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Experimental and Numerical Investigations of
the Electro-Viscoelastic Behavior of VHB
4905™

Markus Mehnert, Mokarram Hossain and Paul Steinmann

Abstract Dielectric elastomers are a class of electro-active polymers (EAPs) that
can be used for the development of simple soft actuators, sensors and energy har-
vesters. Their operation principle is based on the interaction of quasi-static electric
charges in combination with soft dielectrics and deformable electrodes. Due to their
ability to undergo large deformations with a time dependent material response of
the underlying polymer, the mechanical behaviors of EAPs can be described by a
finite strain viscoelastic material model [1]. This model is here augmented in order
to account for the influence of the electro-mechanical coupling. In this contribution
we persue a comprehensive electro-mechanical characterization of the popular di-
electric polymer VHB 4905™ . In contrast to the results of the electro-mechanical
experiments published previously [2] all of these experiments are conducted without
the application of a pre-stretch and are therefore well suited for the identification of
the coupling parameters of the material model. The presented model shows excellent
agreements with experimental findings.
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1 Introduction

When dielectric elastomers are used as electro-active materials their principle of
operation is based on the attraction of opposite electric charges and the repulsion of
like charges. A simple way to design a soft actuator using this class of materials is
to sandwich a polymeric thin film between deformable electrodes. When a voltage
difference is applied between the electrodes, the opposite charges will attract each
other resulting in a force that contracts the thin film. Simultaneously the like charges
on each electrode generate a force that stretches the material in the in-plane directions,
compare Figure 1.

/TopEIectrode \ + 1 + 1 + 1 +

= =)
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= =)

\ Bottom Electrode / ) I ) I ) I )

Fig. 1 Working principle of a simple soft actuator of dielectric elastomer with an electrically
conductive coating in the undeformed state (left) and in the activated state (right). The blue arrows
indicate the electric stress resulting from the electric charges.

Using this basic principle, dielectric elastomer transducers can be designed in a
number of ways, e.g. as rigid or flexible framed planar transducers, bending, rolled
or tubular transducers or in form of a diaphragm [3]. This wide range of possible
designs makes dielectric elastomers as interesting candidates for numerous applica-
tion areas such as adaptable optics where they can be used as tune-able lenses [4]
or laser speckle reducers [5], microfluidic pumping systems [6, 7] or as artificial
muscles, especially in the field of biomimetics [8, 9, 10, 11, 12, 13]. The traditional
options for the dielectric base material include silicones, acrylic copolymers and
polyurethanes [14, 15] whereas the conventional choices for the material of the elec-
trodes includes carbon based powders, greases [16] or metallic thin films [17, 18, 19].

The numerical simulation taking into account the interaction between a body and
an electric field has been the subject of intensive research, beginning with early
attempts by e.g. Eringen [20], Allik and Hughes [21] or Kagawa and Ymabuchi [22].
The growing interests in electro-active materials have led to a number of advances in
the past decade with important contributions by Dorfmann and Ogden [23, 24, 25]
among others. For polymeric materials in particular, a time dependent material
response has to be considered for which phenomenological or micro-mechanical
constitutive models have been developed over the years. Furthermore these models
can be characterized by the nature of the time-dependent contribution of the stress
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which contains either stress-type internal variables [26, 27, 28] or strain-type in-
ternal variables [29, 30]. The fields of electro-mechanics and viscoelasticity were
successfully combined for the simulation of electro-active polymers, for example in
the works of Ask et al. [31, 32], Buschel et al. [33] or Saxena et al. [34]. However,
a central issue of these theoretical approaches is a lack of reliable experimental
data suited for the identification of both the purely mechanical material parameters
and the electro-mechanical coupling parameters. In one of the few contributions,
Hossain et al. [35] carefully analyzed the visco-mechanical material response of the
dielectric elastomer VHB 4910™ by 3M™ by performing a number of standard
and relevant experiments such as single- and multi-step relaxation tests and cyclic
loading-unloading tests. These experiments were used for the identification of the
material parameters of a micro-mechanically motivated viscoelastic material model
resulting in a very good agreement between the simulation and the experimental
results. In a subsequent contribution, Hossain et al. [2] also investigated the electro-
mechanical response of the same material. However, in the electro-mechanically
coupled experimentations, the polymeric samples were pre-stretched manually in an
effort to reduce their initial thickness of 1 mm and by this amplify the effect of the
electric field on the material. This leads to experimental results that were not well
suited for the identification of relevant material parameters appearing in an electro-
viscoelastically coupled constitutive model where the electric field is an independent
field in addition to a mechanical load. Moreover, any kind of pre-stretching reduces
the service life of dielectric elastomers. Hence, it would be a better option if thinner
samples can be obtained that will show good actuation behaviour without any pre-
stretching.

