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Abstract: This paper advances the design of Rod Pre-strained Dielectric Elastomer Actuators 10 
(RP-DEAs) in their capability to generate comparatively large static actuation forces with increased 11 
lifetime via optimized electrode arrangements. RP-DEAs utilize thin stiff rods to constrain the 12 
expansion of the elastomer and maintain the in-plane pre-strain in the rod longitudinal direction. 13 
The aim is to study both the force output and the durability of the RP-DEA. Initial design of the 14 
RP-DEA had poor durability, however, it generated significantly larger force compared with the 15 
conventional DEA due to the effects of pre-strain and rod constraints. The durability study 16 
identifies the in-electro-active-region (in-AR) lead contact and the non-uniform deformation of the 17 
structure as causes of pre-mature failure of the RP-DEA. An optimized AR configuration is 18 
proposed to avoid actuating undesired areas in the structure. The results show that with the 19 
optimized AR, the RP-DEA can be effectively stabilized and survive operation at least four times 20 
longer than with a conventional electrode arrangement. Finally, a Finite Element simulation was 21 
also performed to demonstrate that such AR design and optimization can be guided by analyzing 22 
the DEA structure in the state of pre-activation. 23 

Keywords: DEA; topological optimization; pre-strain; fiber enhancement; rod pre-strain; RP-DEA 24 

 25 

1. Introduction 26 

The demand for soft active wearable devices, either in exoskeletons or rehabilitation robotics 27 
requires novel actuation solutions that can be closely, harmlessly and comfortably embedded to 28 
assist, enhance and regulate typical human motions. Dielectric Elastomers (DEs) are in a specific 29 
class of Electro-Active Polymers (EAPs) that are of particular research interest due to their 30 
simplicity of structure, low mass/inertia, robustness, noise-free operation, and actuation force 31 
density that is similar to that of human muscles [1-10]. A Dielectric Elastomer Actuator (DEA) may 32 
be fabricated from a single layer of DE that is coated with a compliant conductive material on both 33 
sides. Functionality arises from a shortening in thickness and expansion in-plane when a voltage is 34 
applied across the conductive layers. Its electro-mechanical properties have been studied 35 
extensively in numerous applications such as soft robotics [11-16], sensors [17,18], artificial muscles 36 
[19-21] and energy harvesting [22,23].  37 

1.1. DEA failure and durability 38 

While a DEA may show promising actuation capability, its actual application is limited by the 39 
poor durability of the structure. Previous studies suggest that a typical DEA fails due to: 40 

A1. Dielectric strength limitation 41 
A2. Mechanical strength limitation 42 
A3. Pull-in instability 43 
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The dielectric strength limits the maximum electrical field that can be applied to a DE film, 44 
while the mechanical strength limits its maximum deformation. Pull-in instability occurs when the 45 
film thickness falls below a critical value and the developed Maxwell Pressure becomes bigger than 46 
the compressive stress of the DE film. This positive feedback effect makes the compression unstable 47 
and ultimately leads to electrical breakdown [7,24]. The pull-in instability also limits the 48 
performance of an actuator under low applied voltage, hence methods have been proposed to 49 
suppress such instability and improve the actuation performance [7,25]. Other factors such as 50 
defects, visco-elastic behavior of the elastomer, fabrication process and electrode deposition have 51 
the impact on the durability of a DEA [26,27]. NeopreneTM glue has been used to cover the defects 52 
and single-walled carbon nanotubes have been developed to improve DEA durability [26,28]. While 53 
intensive studies have focused on understanding and improving the durability of typical DEAs, the 54 
failure and durability from the perspective of structural analysis have received limited attention. 55 

1.2. Pre-strain and motion constraining 56 

The force and displacement outputs of a polyacrylate-based DEA can be improved mainly 57 
through two approaches, (i) pre-strain and (ii) motion constraining. Each has been reported to 58 
improve the actuation capacity of DEAs significantly [5,29-31]. Pre-strain improves the performance 59 
by: 60 

B1. Reducing the thickness of the film 61 
B2. Making the structure extend preferably in the actuation direction 62 
B3. Shifting the stress-strain curve of the elastomer 63 

to eliminate the peak in the stress-strain curve, hence improving electromechanical responses by 64 
suppressing the pull-in instability. In addition, pre-strain improves the dielectric breakdown. 65 
Non-uniform pre-strain also enables the film to expand in the less-strained direction when 66 
activated. 67 

