherical actuator at a) zero pressure, b) 32 

Pa, c) 816 Pa applied pressure. 

Figure 6-5 shows the analytical curve and the experimental data for the 

expansion of the spherical DEA with 0 V and 5000 V applied. Both the analytical 

curve, Equation (4.19), and the experimental data for the 0 V case show that as 

the sphere expands, the pressure increases strongly to a maximum value but 
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then decreases somewhat. This is counter-intuitive, as an increase in pressure 

would be expected for an increase in volume. However, as λb  increases, the 

elasticity of the polymer changes, thus requiring less air pressure for further 

expansion and resulting in a maximum measured pressure. The 5000 V 

analytical curve, obtained from the 0 V analytical curve (Equation (4.19)) by 

subtracting the actuation pressure (Equation (4.28)), shows that as the voltage is 

increased, the maximum moves to lower λb values. Characteristics of the 5000 V 

applied data will be discussed later. 

 

 
Figure 6-5: The pressure versus the external stretch ratio for the inflated sphere at 0 V and 

5000 V, and the analytical curve for 0 V and 5000 V. 

Although the theoretical and the experimental curves show a similar trend 

and calculated decrease in pressure when the voltage is applied is comparable, 
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the curves are not well aligned. The values of the inner and outer radius of the 

sphere were taken from the mould dimensions. Changing these or the material 

parameters moves the theoretical curves vertically, but does not affect the initial 

slope. The major attributing factors for the difference between experimental and 

calculated pressure values are the geometry of the actuator and the 

imperfections in the sample. The theoretical curve was derived with the 

assumption that the sample was perfectly spherical. However, this is not possible 

for practical reasons. The neck is needed in order to allow the flow of gas inside 

the balloon and to connect the inner electrode. The geometry is not perfectly 

spherical as there is a clamping point at the neck where the polymer cannot 

expand. The imperfections in the sample are due to minor misalignments of the 

mould during fabrication and also due to small imperfections in the mould 

surfaces. 

Figure 6-6 shows the expansion of the spherical DEA for different applied 

voltages. The experimental measurement error of ± 15 Pa, from the sensitivity in 

the pressure sensor, is neglected for clarity. The internal pressure required to 

obtain a designated expansion ratio decreases as a larger voltage is applied to 

the electrodes. All of the curves show a similar initial slope to the 0 V case, they 

are just offset from each other. If we compare the location of the maxima on the 

curves, we can see that as the voltage increases, the maxima moves to lower 

values of λb. This agrees with the theory shown in Figure 6-5. Also, as larger 

voltages are applied, the pressure begins to increase again after a stretch of 1.5, 

unlike the model.   
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To show the effect of actuation on the spherical DEA, we plot in Figure 6-7 

the difference between some measured curves taken with an applied voltage and 

the zero voltage curve (from Figure 6-6) along with the analytical model of 

Maxwell’s pressure from the electrodes (Equation (4.28)). The experimental error 

was calculated as the square root of the sum of the squares of the error in each 

pressure measurement. The analytical model shows an initial linear increase of 

the pressure as the λb ratio increases when the constant volume of the shell is 

imposed. Although the detailed structure of the experimental data is not 

reproduced in the analytical curves, the trend of the change in pressure with 

actuation voltage appears to agree with this model. The large experimental errors 

do not allow for a clear distinction between this analytical model and the model 

presented in [15]. The deviation from theory at large λb values is likely due to a 

loss of conductivity of the electrodes. This loss of conductivity will be discussed 

further in Section 6.2. 
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Figure 6-6: The pressure vs. the external stretch ratio for the inflated sphere at different 

actuation voltages. The analytical curve is shown for the zero voltage case. 

 
Figure 6-7: Difference between the measured pressure with applied voltage and with no 

applied voltage, data from Figure 8-4. Theoretical pressure curves from 
Equation (4.28). 
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6.2 Hysteresis Measurements on the Spherical DEA 

In order to evaluate the functionality of the spherical DEA, hysteresis 

effects need to be considered. The effect of hysteresis could change our ability to 

predict the shape and expansion of the balloon, as all previous states need to be 

considered. We want to determine how the cumulative hysteresis from expansion 

and applied voltage affects the predictability of the spherical DEA. 