Within the current contribution we are trying to fill this gap by presenting the re-
sults of electro-mechanical experiments with a similar dielectric elastomer, i.e. VHB
4905™ by 3M™ . This polymeric material with a thickness of 500 micro-metre can
show a significant amount of actuation upon the application of an electric voltage
without the necessity of a pre-stretching. In an effort to model the experimental find-
ings, an electro-viscoelastic coupled model is used that is based on our two recent
contributions, i.e. a theoretical modelling framework of thermo-electro-viscoelastic
problems with field dependent material parameters [1], and the second contribution
investigating the visco-mechanical properties of VHB 4905™ coated with an elec-
trically conductive carbon grease [36].

This paper is organized as follows. In Section 2, the experimental setup, the sample
preparation and the results of cyclic loading-unloading tests with the simultaneous
application of an electric field are presented. In the following section we present
a constitutive modelling approach for electro-viscoelasticity which is used in com-
bination with the experimental results in order to identify the necessary material
parameters. The final Section concludes the paper with a summary and an outlook
for future works.
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2 Experimental Characterization of VHB 4905

For all of the experiments presented in this contribution we use the widely-known
dielectric elastomer VHB 4905™ by 3M™ . This is a commercially available double
sided bonding tape with a thickness of 500 yum originally manufactured for adhesive
applications. However, recently it has frequently been used as a dielectric elastomer
due to its extreme soft mechanical properties. For electro-mechanical coupled ex-
perimentations, the material is coated on both sides with the electrically conductive
carbon grease 846-80G by MG Chemicals™. All experiments are performed at con-
stant ambient temperature of 23°C using samples of the dimensions 70 mm by 100
mm. These dimensions are selected in such a way that the ratio between the coated
and the uncoated material surfaces is as large as possible while meeting the geomet-
ric constraints given by the customized experimental equipment. We perform cyclic
loading-unloading tests under an electric field where the field is created by applying
two opposite voltages perpendicular to the stretch direction. These experiments are
conducted with the aim of identifying the material parameters from our selected
finite-strain model that couples the electric field with the mechanical response of the
material.

2.1 Experimental Setup

The testing equipment for the electro-mechanical experiments consists of seven major
parts (c.f. Figure 2). The coated material sample (1) is fixed at both ends by a pair
of clamps (2). The bottom pair is mounted on a movable table that is controlled by a
linear translation stage (3). The top pair of clamps is connected to the force transducer
(4) (model number GSO-1 K, Transducer Techniques) which is attached to the frame
of the testing system (5). For the application of the electric field the coated sides of
the test sample have to be connected to a power source which is achieved by a flexible
electric wiring (6). Finally the entire setup is enclosed in a non-conductive cabinet
(7) ensuring a safe working environment. In the loading-unloading experiments, the
material samples are deformed by the movement of the table. The force that has to
be applied on the sample in order to achieve the deformation is constantly recorded
through the force transducer (precision limit of +£0.01 g) with a frequency of 10 data
points per second. The force transducer is connected to a LabView software system.
In order to ensure the reproducibility of all experiments, we conduct 5 cyclic tests
for each value of the electric field. Therefore, if not stated otherwise, the results
presented show an average value of the test runs which is done in order to further
reduce noises. In order to characterize the experiments we use the initial length of
the sample Ly and the difference between the initial and the deformed length AL to
define the strain & = AL/ L and the strain rate & = AL/ L.
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(a) Testing equipment (b) Stretched sample

Fig. 2 Coated test sample of VHB 4905™ in the (a) undeformed and (b) deformed states. Legend:
1 coated test sample, 2 clamping plates, 3 linear stage with a movable table, 4 force transducer, 5
frame, 6 electric wiring , 7 safety cabinet.

