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Abstract—Restoring the function of a lost limb for an 

amputee requires the generation of relatively large forces, 

which remains a challenge in current designs. Dielectric 

Elastomers (DE) have the desired properties of light weight, 

low cost, fast response, ease of control and low power 

consumption. Yet due to the elasticity of the material which 

requires mechanical support and low output force 

generation, DEs haven’t been suggested for prosthetic 

devices that mainly require high output forces. This paper 

proposes a conceptual design for a prosthetic arm, where 

DE is used as a high output force actuator. A two-bar 

mechanism was assumed to represent the human arm, with 

one bar as the Humerus and another for the Radius and the 

Ulna bones. The flexion action of the mechanism was 

achieved by a slider-crank mechanism connecting the two 

bars. A Dielectric Elastomer (DE) was used to actuate the 

mechanism. In the proposed design, the DE membrane is 

configured as a planar linear actuator, with about 1000 

parallel membranes to maintain the output force and reduce 

the tensile stress. An Analytic model for the specific 

configuration of DE materials was developed to analyze the 

output force of the designed mechanism for a range of input 

electric fields. The input electric field is below the dielectric 

strength of the material and induces 97 N of output force 

which is higher than reported actuator designs. 

 

Index Terms—dielectric elastomer, actuator, 

thermodynamics, VHB 4910 

 

I. INTRODUCTION 

Replacing a lost limb for an amputee is quite a 

challenge; an intuitive approach would be to mimic the 

function of the natural lost limb. Research in prosthesis 

technologies includes a wide variety of options that have 

potential capabilities of restoring a fully functional 

human limb. Electroactive polymers (EAP) are polymer 

materials that respond mechanically to external electric 

stimuli [1]. Among EAP materials, Dielectric Elastomers 

(DE) have properties that show great similarities to 

human muscles [2] which make them suitable candidates 

for replacing conventional actuators of motors and gears 

in prosthetics which is a desirable outcome. 

DE materials transform electric energy directly into 

mechanical work and produce large strains [1], [2]. This 

mechanical strain is induced by an electrostatic attraction 

between conducting layers [3], leading to compressive 
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stress in the direction perpendicular to the layers referred 

to as Maxwell stress [4] which induces tensional stress in 

the direction parallel to the layers that result in large 

positive strains. 3M Corporation’s VHB 4910 is a 

commercial form of acrylic elastomers [4] where it is 

originally manufactured as an adhesive and is the 

dielectric elastomer material used in the proposed design. 

The modeling of DE materials could be achieved 

through a number of approaches such as nonlinear hyper 

elasticity and thermodynamics, yet the main challenge in 

modelling DE material is to address associated failure 

modes [5]. Plante and Dubowsky have addressed four 

main modes; pull-in failure or electromechanical 

instability, dielectric strength failure, viscoelasticity and 

current leakage [6], [7]. One particular model [8] 

addresses the viscoelastic nature of the material and 

includes the parameters that describe the dissipative 

processes a viscoelastic material goes through. It also 

defines a procedure to define the value at which 

instability occurs for any DE configuration. 

Several designs of planar DE actuators are proposed in 

the literature. One design presents a joint driven by two 

antagonistic DE actuators, but the reported output force 

does not exceed 5 N [9]. While another design employing 

spring roll DE actuator, reports outputs of 15 N [10]. A 

planar actuator design employing hyperelastic DE 

material model reports 35 N output [11]. These output 

forces are less than the force an average human bicep can 

exert during flexion which is estimated to be in the range 

of 40 N to 116 N [12]. In this paper we propose a design 

that provides higher output force. 

II. RESEARCH METHODS 

A. Selected DE Material Model 

The selected model [8] defines a simple planar DE 

membrane where it is subjected to forces P1 and P2, and 

the two electrodes are connected to a battery of voltage Φ, 

as shown in Fig. 1. 

Thermodynamics requires that the increase in the 

Helmholtz free energy of the membrane, F should not 

exceed the total work done. The free energy density is a 

function of the stretches, the nominal electric 

displacement and internal parameters that describe 

degrees of freedom associated with dissipative processes. 