This experiment was set up almost identically to the one described in 

Section 6.1. The few changes were that the measured pressure was timed to the 

frame rate of the camera and captured using LabVIEW. This was accomplished 

by acquiring the pressure reading at the same frequency as the camera capture 

rate of 29.97 Hz. A LED light controlled by LabVIEW was lit at the beginning and 

end of the test was used to synchronize the acquired images and the pressure 

data. The minor misalignment of the capture frequencies was assumed to be 

negligible when inflation and deflation occurred over several minutes. This 

automation using LabVIEW allowed for a larger data set to be acquired. The 

expansion of the spherical DEA was captured on inflation of the balloon as well 

as on the deflation of the balloon. 

The sample used was the same sample as in Section 6.1; however, when 

testing began, we discovered that the electrodes on the balloon were 

nonconductive. The electrodes were 3 months old at the time of this testing.  

Possible explanations for the electrodes’ no longer working could be that the 

electrodes have a short lifetime (due to flaking off), or that the large expansion of 

the balloon multiple times separated the molecules too far to allow conduction. 
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New electrodes were applied to the spherical DEA using the same procedure 

mentioned above.  

The experiment was conducted so that an inflation and deflation cycle was 

captured in one movie. The balloon is inflated at constant voltage as described 

above. Deflation is done by removing the hose connecting the air canister, which 

allows the balloon to deflate slowly. The first set of cycles was captured with the 

applied voltage increasing monotonically, the second with the applied voltage 

decreasing monotonically and the third with the voltage going from 5000 V to 0 V 

and then to 3000 V. The sequence of cycles is shown in Table 6-1. 

Table 6-1: Cycles for expansion and deflation of the balloon with different applied 
voltages. 

Cycle Number Applied Voltage (V) 

1 0 

2 3000 

3 5000 

4 5000 

5 3000 

6 0 

7 5000 

8 0 

9 3000 
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The hysteresis of the balloon for the first set of cycles where the voltage 

was increased is shown in Figure 6-8. The plot shows us that there is hysteresis 

present in the pressure recorded for inflation and deflation. The pressure drops 

during deflation for a given stretch value by about 65 Pa and is attributed to 

viscoelasticity in the polymer. This pressure drop is independent of the applied 

voltage. We note that in this experiment that the extension of the balloon is 

greater than in the previous experiment and that, when increasing the pressure 

to achieve extensions greater than 1.8, the pressure values with an applied 

voltage approach the values of the curve with no applied voltage. From this fact 

we can conclude that the pressure applied from actuation is in effect at lower 

stretch values. In the case of 5000 V applied, once the balloon exceeded stretch 

values of 1.5, the required pressure of the gas increases in order to reach the 

larger stretch values. This is likely due to loss of conductivity of the electrodes, as 

the particles are being stretched too far from each other to allow adequate 

conduction. This can also be confirmed by the fact that once the balloon begins 

to deflate, the measured pressure returns to a horizontal shape, indicating that it 

is being actuated and that electrical breakdown has not occurred.  
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Figure 6-8: Hysteresis of a spherical DEA for expansion (higher section of curve) and 

deflation (lower section of curve) with different applied voltages. 

 

Figure 6-9 compares cycles 1, 6 and 8 taken with 0 V applied. The error in 

the pressure is ±15 Pa and has been neglected for clarity. Figure 6-9 shows that, 

for the first cycle, the balloon requires more pressure to obtain a given stretch. In 

other words, once the balloon has been cycled once, the balloon becomes easier 

to stretch. However, once the spherical DEA has completed a cycle at high 

voltage, whether the previous cycle was taken at 5000 V or at 3000 V does not 

appear to alter the 0 V cycle.  
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Figure 6-9: Inflation and deflation curves for spherical DEA with no voltage applied and 

different previous conditions. 