Motion constraining is a technique to improve the DEA’s movement in the desired direction by 68 
constraining its movement in other directions. To do so, one approach is to combine the DEA with 69 
rigid frames. One example is the diaphragm actuator in an electrostrictive polymer film 70 
loudspeaker [32]. A common approach is to use fiber-reinforcement. Tube-form DEAs with nylon 71 
fibers applied in the radial direction have been investigated [29,30]. A more complex fiber matrix 72 
has also been applied to the electrode as a carbon nanotube electrode sheet [33]. The selection of the 73 
fiber was investigated to improve the electromechanical properties of the DE [34]. In general, 74 
enhanced actuation strains were in the range from 25% to 40% compared with 10% to 15% from an 75 
unenhanced DEA. The force output of the DEA was also reported to improve when the fiber is 76 
aligned laterally to the direction of actuation. 77 

Fiber pre-strained DEAs were proposed to hold pre-strain in the transverse direction to the 78 
uni-actuation. Bolzmacher et al. [35] used nylon fishing line as the fiber material to pre-strain a 79 
silicone elastomer by 100% on the upper surface of the elastomer so that the whole structure 80 
remains compliant for application on a human arm. Their results showed promising improvements 81 
in actuation strain, electromechanical properties and breakdown strength. However, this would 82 
also make the DEA relax naturally into a curved form. If subjected to higher pre-strain, such as over 83 
200%, curvature would become excessively large and because the structure is no longer aligned 84 
in-plane, it may degrade the uniaxial force output in the actuation direction. In order to maximize 85 
the force output of a DEA, the pre-strained structure may be kept flat to ensure that the expansion of 86 
the elastomer occurs in the actuation direction. 87 

  88 
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1.3. Motivation and approach 89 

The aim is to study the force output and the durability of a RP-DEA structure, which 90 
incorporates rigid metallic rods to maintain the pre-strain and constrain the expansion in the lateral 91 
direction. The force output of a conventional DEA under bi-axial pre-strain is compared with the 92 
RP-DEA. It is shown how the RP-DEA outperforms the conventional DEA in force output by 93 
gaining the advantages from both pre-strain and motion constraint. The durability of the RP-DEA is 94 
evaluated. Through Finite Element simulation it is shown that the non-uniform deformation of the 95 
DE is a primary source of premature failure of the RP-DEA. Finally, by optimizing the active region 96 
(AR) configuration, the durability of the RP-DEA can be significantly improved without requiring 97 
any other modifications to the structure.  98 

2. Theory 99 

 The RP-DEA utilizes both pre-strain and motion constraint to improve the force output. This 100 
section derives the correlation between the bi-axial pre-strains and the force output of a DEA, to be 101 
compared with experimental data.  102 
 The force outputs of a DEA are parameters of importance. In an in-plane direction denoted by 103 

the subscript 𝑖, let 𝑓
𝑖
 be the difference between the force in the pre-strain state, 𝐹𝑝𝑖, and the force in 104 

the activated state, 𝐹𝑎𝑖, as denoted by  105 

𝑓
𝑖
= 𝐹𝑝𝑖(𝜆1,𝑝𝑟𝑒 , 𝜆2,𝑝𝑟𝑒) − 𝐹𝑎𝑖(𝐸, 𝜆1,𝑝𝑟𝑒, 𝜆2,𝑝𝑟𝑒)                (1) 106 

where 𝜆1,𝑝𝑟𝑒 and 𝜆2,𝑝𝑟𝑒 are the in-plane pre-strains, and E is the electric field across the thickness. 107 

When external mechanical stresses 𝜎1 , 𝜎2  and the electric field E are applied to the DE, the 108 

equations of state are [36], 109 

𝜎1 + 𝜀𝐸2 = 1,𝑝𝑟𝑒

𝜕𝑊(𝜆1,𝑝𝑟𝑒,𝜆2,𝑝𝑟𝑒)

𝜕𝜆1,𝑝𝑟𝑒

 ,   𝜎2 + 𝜀𝐸2 = 𝜆2

𝜕𝑊(𝜆1,𝑝𝑟𝑒,𝜆2,𝑝𝑟𝑒)