2.2 Specimen Preparation

As explained in the previous section VHB polymers are extremely soft materials with
an excellent adhesive property. Hence, itis a challenging task to prepare samples with
these polymers either for purely mechanical experiments or electro-mechanically
coupled tests. Therefore a simple but efficient holding frame was designed to pre-
pare samples. Such a custom-made frame helps to paint the sample efficiently with
minimum disturbances prior to the actual tests. The first step for the preparation of
the test sample is to place one of the top and one of the bottom clamping plates
into said holding frame. By this the distance between the top and the bottom plate is
fixed at 70 mm. Therefore, the deformable length of the material sample that is held
fixed by the plates is also exactly 70 mm. In the next step we carefully remove the
protective covering of the VHB and put the remaining two clamping plates on top of
the sample. Thanks to the bonding properties of VHB 4905™., the sample is safely
fixed between the clamping plates by two pairs of screws. The next step is to cover
both sides with the conductive carbon grease that acts as compliant electrodes using
a soft brush. In order to prevent any short circuiting, a small area on both sides over
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the entire length of the sample has to remain uncoated.

Thus in order to simplify the application of the grease, we cover an area of approx-
imately 5 mm over the entire side lengths of the specimen with two pieces of the
protective covering (Figure 3a). When the entire face of the sample is coated, the
protective covering can be removed resulting in a precise and straight boundary of
the coated area. We can easily check whether the the surface is completely covered
by a visual examination. Next the sample and the holding frame are flipped so that the
backside can also be coated with carbon grease. As the VHB investigated in this study
is transparent, the line between the coated and the uncoated area on the front side is
clearly visible and can be used as an orientation for the boundary during the coating
of the backside. After finishing the application of the grease a stripe of aluminum
foil is glued to the clamp in such a way that one end of the stripe touches the coated
material whereas the other end is free to move. This ensures a flexible connection
between the compliant electrode and the stiff electric cable from the power source.
Finally the sample is mounted on the testing equipment and the frame is removed.
Afterwards, a second stripe of aluminum foil is connected to the other side of the
sample in a similar fashion so that the cable with the opposite polarization can be
connected. The entire preparation process and a cyclic loading test is documented
by a comprehensive and illustrative video available as supplemental material.

(a) Sample with protective covering on one pair (b) Coated and fixed sample
of clamping plates

Fig. 3 Clamped specimen of VHB 4905™ during the sample preparation before the application
of the conductive carbon grease (left) and after the application (right)
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2.3 Loading-Unloading Tests

Since the loading-unloading cyclic experiments are essential and classical in char-
acterizing viscoelastic materials, we perform a number of such tests with an electric
field applied in the thickness direction of each sample. In these experiments the
sample is stretched at a constant strain rate up to a maximum deformation of 200%.
When the desired value of the tensile strain is reached, the stretch is immediately re-
duced with the same strain rate until the table of the linear stage returns to its original
position. The results for three stretch velocities of 0.025 s7!, 0.1s~! and 0.2 s7! are
presented in Figs 3, 4 and 5, respectively. During the entire deformation a constant
potential difference is applied between the electrodes. In order to obtain a significant
influence by the electric field, we apply electric voltages of 2 kV, 3 kV, 4 kV, 5 kV
and 6 kV. Additionally we perform the same tests in the absence of an electric field
as reference tests. The plots in Figures 4 to 6 present the forces that are applied to
the material sample during the deformation for the different stretch velocities. On
the left hand side, we show the results over the entire loading cycle of 200% for the
purely mechanical case (black solid line with cycles) and for a potential difference
of 4kV (red solid line with crosses) and 6kV (blue solid line with triangles). On the
right hand side, we present the value of the force for all of the applied voltages at
the maximum applied stretch value of 200%. A dashed trend line is added for purely
representation purposes and the scaling of the y-axis is adjusted is such a way that
the influence of the elctric field becomes easily visible.