Figure 6-10 shows the pressure curves for cycles 3, 4 and 7 when the 

spherical DEA is actuated at 5000 V. At 5000 V, there appears to be little 

difference between the curves, again with error of ±15 Pa. Here, too, the applied 

voltage of the previous cycle has no effect, within the measurement error for 

pressure, below an extension of 1.8. The difference in the curve where the cycle 

changes from inflation to deflation is attributed to the different balloon extensions 

at that point.  
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Figure 6-10: Inflation and deflation curves for spherical DEA with 5000 V applied and with 

different previous conditions. 

In these two sections, we have shown how the spherical DEA expands 

with pressure and with different applied voltages. The analytical model and 

experimental data follow the same general trend but do not align well. We have 

demonstrated how applied voltage will decrease the required pressure of the gas 

inside of the spherical DEA to obtain equivalent stretch ratios. The analytical 

curve for the actuation and experimental data were shown to follow similar 

trends. The hysteresis in inflation and deflation of the spherical DEA was 65 Pa, 

and was consistent with different applied voltages. Inflation and deflation cycles 

with varied applied voltages were tested to see how the previous cycles affected 

the current cycle. At 0 V applied, there is a small drop in pressure required for 

expansion after several cycles have been performed. This drop does not occur, 
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within error, for 5000 V applied. The minimal hysteresis and low change in 

pressure required after multiple cycles will allow for predictable initial behaviour 

of the spherical DEA in the proposed actuator configuration presented in the 

following section.    

6.3 Compression of Spherical DEA between Two Plates 

Compression is needed to test the force output of the spherical DEA. The 

spherical actuator with zero voltage applied is inflated to the desired pressure of 

817 Pa, the maximum pressure with 0V applied, and then sealed to keep the 

volume of air constant. The spherical DEA is placed on a 1 square foot piece of 

square plastic affixed to the ground. A second rigid plastic plate (8 inches 

square) is positioned on top of the spherical actuator so that the plate just makes 

contact with the actuator. The top plate is attached to a linear actuator to allow us 

to vary the vertical position. A ruler attached to the linear actuator measures the 

vertical position of the plate. A force sensor (Futek, LSM300, 10lbs) is attached 

to the top plate to measure the force applied by the linear actuator. Note that in 

order to avoid electrical interference in signals from the force sensor, the sensor 

was separated from the spherical actuator by a rigid rod 1 inch in diameter and 3 

feet in length. A diagram of this experimental set up is shown in Figure 6-11. 

 Once the spherical actuator is compressed, a series of different voltages 

are then applied to the electrodes, and the subsequent forces are measured at 

the same compression position. After the final voltage is applied and the force is 

measured, the balloon is manually discharged to prevent any residual charge 

from staying on the sphere for the next compression. This allows us to detect the 
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force variation for the different voltages at individual compression distances 

relative to the un-actuated spherical actuator.  

   
Figure 6-11: Diagram of the experimental setup for the measurement of the force of the 

spherical actuator. Top plate is 8x8 inches, bottom plate is 1 foot square, 
balloon diameter is 8.60 cm and electrodes are connected at balloon neck. 

Figure 6-12 shows the force exerted by the actuator for different 

compression positions for two applied voltages, intermediate voltages were 

acquired but are left off the plot for clarity. Figure 6-12 also shows us that the 

force applied to the spherical DEA decreases as the voltage applied to the 

spherical DEA increases. This is due to Boyle’s law, which states that PV is 

constant for a closed system at constant temperature. The volume of the gas 

inside the spherical DEA is increased when a voltage is applied, so the pressure 

inside must decrease.  
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Figure 6-12: Measured force from compressing the spherical DEA for different applied 

voltages. 