𝜕𝜆2,𝑝𝑟𝑒
           (2) 110 

where 𝑊(𝜆1,𝑝𝑟𝑒, 𝜆2,𝑝𝑟𝑒) is the elastic free energy density function of the elastomer and 𝜀 is the 111 

dielectric permittivity of the elastomer. When the DE is under pre-strain only, the resultant 112 

mechanical stresses, 𝜎1 and 𝜎2, can be solved by setting 𝐸 = 0, which gives  113 

𝜎1 = 1,𝑝𝑟𝑒

𝜕𝑊(𝜆1,𝑝𝑟𝑒,𝜆2,𝑝𝑟𝑒)

𝜕𝜆1,𝑝𝑟𝑒

 ,   𝜎2 = 𝜆2,𝑝𝑟𝑒

𝜕𝑊(𝜆1,𝑝𝑟𝑒,𝜆2,𝑝𝑟𝑒)

𝜕𝜆2,𝑝𝑟𝑒

           (3) 114 

The stress differences between the actuated and pre-strained states are, 115 

 ∆𝜎1 = ∆𝜎2 = −𝜀𝐸2           (4) 116 

By assuming that the pre-strains will not significantly affect the dielectric property of the material, 117 
the net stresses are functions of the applied electric field and permittivity of the DE. With the 118 

assumption of the incompressibility: 𝜆1𝜆2𝜆3 = 1, the resultant net forces are related to 𝜎1 and 𝜎2 119 
by,  120 

𝑓
1

=
𝜎1𝐿2𝐻

𝜆1,𝑝𝑟𝑒

 , 𝑓
2

=
𝜎2𝐿1𝐻

𝜆2,𝑝𝑟𝑒

             (5)  121 

where 𝐿1, 𝐿2 and 𝐻 are the in-plane dimensions and thickness, respectively, of the DE film in the 122 
undeformed state. The applied electric field is related to the applied voltage V by, 123 

 𝐸 =
𝜆1,𝑝𝑟𝑒𝜆2,𝑝𝑟𝑒𝑉

𝐻
                (6) 124 

It now follows that, 125 

𝑓
1

= −
𝜀𝑉2𝐿2

𝐻
(𝜆1,𝑝𝑟𝑒𝜆2,𝑝𝑟𝑒

2 ) , 𝑓
2

= −
𝜀𝑉2𝐿1

𝐻
(𝜆2,𝑝𝑟𝑒𝜆1,𝑝𝑟𝑒

2 )             (7) 126 

 127 
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3. Experimental Methodology 128 

3.1. DEA configurations 129 

Two experimental assessment phases consisted of (a) Force Measurement and (b) Life 130 
Assessment. Different DEA configurations were used for each experimental set as shown in Figure 131 
1. In force measurement, the samples were configured to have the total AR area of 30 mm×30 mm to 132 
fit in the bi-axial stretch system shown in Figures 1a and 1c. The corners near the AR were rounded 133 
to avoid stress concentration, hence no mechanical failure for the pre-strain up to 200% in both 134 
directions 1 and 2. Subsequently, a RP-DEA with the same configuration was fabricated to compare 135 
the force outputs (Figure 1d). In this case, 7 rods were placed with a spacing of 5 mm on the DE film.  136 

For life assessment, the sample size was scaled down with the total AR area of 20 mm×20 mm 137 
as shown in Figures 1b and 1d. The RP-DEA had only three rods in order to simplify the fabrication 138 
process and yield more consistent samples. In addition, 3 AR configurations were used for the 139 
durability study. Figure 2a shows the conventional single AR configuration. Figure 2b shows 140 
multiple ARs with a gap of 1 mm from the rods. Figures 2a and 2b have the lead contact point inside 141 
the AR. Figure 2c is similar to Figure 2b, but with an additional inactive electrode.  142 

Figure 1. Sample configurations for experiment sets (a) and (b) and the actual samples (c), (d) and (e)  143 

3.2. DEA fabrication 144 

The dielectric elastomer used in this work was the adhesive acrylic film, VHB 4910, from 3M. 145 
The electrode material was graphite powder. The powder-type electrode was used to ease the 146 
screen-printing electrode deposition. The graphite powder was mixed with ethanol prior to the 147 
deposition and brush-painted on the DE. The use of ethanol, which vaporized shortly after 148 
application, was to improve the coverage of the electrode on the DE. The tested samples were laser 149 
cut into the configured shapes. The fabrication sequence of the RP-DEA is presented in Figure 3. 150 
The rods used had a diameter of 0.75 mm. They were bonded to the DE film on one side, and sealed 151 
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by two slices on the other side after the electrode deposition. Such sealing prevented slip between 152 
the film and the  153 