For a viscoelastic material represented through a network 
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of dashpots and springs, these internal parameters 

represent the viscous stretch in the dashpot, ξ1 and ξ2 for 

both directions. 

The constitutive equations developed describe the 

viscoelastic behavior of the DE material employing Neo-

Hookean elasticity model. For further information please 

refer to the paper [8]. 

 
Figure 1. Reference and current state of dielectric elastomer [8] 

B. Selected DE Material Model 

Fig. 2 shows a structural design for the actuator. 

Member ‘a’ represents the DE material block, where it 

actuates the arm as it elongates pushing bar L3 within the 

sliding joint, the concept of the design has been proposed 

by the author and others [11], yet this work proposes a 

different analysis approach. 

Performing a force diagram for bar L1 will define the 

maximum force on the DE membrane as shown in Fig. 3. 

The maximum Force is a function of the desired angular 

position θ. 

Fmax = 2 cosα (W2 L2+Fext) – T (sin θT +sin θT cosα  

+2 cos θT sinα                        (1) 

θT = 90
o 
– α – sin

-1
(b/L3 sinθ)             (2) 

 
Figure 2. Mechanical design of the DE actuator 

 

Figure 3. Force diagram of member L2 

C. Adapted Actuator Model 

In the suggested design, the DE membrane is set up 

right, where the mechanical force acts against the 

generated force and there are no other forces acting on 

the DE membrane. Therefore, the applied voltage is 

expected to generate mechanical stress enough to counter 

act the mechanical compression and pull the bar ‘L2’ 

upwards. To apply this model to the actuator design, new 

assumptions and parameters are made: 

1. The strain in the material is induced only by the 

applied voltage 

2. The mechanical compression stress is in the 

length direction and is negative  

s1= – smechanical = – Fmax / A. 

3. The width is constrained, therefore s2 = 0, and  

λ2 = ξ2 = 1.  

4. Dimensions of the DE membrane are ‘a’ the 

initial length in the direction of the elongation, 

‘Xd’ the constant width of the membrane and 

‘Zd’ the initial thickness of the membrane. The 

number of parallel DE membranes is ‘n’. 

Accordingly, material constitutive equations become 

as follows, 

s1 = – smechanical = μR (λ1 – λ1
-3

) +(μu – μR)( λ1 ξ1
-2 

– λ1
-3

 ξ1
2
) 

– λ1
-3

 D ̃
2
⁄ε                                  (3) 

s2 = μR (1 – λ1
-2

) +(μu – μR)(1
 
– λ1

-2
 ξ1

2
)–λ1

-2
 D ̃

2
⁄ε  (4) 

E  ̃= λ1
-2

 D ̃⁄ε.                              (5) 

The mechanical stress is a function of the applied force 

and the stretch value, and to reduce the mechanical stress 

on the material and reduce actuating voltage accordingly, 

an addition of ‘n’ parallel DE membranes would achieve 

this goal while contributing very little to input power 

required. Substitute (5) in (3), and substitute mechanical 

stress with true stress in terms of force and stretch, 

(– Fmax ⁄ Zd Xd n) λ1 = μR (λ1 – λ1
-3

) +(μu – μR)( λ1 ξ1
-2 

 

– λ1
-3

 ξ1
2
) – ε E ̃

2
 λ1                           (6) 

Derive (6) with respect to time, 

[μR (1 – 3λ1
-4

) +(μu – μR)( ξ1
-2 

– 3λ1
-4

 ξ1
2
) – ε E ̃

2
 

+ (– Fmax ⁄ Zd Xd n)]  dλ1/dt 

– (μu – μR)( 2λ1 ξ1
-3 

– 2λ1
-3

 ξ1) d ξ1/dt 

– 2εE λ̃1 dE /̃dt +( λ1 ⁄ Zd Xd n) dFmax/dt        (7) 

And from the kinetic model selected in the reference 

paper [8], dξ1/dt is defined as 

d ξ1/dt = 1/τ (λ1
2
 ξ1

-3 
– λ1

-2
 ξ1               (8) 

From (7) and (8), with Fmax(t) and E ̃(t) known from 

the mechanical structure and a selected step signal 

respectively, λ1(t) and ξ1(t) are solved as they evolve to 

steady state or up to the time when electromechanical 

instability occurs depending on the applied electric field 
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value. The initial condition λ1(0) is found by substituting 

Fmax(0) and E ̃(0) according to the loading program and 

ξ1(0) equal to 1 due to viscosity [8] in (6). 