 

Figure 6-12 is not useful for examining the behaviour of the spherical DEA 

as an actuator, as the plot displays the different forces for a given compression, 

whereas the spherical DEA will be given a constant load and require a large 

displacement when actuated. We can obtain the displacement for a constant 

force by taking a lateral slice from Figure 6-12. To accomplish this, we 

interpolated the zero voltage curve with a 9-degree polynomial with the force as 

the independent variable. A 9-degree polynomial was used because it produced 

the smallest residual when fitting. The difference was then taken between the 

extrapolated curve at 0 V and the data points at 5000 V. These results are 

plotted with the force on the horizontal axis, as shown in Figure 6-13, which 
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shows that the maximum change in compression occurs at a force of 2 N. The 

experimental errors are due to the measurement uncertainty in the compression 

distance, which was done using a ruler with an accuracy of ± 0.5 mm. These 

results are preliminary; it is unknown if this maximum occurs due to the Boyle’s 

Law relationship with the compression or if the loss of electrical conductivity of 

the electrodes contributes to the observed maximum. Since the height of the 

actuator changes as it is compressed, a better comparison is the percentage 

change in the height. Figure 6-14 shows, in percent, the change in compression 

from actuation divided by the height of the actuator with 0 V applied. This shows 

us that the actuator has a low percentage change in height with a small load and 

increases up to a load of 2 N, and then stays consistent at around 3%.  

 
Figure 6-13: Difference in compression for a spherical DEA between 0 V applied and 5000 

V applied. 
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Figure 6-14: Percent change in compression with force for spherical DEA. 

When we compare our spherical DEA to those listed in Table 2-2, 

compiled together in Table 6-2, we see that our spherical DEA has the largest 

value of the force divided by density. Our spherical DEA has approximately 6 

times the force per unit density than the spring roll actuators with 35 film layers.  
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Table 6-2: Comparison of DEA actuators at maximum capability.  

Actuator Mass of 
actuator 
(kg) 

Volume 
of 
actuator 
(m3) 

Density 
of 
actuator  
(kgm-3) 

Force 
exerted 
on load 
(N) 

Force 
divided by 
density 
(Nm3/kg) 

Reference 

Spring Roll (20 film 
layers) 

0.01 5.1x10-6 1960 15 7.7x10-3 [4] 

Spring Roll (35 film 
layers) 

0.01 5.1x10-6 1960 21 1.1x10-2 [4] 

Hinge 0.312 9.4x10-4 333 0.3 9.0x10-4 [10] 

Spherical DEA 0.022 2.5x10-4 88 6 6.8x10-2  

 

This section describes the test of the force output and compression of the 

actuator. We have measured the force output by the actuator for different 

compressions and applied voltages. We have shown that as a voltage is applied, 

the force decreases for a constant compression. This decrease is consistent with 

Boyle’s Law for the gas inside the actuator. The change in compression for a 

constant force is shown as well as the percentage change in compression, 

showing that above an applied force of 2 N, the percent change levels off to 3%. 

These results are difficult to compare with the actuators presented in the 

introduction and literature review. This is because the force output is related to 

the pressure of the gas inside the spherical DEA and not directly to the DEA. 

However, as intended, this system performs as a one-dimensional actuator and 

the comparison with the other actuators in Table 6-2 indicates that this unique 

design is very promising. 
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7: FINITE ELEMENT ANALYSIS AND FUTURE WORK 

An alternative method for modelling the spherical DEA is needed that can 

include the compression of the spherical DEA and also correct for the deviations 

from spherical geometry. Finite element analysis (FEA) is a numerical method 

that breaks down mechanical bodies into many sections, called elements, and 

calculates the deformations of each element. This process can model 

complicated geometries and boundary conditions that would make an analytical 

model impossible to calculate. The FEA process applies the same physics to 

each element that would be applied in a pure analytical model. The FEA process 

links the boundary condition of each adjacent element, making up the complete 

geometry. FEA can be set up for calculations in 1 to 3 dimensions with increasing 

complexity and calculation time as the number of dimensions is increased. Many 

FEA software packages exist, each specializing in different types of problems. 

Marc and Mentat (MSC Software) was used to simulate the spherical DEA as it 

was designed for non linear elements, large strains, and contact mechanics and 

can also model cavities of constant gas mass within the spherical DEA.  