 Figure 2. Configured RP-DEAs in life assessment: (a) single AR; (b) two separate ARs connected via 154 
bridge; (c) two separate ARs with bridge and extended electrode region for connection 155 

rods; it also improved the isolation of the electrodes and prevented arcing around the edge. 156 
Moreover, because the rods were conductive, it was better to keep their ends sealed in the DE 157 
material. 158 

3.3. Experimental setup and measurements 159 

For the force measurements, the conventional DEA samples were configured as in Figure 1a. 160 
This layout was used to investigate the effect of bi-axial pre-loading conditions on the actuation 161 
force output. The samples were stretched with 𝜆1,𝑝𝑟𝑒 = 1.2 fixed, and 𝜆2,𝑝𝑟𝑒 varied from 1.5 to 3 in 162 

steps of 0.05. A voltage of 7 kV was applied across each sample and 5 force measurements were 163 
taken at each point in both directions via the force sensors in the stretch system. The force output of 164 
the RP-DEAs were measured with the same setup, pre-strain and applied voltage, but only in 165 
direction 1.  166 

For life assessment, the RP-DEAs under different AR configurations as in Figure 2 were 167 
assessed. The assessed lifetime was defined as the time period from the voltage application to 168 

DE 

𝜆1,𝑝𝑟𝑒 

𝜆2,𝑝𝑟𝑒 
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Isolating seal 

Cut  
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Figure 3. RP-DEA fabrication sequence. 169 

the detection of a breakdown failure. The AR configuration was optimized by firstly identifying the 170 
failure areas in a conventional RP-DEA and then dividing the AR into multiple regions to avoid 171 
weak areas in the structure, as shown in Figure 2a,. The experiments were undertaken over three 172 
different AR configurations: 173 

Case 1. The RP-DEA with a single AR as in Figure 2a, over 20 samples 174 
Case 2. The RP-DEA with multiple ARs, which exclude the regions associated with rods and have 175 

in-AR lead contact as in Figure 2b, over 20 samples 176 
Case 3. The RP-DEA with multiple ARs and an off-AR lead contact as shown in Figure 2c, over 10 177 

samples 178 

The DE samples were stretched as 𝜆1,𝑝𝑟𝑒 = 1.2 and 𝜆2,𝑝𝑟𝑒 = 3. The input voltage for all testing 179 

was set to be 7.5 kV, the critical voltage that the RP-DEA started to fail. For each sample, its lifetime 180 
was recorded.  181 

A high voltage (HV) generator was used to amplify the input voltage (0-10 V) from a 182 
programmed system. The actual voltage output (0-15 kV) from the generator was monitored and 183 
fed back to detect any rapid voltage drop, which would be the result of short-circuiting hence 184 
failure of the DEA (Figure 4b). The experimental layout is shown in Figure 4a. The lead contacts to 185 
the electrodes were as shown in Figure 5. 186 

4. Results and Discussion 187 

4.1. Force measurement results 188 

The force measurement results for the conventional DEA without any rods are shown in Figure 189 
6. The large force outputs and the quicker rising trend were found in direction 1 compared with 190 
direction 2. The maximum force outputs were 𝑓2= 0.17 N (±0.01 N) in direction 2 and 𝑓1= 0.35 N 191 
(±0.01 N) in direction 1 at the maximum pre-strain condition. The results indicate that large 192 
pre-strains in direction 2 increased the force outputs in both directions. Pre-strains in direction 2 193 
were observed to be more effective in amplifying the force output in direction 1. An approximate 194 
linear relationship is seen between the force outputs and pre-strains in direction 2. The force output 195 
from the RP-DEA, which has pre-strain 𝜆2,𝑝𝑟𝑒 = 3 only, is also shown in Figure 6 for comparison. 196 

 197 
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Figure 4. Experimental system: (a) test rig set-up; (b) failure detection through voltage monitoring 198 
and force measurement. 199 