4 > --------------
/ e 4
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o / 38+ 5 1
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Z / N 3.6 i
Lp 7 1 34 b 1
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Fig. 4 Loading-unloading tests for a strain rate of A = 0.025 s~!. Applied force over the entire
loading-unloading cycle (left). Applied force at the maximum strain value for all applied potential
differences (right)



8 Markus Mehnert, Mokarram Hossain and Paul Steinmann

e .
E I >
= e — y I, S5or o N
” 7 \\\ o
E 37 % B . 4.8 g B —
i 1 el |
o
1H E
pyys ]
O /\ L L * L L L L L L
50 100 150 200 0 1 2 3 4 5 6
Strain in % Applied voltage in kV/
—e— 0kV ——4kV ——6kV

Fig. 5 Loading-unloading tests for a strain rate of 4 = 0.1 s~'. Applied force over the entire
loading-unloading cycle (left). Applied force at the maximum strain value for all applied potential
differences (right)
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Fig. 6 Loading-unloading tests for a strain rate of 4 = 0.2 s~'. Applied force over the entire
loading-unloading cycle (left). Applied force at the maximum strain value for all applied potential
differences (right)

From Figures (4- 6), the influence of the applied electric field on the material be-
havior becomes clearly visible. Independently from the stretch velocity the applied
forces are reduced when a potential difference is applied and this effect becomes
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more distinct the more the sample is deformed. We can see that the applied force
at the maximum deformation is reduced by the application of an electric field by a
percentage value of approximately 7% for the fastest deformation rate and approx-
imately 9% for the slower deformation rates. Furthermore, the trend line suggests
a nonlinear effect of the electric field on the material response. It should be noted
that the influence of the applied electric field on the material response is relatively
small and can not be increased significantly by the application of a higher potential
difference as this leads to electric breakdown of the material. Thus for practical appli-
cations, such as soft actuators, VHB 4905™ is not yet an ideal candidate. However
as mentioned before, it is still an appropriate choice for simple prototypes as it is
commercially available. Better results can be expected from custom made materials
such as liquid silicone rubbers filled with piezoactive particles.

In our previous work on the mechanical behavior of VHB 4905™ [36] and [2], in
addition to cyclic experiments, a number of relaxation tests were presented as well.
In such a test, a sample is rapidly deformed and held in the deformed state for a
definite time period to observe the relaxed stress. However, so far these tests have not
been performed successfully as the stretched material fails to sustain the high applied
voltage at some points of the relaxation time. Nonetheless, an exemplary resulting
curve is plotted in Figure 7. We use a sample with the same dimensions as before
that is deformed with a stretch rate of 25 mm/s to a maximum deformation of 200%
and is held for 30 minutes. Additionally we apply a voltage of 5 kV perpendicular
to the stretch direction that is supposed to be applied until the end of the relaxation
time.

In the depicted test the sample failed after approximately 550 seconds resulting in
a sudden increase of the applied force which shows the vanishing influence of the
electric field due to the electric breakdown.

3 Constitutive Modelling and Parameter Identification

In this section, a micro-mechanically motivated finite strain electro-viscoelastic
model is presented. In a previous contribution we used the results of purely mechan-
ical experiments to identify the necessary elastic and viscoelastic material parameters
[36]. Now the model is augmented to account for the influence of the electric field
on the material response.
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Fig. 7 Applied force during an electro-mechanical relaxation test. Electric breakdown of the
material occurs at a time of approximately 550 seconds

3.1 Electro-Viscoelastic Modelling Approach

As presented in [36] the purely mechanical viscoelastic material behavior can be
described using a total energy function ¥ that depends on the right Cauchy-Green
tensor C and a number of internal variables A; in the form

iso iso,i

W(C, A) = Pio(J) + Fiso(C, A) = Prat(J) + W5, (C) + D W, ,(C A (1)
i=1

Here we decompose the free energy into a volumetric contribution Wyo(J) that
depends on the determinant J of the deformation gradient F' and into an isochoric

contribution Wj,. The latter can be further decomposed into an elastic part ‘Pi‘;o that

depends on the isochoric right Cauchy-Green tensor C = J2/3C = J23[FTF]

and a number of viscous member functions ¥}, l.(a A;) . Similar to Mehnert and
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Steinmann [36], we select an eight-chain model for the ground state elasticity. Thus
to simulate the mechanical response of the material only two material parameters,
namely the shear modulus p and the number of segments per chain N are required.
Therefore, the energy function takes the form