The FEA model was designed and meshed in Ansys Version 11 due to 

Marc and Mentat’s poor mesh generation in 3D. The model consisted of 1/8th of 

the spherical DEA. The thickness of the balloon was 1 mm and had an external 

radius of 30.65 mm to match experimental conditions. The model was 

segmented and meshed into cubic elements. When constructed, the allowable 
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distortion of the cubic element is less than 10%. In order to obtain an accurate 

result, a minimum of 3 elements is needed in the thickness of the spherical DEA. 

This, coupled with the desire to have cubic elements, resulted in 7500 elements 

within the model of 1/8th of the sphere with symmetric boundary conditions.  

Once the model was meshed it was exported into Marc and Mentat. The 

boundary conditions were first set to model the expansion of the spherical DEA 

with no applied voltage. Running this initial simulation took 1 week on one 

computer running 4 processors. Because of the additional complexity of the 

compression model, with Boyle’s Law and the contact with the plates included, 

each simulation would take significantly longer than 1 week. Methods were 

attempted to reduce the number of elements to be simulated by modelling only 2° 

as apposed to 90°; however, there were issues importing the mesh into Marc and 

Mentat. Also the licensing structure of Marc and Mentat does not allow for 

running on multiple computers without a license for each computer and 

processor. Due to these complications, FEA modelling was determined to be 

beyond the scope of this thesis.  

The future work on this actuator will be in validating the expansion curves 

with the geometry of the experimental spherical DEA using FEA. Once the 

expansion curves have been validated, the compression of the spherical DEA 

can be calculated. The compression can be compared to determine if the 

conductivity of the electrodes affected the measurements made. Upon 

confirmation of the compression, the design can be optimized for different 

loading considerations, as well as sphere sizes. 
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8: CONCLUSION 

In this work, a spherical DEA was investigated in detail and shown to be 

possible as a future actuator. The mechanical model for spherical expansion of a 

hyperelastic shell was derived and compared to experiments. Although the 

analytical model did not agree with the experimental results, the calculations and 

experimental results do show similar trends: a maximum in the pressure versus 

extension curve that moves to lower extension with actuation and comparable 

pressure decreases with increasing applied voltage. The difference between the 

analytical model and experiment can be attributed to the experimental spherical 

DEA’s not being perfectly spherical. The electrical actuation model is also 

presented in this thesis and compared to experimental results.  

The hysteresis in the expansion of the spherical actuator was also 

investigated. We determined that there is a hysteresis effect in the expansion of 

the actuator that was independent of the applied voltage. We also determined 

that there was a difference in the pressure for expansion if the spherical DEA has 

not previously undergone an expansion-deflation cycle or had a voltage applied. 

This effect was limited to only the first cycle; subsequent cycles appeared to be 

the same within error. Also, during these tests, we found that our stretches 

exceeded the capability of the electrodes. 

The actuation of the compressed spherical DEA was shown to provide a 

different force for equal compression between the un-actuated and actuated 
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states. The results have also shown that, under a constant force, the actuation 

will allow a change in compression distance. The percent change in compression 

was found to be 3% with a 2-6 N load. We conclude that the sandwich-type 

compression of the spherical DEA can be used as a pre-stretched frameless 

actuator and that the actuator provides more force per unit density than other 

DEAs. 
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APPENDIX 

Appendix A – The Equilibrium Equations [65, 70]  

The equilibrium equations derived in this section are simply Newton’s laws 

of motion, which are independent of material considerations. Newton’s law states 

that in the absence of acceleration all of the forces on a body must balance. This 

allows us to express the stress within a body, evaluated just below the surface of 

the body, and is related to the external forces on the body. 

In order to derive the equilibrium equations we must generalize the 

stresses on the body. Stresses, σ, have been defined by being normal to the 

surface of the body and shear stresses, τ, are defined to be transverse to the 

body. The introduction of a traction vector allows this to be generalized by acting 

in an arbitrary direction to the surface.  

  
Figure 8-1: Traction Vector. 
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The traction vector is a simple force vector having a magnitude and a 

direction, where the magnitude is expressed in terms of force per unit area: 

 

  
T = lim

ΔA→0

ΔF
ΔA

⎛
⎝⎜

⎞
⎠⎟

,  
(8.1) 

where ΔA is the magnitude of the area on which ΔF acts. The Cauchy stresses, 

which are generalizations of our stresses, are the forces per unit area acting to 

balance the traction.  