Figure 5. The lead contact method 200 

It is recalled that Equation (7) was derived from the equation of state for the DE material to 201 
describe the effect of bi-axial pre-strain on the actuation force outputs. Figure 6 indicates a good 202 
correlation between Equation (7) and the measured actuation forces in both directions. Offsets 203 
between the theory and experimental data may be due to the migration of the electrodes on the 204 
DEA. Although the electrode material was carefully repainted to both surfaces at each step before 205 
the activation, the quality of the re-application could be ensured only on the upper surface of the 206 
DEA. It was difficult to access and check the electrode conditions on the lower surface since the 207 
mounting condition was maintained for consistency of measurement. Furthermore, in Equation (7), 208 
the permittivity of the material is assumed to be constant. Large deformation of the elastomer 209 
changes the geometries and arrangements of the polymeric molecule chains, which may potentially 210 
vary the electromechanical coupling behavior of the material. In general, the derived correlation 211 
shows the potential for it to predict the actuation force output of the DEA structure in a bi-axial 212 
loading condition. It can also be used to guide the pre-strain configurations in a DEA design.  213 

Figure 6. Force measurement results (diamonds) against correlation according to Equation (7) (lines) 214 
in direction 1 (blue) and direction 2 (red) 215 

With the same pre-strains, 𝜆1,𝑝𝑟𝑒 = 1.2 and 𝜆2,𝑝𝑟𝑒 = 3, the force output of the RP-DEA with the 216 

rod configuration was measured to be 𝑓1= 0.45 N (±0.01 N) in direction 1. It is a higher force output 217 
compared with that of the conventional DEA with the same pre-strain, 0.32 N (±0.01N). The extra 218 
force output is due to the motion constraint, as the rods play the role of both maintaining pre-strain 219 
and constraining electrode movement in the RP-DEA.  220 

In the durability study of the RP-DEA, the static force responses of the structure as in Figure 1b 221 
were also measured to compare between Case 1 and Case 3. Five samples were measured for each 222 
case and the results are shown in Figure 7. The force output of the RP-DEA with multi-ARs was 223 
found to be 6% less than the force output of the RP-DEA with a single AR. The reason is due to the 224 
decrease in the total area of the AR. However, the reduction in force output is considered to be small 225 
compared with the 20% reduction in the area of the AR. The narrow gaps between ARs may also 226 
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slow down the spreading of charge over the AR during the charging phase, hence lead to the 227 
change in the dynamics of the RP-DEA. It would require further study to fully identify this effect. 228 

Figure 7. Comparing static force output in isometric loading with that from a step input voltage: 229 
RP-DEA with single AR and RP-DEA with multiple ARs.  230 

4.2. Lifetime assessment results 231 

The lifetime results for all samples are summarized in Figure 8. For Case 1, the operating 232 
lifetimes varied significantly from 5 seconds to 120 seconds. Overall, 80% of the samples failed 233 
within 60 seconds and the average lifetime was 39 seconds. The standard deviation was evaluated 234 
as 33 seconds. For Case 2, the average operating lifetime of the structures was increased 235 
significantly to 202 seconds. However, the measured lifetime had broad range of variation between 236 
103 seconds and 240 seconds. The standard deviation was calculated as 51 seconds. For RP-DEAs in 237 
Case 3, all samples survived to the full test duration of 240 seconds. The applied voltage was then 238 
increased gradually until the structures failed. The failing input voltages were found to be 239 
consistently around 9.5 kV. 240 

  

(a) (b) 

Figure 8. (a) Recorded lifetimes up to 240 s for RP-DEA with single AR (20 samples), with separate 241 
ARs (20 samples) and with separate ARs and off-AR contact (10 samples); (b) Accumulated surviving 242 
samples as a percentage. 243 

The failures in all three cases were recorded as shown in Figure 9. In Case 1, 95 % of failures (19 244 
out of 20) occurred close to the rods (Figure 9a); 5% of the failures (1 out of 20) occurred around the 245 
lead contact point. It indicates the regions close to rods primarily cause the premature failure of the 246 
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RP-DEA. The electrode deposition should avoid these ‘weak’ regions for the sake of improving the 247 
durability. For the RP-DEAs in Case 2), the failures were found to be associated with the center of 248 
the AR (Figure 9b), where the tip of the cable contacts the DE in order to connect to the power 249 
supply. In this case, because the ‘weak’ regions were no longer activated, the average lifetime 250 
increased significantly compared with those in Case 1. The in-AR lead contact was found to be the 251 
secondary cause that also causes the premature failure. For the RP-DEAs in Case 3, as both sources 252 
of failure were removed from the structure, all samples survived through the full duration of the 253 
life-assessment (4 minutes).  254 

 

(a) (b) (c) 