III. RESULTS 

A. Actuator Parameters 

Table I summarizes the set of parameters selected for 

the actuator and the material, and the actuation input and 

output values. Parameters ‘L3’ and ‘b’ and the DE 

membrane length ‘a’, were optimized through iteration to 

find the highest output force possible while maintaining 

low strain. The DE membrane thickness is defined 

depending on the available manufactured DE adhesive 

thickness. 

TABLE I. SUMMARY OF SELECTED MECHANICAL AND MATERIAL 

PARAMETERS 

Parameter Value Description 

Mechanical Parameters 

L1, L2 (cm) 40, 30  Roughly estimated [12] 

L3, b (cm) 19, 3.5  Optimum force and input voltage 

ρ (kg/m3) 946  Polypropylene material density [13] 

Fext (N) 0  External load 

α  0o  
Deviation from perpendicular 

position of upper arm 

θ 0o–150o 
Range of elbow joint flexion 
motion [14] 

Material Parameters 

a (cm) 15.50  Initial length of DE membrane 

Zd (μm) 50  
Fabricated M3 VHB 4910 acrylic 

elastomer film 

Xd (cm) 5  Selected width of DE membrane 

n 1000 Number of parallel DE membranes 

λ1 1 – 1.4 Selected range from parameters 

ε 4.5 
Relative permittivity of DE 
materials [15] 

Actuation Parameters 

Input Force 

(N) 
73.2 – 97.5  

Input Electric Field 

(MV/m) 

31.4 – 

33.8 

B. Actuator Parameters 

The response of the actuator to the applied electric 

field is shown in Fig. 4. The applied electric field is 

regulated to hold each position. While the force decreases 

from 97.5 N to 73.2 N with increasing angular position, 

the electric field required to hold that position increases 

from 31.4 MV/m to 33.8MV/m. 

 
Figure 4. DE actuator actuation responses for selected angular 

positions 

Electromechanical instability occurs instantly if the 

electric field applied is above 3.25Ec, does not occur if it 

is below 2.05Ec, and occurs after some delay if the value 

applied is between those limits as shown in Fig. 5. 

 
Figure 5. DE Material responses for different electric field values 

IV. DISCUSSION 

The results show a relatively high output force induced 

by an electric field for ‘n’ DE parallel membranes. For a 

single DE membrane actuator, the stress is very high; 

around 38 Mpa, yet for a 1000 DE membrane actuator of 

which the results are for, the stress is distributed reducing 

the stress per membrane. Therefore the designed actuator 

maintains high output force without exceeding stress 

loading limitations reported to be below 690 Kpa [16]. 

The critical electric field for the proposed design is 

increased to be 3.25 times the critical value that is derived 

by the refrence model  as equal to Ec=0.69√(μR/ε) [8], 

this reduction is physically interpreted as the mechanical 

compressive stress supporting the DE membrane. The 

output strain is 40% and can be increased theoretically, 

but an increased output strain requires more electric input 

energy, therefore the dielectric strength of the material 

poses a limitation for the actuation value; which is 40 

MV/m for a non prestretched DE material [15]. With the 

achieved output force, the actuator could be used as 

prosthetic devices actuators with the aid of proper 

mechanical supports. 

V. CONCLUSION 

The paper proposes a design of a DE actuator. The 

design employs a developed model from ref [8] and 

adapts it to the actuator parameters. The mechanical 

design of the DE actuator produces compressive stress on 

the DE membrane that ranges from 73 N to 97 N 

according to the angular position. This compressive stress 

is counter acted by Maxwell stress that is induced by 

applied electric field that ranges from 31.4 MV/m to 33.8 

MV/m. this actuator could be potentially applied in the 

field of prosthetic as an upper extremity prosthetic arm 

that exerts sufficient force for normal activity. 
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