In two dimensions, this can be written with a simple free-body diagram 

with the traction vector acting on an area of arbitrary size A, see Figure 8-2, with 

equation governing 

 

  

σ x Acosθ( )+ τ xy Asinθ( )=TxA,

τ xy Acosθ( )+σ y Asinθ( )=Ty A.
 

(8.2) 

Cancelling the A, we can write Equation (8.2) in matrix form as 

 

  

σ x τ xy

τ xy σ y

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

cosθ
sinθ

⎛

⎝⎜
⎞

⎠⎟
=

Tx

Ty

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

.  
(8.3) 

The vector on the left-hand side of Equation (8.3) is also the vector n of direction 

cosines normal to the plane in which the traction vector acts. This matrix 

equation, often called Cauchy’s relation, can be abbreviated as 
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!"# $% n̂ =T.  (8.4) 

The brackets remind us that the stress is being written as a square matrix. This 

relationship serves to define the stress concept as it relates the traction vector 

acting on an arbitrary surface to the orientation of the normal. The stress is a 

second-rank tensor. The difference between vectors and tensors shows up in 

how they transform with respect to coordinate rotations. 

 
Figure 8-2: Cauchy Stress. 

In three dimensions, the matrix state can be written as 

 

  

σ⎡⎣ ⎤⎦ = σ ij =

σ x τ xy τ xz

τ xy σ y τ yz

τ xz τ yz σ z

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

. 

(8.5) 

The element in the ith row and the jth column of this matrix is the stress on the ith 

face in the jth direction.  
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The goal of stress analysis is to determine the variation of the stresses 

within the body. This type of boundary value problem is encountered in 

differential equations, in which the gradients of the variables, as opposed to the 

explicit variables themselves, are specified. The gradients must be governed by 

conditions of static equilibrium for stresses. The stresses cannot change 

arbitrarily between two points in the material, as those two points may not be in 

equilibrium.  

In order to develop this mathematically, the integrated value of the surface 

traction T over the surface A of an arbitrary volume of material must sum to zero 

in order to maintain static equilibrium: 

 
  

T dA
A
! = "#$ %& n̂dA = 0

A
!  (8.6) 

Here we assume that there are no body forces acting on the volume. Using the 

divergence theorem, we can convert (8.6) into an integral over the volume: 

 
  
∇ σ⎡⎣ ⎤⎦

V
∫ dV = 0. (8.7) 

Since the volume is arbitrary, this requires the integrand to be zero: 

 
 
∇ σ⎡⎣ ⎤⎦ = 0. (8.8) 

For Cartesian coordinates this equilibrium equation expands to: 
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dσ x

dx
+

dτ xy

dy
+

dτ xz

dz
= 0,

dτ xy

dx
+

dσ y

dy
+

dτ yz

dz
= 0,

dτ xz

dx
+

dτ yz

dy
+

dσ z

dz
= 0.

 

(8.9) 

If the stresses are derived in spherical polar coordinates, then the equations are 

not as simple. Since the stress is a tensor, the appropriate covariant derivative 

must be taken. This yields: 

 

  

dσ rr

dr
+

2
r
σ rr +

1
r

dτθr

dθ
+

1
r sinθ

dτϕr

dϕ
+

cotθ
r

τθr −
1
r
σθθ +σϕϕ( )= 0,

dτ rθ

dr
+

2
r
τ rθ +

1
r
τθr +

1
r

dσθθ

dθ
+

1
r sinθ

dτϕθ

dϕ
+

cotθ
r

σθθ − σϕϕ( )= 0,

dτ rϕ

dr
+

2
r
τ rϕ +

1
r
τϕr +

1
r

dτθϕ

dθ
+

1
r sinθ

dτϕϕ

dϕ
+

cotθ
r

τθϕ + σϕθ( )= 0.

 

(8.10) 
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