Figure 9. Recorded failure occurrence in RP-DEAs (a) with single AR over 20 samples (Case 1); (b) 255 
with separate ARs over 16 samples (Case 2); (c) with separate ARs and optimized connection over 10 256 
samples (Case 3). 257 

4.3. Finite Element (FE) simulation configuration 258 

In order to better understand the primary source of failure, the ‘weak’ regions in the structure, 259 
the deformation of the RP-DEA was evaluated by 2D FE simulation. This was implemented using 260 
the four-noded rectangular element, Q4, in MATLAB. The elastomer is hyperelastic and if subjected 261 
to large deformations (𝜆1 = 3, 𝜆2 = 1.2), the FE analysis is nonlinear due to: 262 

D1. the solid is anisotropic due to bi-axial loading, and 263 
D2. the elastic moduli, 𝐸𝑖(𝜆1, 𝜆2)  and 𝐸2(𝜆1, 𝜆2) , of the DE in the in-plane directions become 264 

functions of strains instead of remaining at the constant, 𝑌. 265 

The nonlinear analysis was achieved by setting 𝜆2 = 1 as the initial boundary condition, and 266 
splitting the large deformation, 𝜆1 = 3, into 10 small deformation steps, Δ𝜆1 = 0.2, from 𝜆1 = 1 to 267 
𝜆1 = 3. The 11th step is applied to strain the DE with 𝜆2 = 1.2. Hence the FE analysis for the 𝑗𝑡ℎ   268 
(𝑗 = 1, 2, … . , 11) step can be considered to be linear with respect to the elastic moduli, 𝐸1−𝑗  and 269 

𝐸2−𝑗, as  270 

{𝐝𝑗, 𝛔𝑗, 𝛜𝑗} = 𝑓
𝐹𝐸𝐴

(𝐸1−𝑗(𝜆1−𝑗, 𝜆2−𝑗), 𝐸2−𝑗(𝜆1−𝑗, 𝜆2−𝑗), 𝐩𝑗
)         (9) 271 

𝜆1−𝑗 = 1 + Δ𝜆1(𝑗 − 1)                  (10) 272 

𝜆2−𝑗 = 1                     (11) 273 

where 𝐝𝑗 is the vector of nodal displacements after current step, 𝑗, and 𝛔𝑗, 𝛜𝑗 are the corresponding 274 

vectors of the nodal stress and strain components and 𝐩
𝑗
 is the vector of nodal coordinates that 275 

describes the shape of object before the current step. It is defined as,  276 

𝐩
𝑖
= 𝐩

0
+ ∑ 𝐝𝑛

𝑖−1
𝑛=1                     (12) 277 

where 𝐩
0
 is the vector of nodal coordinates for the object in the undeformed state, ∑ 𝐝𝑛

𝑖−1
𝑛=1  is the 278 

summation of all nodal displacements from previously simulated steps. The final stress and strain 279 
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distributions of the object, 𝛔𝑓𝑖𝑛𝑎𝑙 and 𝛜𝑓𝑖𝑛𝑎𝑙, are evaluated in the same way as for total deformation 280 

in Equation (12): 281 

𝛔𝑓𝑖𝑛𝑎𝑙 = ∑ 𝛔𝑛 , 𝛜𝑓𝑖𝑛𝑎𝑙 = ∑ 𝛜𝑛
10
𝑛=1

10
𝑛=1              (13) 282 

For the large deformation up to 𝜆 = 3, the predictive stress-strain models of elastomer that is 283 
proposed by Carpi and Gei [37] was used to describe such nonlinear material behavior: 284 

  𝑊 = (
2

3
)

3

𝑌(𝜆1

3

2 + 𝜆2

3

2 + 𝜆3

3

2 − 3)              (14) 285 

The model is based on the one-term Ogden energy density function, depending uniquely on the 286 
Young’s modulus, 𝑌, which is appropriate for analysis up to the inflection (flex) point of the 287 

elastomer in nominal stress-strain correlation. For the VHB 4910 DE acrylic film, 𝜆𝑓𝑙𝑒𝑥 = 3.3. The 288 

nominal stresses can be obtained by differentiating Equation (14) to yield the expressions, 289 

𝜎1 =
4

9
𝑌 (𝜆1

1

2 − 𝜆1
−

5

2𝜆2
−

3

2)

