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orientation of the actuator match the z-axis (Figure 3); thus, the compression due to 

electrostatic pressure makes the material stretch along the z-axis (𝜆𝑧) leading to equally 

stretch in the in-plane direction 𝜆𝑥 and 𝜆𝑦 due to incompressibility, notice that 𝜆𝑥 = 𝜆𝑦 =

𝜆𝑟. Finally, the assumption of material incompressibility defines that there is no change 

in volume and thus isochoric deformation occurs. Therefore, the product of its principal 

stretches should be constant and equal to one (3.25) which lead to the helping equation 

(3.26) for a relationship between 𝜆𝑧 and 𝜆𝑟. 

 𝐼1 = 𝜆𝑥
2 + 𝜆𝑦

2 + 𝜆𝑧
2 = 2𝜆𝑟

2 + 𝜆𝑧
2 (3.24) 

 
𝑉𝑜𝑙𝑢𝑚𝑒(𝑡)

𝑉𝑜𝑙𝑢𝑚𝑒0
= 𝜆𝑟

2𝜆𝑧 = 1 (3.25) 

 𝜆𝑧 =
1

𝜆𝑟
2
 (3.26) 

Table 3.2. Material parameters for VHB4910 for Yeoh model. 

Parameter Value 

C10 [MPa] 0.0693 

C20 [MPa] -8.88 ∗ 10−4 

C30 [MPa] 16.7 ∗ 10−6 

The material constants of VHB4910 appears normalized in the literature as time 

relaxation and energy factor for Prony series modeling(Wissler & Mazza, 2007c) as 

shown in Table 3.3 The constants for the equivalent Kelvin-Maxwell model of 
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 The external area of the elastomer 𝐴𝑟𝑙𝑜
(𝑡) and internal area of the elastomer 𝐴𝑟𝑙𝑖

(𝑡) are: 

 𝐴𝑟𝑙𝑜
(𝑡) = 𝑧(𝑡)2𝜋√𝑅𝑜(𝑡)2 + 𝑐2 (4.14) 

  𝐴𝑟𝑙𝑖
(𝑡) = 𝑧(𝑡)2𝜋√𝑅𝑖(𝑡)2 + 𝑐2 (4.15) 

 

Figure 4.2. Representation of the areas that encloses the volume of a HDEA.  

4.3 Principal stretches of the HEDA 

The principal stretches are ratios denoting the amount of material stretch in the principal 

direction studied. These ratios directly relate to dimensions of interest for the HDEA 

geometry. Furthermore, they are used to calculate the principal invariants that compose 

the strain energy function of hyperelastic constitutive models. 

The stretch ratio 𝜆𝑧 of the thickness of the material is given by Equation (4.16) where it is 
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also related to the thickness strain 𝑆𝑧. 

 𝜆𝑧 =
𝑧(𝑡)

𝑧0
=

𝑧0 − (𝑧0 − 𝑧(𝑡))

𝑧0
= 1 − 𝑆𝑧 (4.16) 

The delta radial stretch ratio 𝜆∆𝑟 is calculated by: 

 𝜆∆𝑟 =
𝑅𝑜(𝑡) − 𝑅𝑖(𝑡)

𝑅𝑜0
− 𝑅𝑖0

  (4.17) 

Where 𝑅𝑜(𝑡) − 𝑅𝑖(𝑡) is the change of the width of the elastomer with as function time 

and it is denoted as Δ𝑅(𝑡). Furthermore, it can be assumed that the amount of change in 

𝑅𝑜(𝑡) is very close to the amount of change of 𝑅𝑖(𝑡). Thus, 𝑅𝑖(𝑡) can be computed. 

 𝑅𝑖(𝑡) = 𝑅𝑖0 + 𝑅𝑜0
−𝑅𝑜(𝑡) (4.18) 

The longitudinal stretch ratio of the length of the helical 𝜆𝐿𝑅
 is depended by the radius 

used in its calculation since the HDEA has an inner and outer ratio. Therefore, Equation 

(4.19) is not the most appropriate way to calculate this principal stretch. 

 𝜆𝐿𝑅
=

𝐿𝑟(𝑡)

𝐿𝑟𝑜

 (4.19) 

However, because it is assumed that the elastomer is incompressible, it will conserve its 
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HDEA geometry or dielectric elastomer material. Furthermore, the dimensions and 

dynamics of the electrodes between the elastomers are not taken into consideration in this 

study. 

Table 4.1. Initial elementary parameters of the HDEA. 