𝜎2 =
4

9
𝑌(𝜆2

1

2 − 𝜆2
−

5

2𝜆1
−

3

2)
                   (15) 290 

The elastic moduli can be solved by evaluating 
∂𝜎𝑖

𝜕𝜆𝑖

 to give 291 

 
𝐸1(𝜆1, 𝜆2) =

2

9
𝑌𝜆1

−
1

2 +
10

9
𝑌𝜆1

−
7

2𝜆2
−

3

2

𝐸2(𝜆1, 𝜆2) =
2

9
𝑌𝜆2

−
1

2 +
10

9
𝑌𝜆2

−
7

2𝜆1
−

3

2

                         (16) 292 

This then gives the complete stress-strain relation.  293 

[

𝜀11

𝜀22

2𝜀12

] =

[
 
 
 
 

1

𝐸1(𝜆1,𝜆2)
−

𝑣

𝐸2(𝜆1,𝜆2)
0

−
𝑣

𝐸1(𝜆1,𝜆2)

1

𝐸2(𝜆1,𝜆2)
0

0 0
3

𝑌]
 
 
 
 

[

𝜎11 

𝜎22 

𝜎12 
]             (17) 294 

where 𝑣 is the Poisson ratio. Figure 10 presents the pre-inflection stress-strain correlation of the 295 
elastomer when subjected to large deformation, as appropriate to Equation (16). The elastomer 296 
becomes softer as it is stretched further in both directions. The relaxations in both elastic moduli are 297 
taken over the discrete steps in the simulation. 298 

Because the simulation is in 2D, it does not generates the compressive strain distribution in the 299 
direction of thickness directly. It is reasonable to represent the thickness strain 𝜀33 as, 300 

𝜀33 = 1

(1+𝜀11)(1+𝜀22)
         (18) 301 

The applied boundary conditions were configured as shown in Figure 11. The simulated DE 302 
was set in a square, which corresponds to the AR as in Figure 2a. The sub-strain ∆𝜆1 was applied 303 
on the three nodal sets in the left hand side edge of the square from the 1st to 10th steps of the 304 
simulation. The three corresponding nodal sets in the right hand side edge were fully constrained. 305 
This simulates the applied pre-strain that is held by the rod in direction 2, which was 200% in the 306 
experiment. The sub-strain ∆𝜆2 was applied to the upper edge of the square, and the lower edge 307 
was fully constrained for the 11th step of the simulation. This simulates the 20% pre-strain from the 308 
experiment in direction 1.  309 

The quasi-static linear FE simulation used here is to only demonstrate the potential 310 
non-uniform thickness distribution of the DE in the RP-DEA. The employed material model doesn’t 311 
include the full visco-elasticity of hyper-elastic elastomers, the result only indicates the relative 312 
thick and thin regions across the structure. It is insufficient to provide the exact estimation on the 313 
deformation. 314 
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Figure 10. Comparison between the Young’s Modulus of the elastomer (𝑌 = 0.1 GPa) and the 315 
evaluated elastic modulii 𝐸1, 𝐸2 from Equation (16) (taking 𝜆2 = 1) for both in-plane directions. The 316 
actual elastic moduli in both directions decrease as the elastomer undergoes large deformation. The 317 

elastomer becomes anisotropic under bi-axial loading. 318 

Figure 11. Boundary condition configurations for finite element simulations over 11 steps. 319 

4.4. FE simulation results 320 

The simulated results for RP-DEA are presented in Figure 12. It shows the DE to be deformed 321 
non-uniformly in the RP-DEA. In general, the thickness of the film decreases as it moves from the 322 
edge to the center in direction 2. The three thinnest regions with 𝜀33 = −17% are found around the 323 
rods, which correlate to the ‘weak’ region that causes the premature failure shown in Figure 8. 324 
When the RP-DEA has the single AR as in Figure 12a, the AR covers all these thinnest regions. 325 
When the RP-DEA is configured with multi-ARs, the ARs only cover the relatively thin regions with 326 
𝜀33 > −15%. It hence avoids the resultant premature failure. In Figure 13, the AR of the RP-DEA, as 327 
in Figure 9a, were evenly divided into the left, center and right regions in direction 2. This 328 
evaluation suggests that in Case 1, 35% of the failures occurred in the left region; 50% of the failures 329 
occurred in the center; 15% of the failures occurred in the right region. It is in agreement with the 330 
simulation, where the ‘weak’ regions around the rods cover a larger area in the center region 331 

In-plane strain 𝜆1 

M
ec

h
an

ic
al

 S
tr

es
s 

𝜎
𝑛
𝑜
𝑚

 (
𝜆 1

) 
[M

P
a]

 

Δ𝜆2 = 0.2 (11
th

 step) 

∆𝜆1 = 0.2         

(1st – 10th step) 

Fully constrained boundary      

(11
th

 step) 

 

Partially constrained 

boundary  

(1st – 10th step) 

1 

2 



Actuators 2016, 5, x 12 of 15 

 

compared with the side regions. More failures would therefore be expected to occur in the center 332 
region of the AR. 333 

 

(a) (b) 

Figure 12. Thickness strain distribution of a deformed RP-DEA from 2D finite element simulation. 334 
The thickness is evaluated from in-plane residual strains 𝜀11 ,  𝜀22  according to Equation (18) 335 

(ℎ = 0.1 mm). 336 

Figure 13. Occurrence of failures in Case 1 as: 7 in the left region; 10 in the center region and 3 in the 337 
right region of the AR (Figure 8a).  338 

Considering the three potential sources of failure of the DEA: (i) dielectric strength, (ii) 339 
mechanical strength and (iii) pull-in instability, the most likely failure mode in the RP-DEA is the 340 
dielectric strength as explained below: 341 

(i)  Dielectric strength failure: The failure occurs because the resultant local electrical field exceeds 342 
the dielectric strength of the film. A 7.5 kV actuation voltage was found to be close to the 343 
breakdown voltage of VHB 4910 in agreement with Plante’s work at the same pre-strain 344 
condition ( 𝜆1,𝑝𝑟𝑒 = 1.2 , 𝜆2,𝑝𝑟𝑒 = 3)  [27]. Because the DE in the RP-DEA is deformed 345 

non-uniformly, the thinnest regions in the film or ‘weak’ regions are close to the dielectric limit. 346 
All other relatively thicker regions have the smaller values of local pre-strain and higher 347 
breakdown voltages.  348 

(ii)  Mechanical strength failure: For VHB 4910, it has been shown that the film can be stretched up 349 
to the pre-strain of 600% [27], which is well beyond the pre-strain configuration in this work. 350 
Therefore the mechanical strength is unlikely to be a source of failure. 351 

(iii)  Pull-in instability failure: This failure mode of the RP-DEA is less likely because 1) No 352 
wrinkling was observed prior to the failure, and 2) The RP-DEAs were pre-strained with high 353 
stretch rate (≥0.01 s-1). In this case, the viscosity ‘stiffens’ the elastomer and makes it resistant 354 
against the pull-in instability [27]. 355 
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5. Conclusions  356 

An investigation has been undertaken to study the effect of bi-axial pre-loading on the force 357 
output of a conventional DEA, compared with that from the new RP-DEA. The derived correlation 358 
between the pre-strain and the force output of the DEA was found to fit the experimental data well, 359 
covering pre-strain variations up to 200%. The RP-DEA generated larger force by gaining the 360 
advantages from both pre-strain and motion constraint.  361 

The first RP-DEA design was found to have a short operating lifetime with failure due to its 362 
limited dielectric strength. Two sources of failure are identified in this work. The primary failure 363 
source is the non-uniform deformation of the DE in the RP-DEA. It creates ‘weak’ regions having 364 
low thickness close to the rods, which locally are vulnerable to breakdown voltages. The secondary 365 
cause is the in-AR lead contact. The tips that contact the DE have better conductivity than the 366 
electrode material, which may concentrate charge and lead to excessive local electrical fields. The 367 
in-AR contact is found to have lower impact on the durability of the RP-DEA compared with the 368 
primary ‘weak’ region. Both sources of failure were suppressed by optimizing the AR 369 
configuration. The results show that this approach stabilizes the RP-DEA to avoid failure due to 370 
limited dielectric strength and dramatically improves the durability of the RP-DEA. The results also 371 
show that the AR optimization led only to a minor reduction in force output.  372 

Further work is suggested in the life assessment of the RP-DEA with non-conductive rods to 373 
assess fully the influence of rod conductivity. The simulation model could be further improved by 374 
performing a single continuous simulation, rather than the discrete steps in this paper. Also, a 375 
locally defined DE elastic modulus that varies with non-uniform deformation would be more 376 
representative in the model. 377 
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