Parameter [units] Description 

𝑅𝑜0
 = 0.030   [m] External radius 

𝑅𝑖0
 = 0.010   [m] Internal radius 

𝑧0 = 0.001   [m] Elastomer thickness 

𝑁𝑝 = 50   [-] Number of periods in the HDEA 

𝑁𝑒 = 2     [-]       Number of elastomers in series. 

𝑀𝐻𝐷𝐸𝐴 = 0.2413   [Kg] Mass of the Actuator 

 

Material parameters 

This study applied the material parameters of the didactic material VHB 4910 for its 

extensive coverage in literature. Numerous studies have verified that its hyperelasticity 

response matches Yeoh’s non-linear hyperelastic strain energy model (Wissler & Mazza, 

2005b). Furthermore, because it is difficult to find viscoelastic parameters for a specific 
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Figure 4.10. Transient response of a step input voltage.

 

Figure 4.11. Transient response of an input voltage with form of a sinusoidal wave.  

(c) 

(a) 

(d) 

(b) 
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As a further means to evaluate the performance of the actuator, the open loop response of 

the stroke of the actuator was studied without any electrostatic force for 9 seconds as 

shown in Figure 4.12.  To continue, a constant increase in voltage of 5.5 Volts was 

applied every 1 millisecond interval until it reached 25KV which is theoretical possible 

since it is a value earlier the electromechanical instability of the material under Yeoh’s 

model (Gbaguidi et al., 2016), and then in reverse with a total duration of 9 seconds. This 

frequency of input voltage was repeated three times with different amounts of load 

attached to the actuator as shown in Figure 4.13. It can be appreciated how a small 

hysteresis appears on the actuator under these conditions, because the ratio on the 

elongations is small (Figure 4.13). Furthermore, it can be realized that the actuator is 

contracting around 3.5% of its length when lifting 30 N which 12.5 times its own weight; 

however, these results could be improved with more accurate parameters for the model. 

 

Figure 4.12. Deformation of the actuator length under different loads without the 
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presence of the electrostatic pressure.  

 

Figure 4.13. Deformation of the actuator length and principal stretches while holding 

different loads under electrostatic pressure. 

Furthermore, the complementary angle 𝛼(𝑡) was also studied. Figure 4.14 highlights that 

the variation of the complementary angle is insignificant and very close to 𝜋/2, which 

means that around 99% of the electrostatic force is directed to the z-axis for the HDEA 

geometry presented is this research as shown in Table 4.1. 
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Figure 4.14. Complementary angle α(t) vs. time when the HDEA is under the conditions 

shown in Figure 4.13. 

Finally, the electrical current and power consumption of the actuator was considered. 

Figure 4.15 shows the electrical performance of the actuator, where the current drawn 

comes from the compliant capacitor and the varying resistance that forms part of the 

morphology of the actuator. Furthermore, it can be appreciate in Figure 4.15 that the 

three cases shown in Figure 4.15 consume the same amount of power because more 

power will be needed to compress the actuator for the 20 N and 30 N external load cases 

as much as the 10 N case. Lastly, the electrical properties of the material used in this 

research can be gleaned from table 3. 
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Table 4.3. Electrical properties of the elastomer used. 

Parameter [units] Description 

𝜀𝑟 = 4.7 [-] Dielectric 

permittivity. 

𝜌 = 3.1 ∗  108 [Ω .𝑚] Electrical 

resistivity. 

 

Figure 4.15. Current and power consumption vs voltage and time when the HDEA is 

under the conditions shown in Figure 4.13. 

4.9 CONCLUSION AND FUTURE WORK 

Dielectric elastomer actuators are devices in which their dynamics not only depend on the 

geometrical morphology of the actuator, but also most notably on the intrinsic 
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characteristics of the material used. As shown in previous equations, tables, and plots, the 

actuator depends on many different material parameters such as the dielectric permittivity 

in addition to those defining hyperelasticity and viscosity models, which can be found by 

doing many different mechanical and electrical tests. Some experiments are simple to 

perform, such as the measurement of the dielectric permittivity. However, in the 

mechanical domain and more precisely if working with hyperelasticity, the parameters 

need to be fitted from different modes of deformation at the same time, such as uniaxial, 

biaxial, and so forth. Even relaxation tests are also needed in order to obtain parameters 

that govern that viscous behavior. Consequently, from an applications point of view, it is 

needed and will be part of the future work of the authors, to design a non-linear 

parameter estimator to get these parameters by doing an inverse problem; this parameter 

estimator bypasses the need to perform experiments where the parameters are calculated 

by complex means. Furthermore, a HDEA will be fabricated from which data will be 

extracted as the input for the estimator in future. Finally, a numerical simulation and 

experimentation on HDEA prototype will be performed to validate the presented 

dynamics on this research. 

  