— Y
A, +1 — |, 2
yAr ¥ Og(sinhy)] 2)

where the inverse Langevin function y is incorporated that can be approximated
-2
using the Padé approximation, i.e. ¥ = A, % Furthermore, for the statistics of an

individual chain we introduce the Langevin model [37] leading to a relative chain

¥e (C) = uN

stretch Er = LN = 31—1{, with the first invariant 71 of C. Now in order to take into
account the effects of the electric field IE on the material responses, we extend thE
elastic energy formulation by the two coupling terms ¢ [[E®IE] : I and c;[[EQIE] : C
that are frequently used throughout the literature [31, 38, 39, 40]. Here the variables
c1 and ¢; are so-called coupled material parameters. Additionally, based on the results
of our previous contribution [1], we introduce a field dependency of the elastic shear
modulus as 7°(E) = u¢ — u°[[E ® IE] : I, which consists of a respective ground state
contribution u¢ and a coupling contribution u® that depends quadratically on the
applied electric field. With these additions the free energy function of an electro-
elastic problem takes the form

e (C, ) = g*(E)N +c[EQE]: I+a[E®E]:C. 3)

7/_?4” + lOg (L_)
sinh7y

The current energy function results in a dielectric response of the material that
shows a linear dependency on the electric field while also depending potentially
nonlinearly on the deformation. The interested reader should note that this energy

contribution can be rearranged into a purely mechanical part ‘Pfs’:’eCh(f) and an

electro-mechanical coupling part ¥ °"P(C, ). The latter can be formulated as

1S0
— 1 o
‘P;ﬁouple(c’ E) = —ifsosr(C)C b [E® E]. )

In this rearranged form of the energy function the deformation dependent rela-
tive permitivity &,(C) contains all the coupling terms and can be rearranged into
&-(C) = 1+ f(C). This leads to the traditional formulation consisting of a free space
contribution and the contribution of the material characterized by the function f(C).
Thus the selected energy function yields a form that is similar to other formula-
tions for deformation dependent electric properties [41, 42]. For the viscous energy
function, we select a formulation that was introduced by Linder et al. [43] with a
micro-mechanically motivated explanation as

S S
_ 1 _
W, = > W(C A=) FHi1(4; : € = 3) ~ log(det(4))]. ()
i=1 i=1
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In Equation (5), each member function of the sum represents a viscous Maxwell
element containing a respective viscous shear modulus y;. Furthermore, the energy
function depends on strain-like tensorial internal variables A; which are determined
by a thermodynamical consistent linear evolution law that was originally introduced
by Lubliner [44]

. 1 —
A; = —[C - A (6)
Ti
where a relaxation time 7; is introduced for every Maxwell element. For the parameter

identification this modelling approach is implemented into an open source finite-
element (FE) code using the FE library deal. IT [45, 46].

(a) Undeformed model (b) Deformed model

Fig. 8 Finite element model used in the simulation in the undeformed (left) and deformed (right)
configuration. The model resembles one eighth of a sample. The rear and left cut surfaces are
restrained from displacement in normal direction. The displacement of the bottom cut surface is
completely fixed.

The model used in the simulation is depicted in Figure 8 in the undeformed and in the
maximum deformed state. As the deformation can be assumed to be symmetric we
simulate only one eighth of a real life sample in order to safe computational costs. The
model is discretized with 286 eight node hexahedral elements and the displacement
on the cut surfaces is fixed in zero direction. Furthermore on the bottom surface the
displacement is completely fixed in order to simulate the clamping of the material
in the experiment. The loading and unloading of the material is prescribed at the
top surface and performed in 40 timesteps. Details on the respective variational
formulation of the electro-mechanical problem and the selected solution approach
can be found in our previous contribution [47] or in the works of Vogel et al. [39] or
Vu et al. [40].
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3.2 Parameter Identification

In a recent contribution [36] we performed an extensive experimental study on the
effect of the compliant electrodes on the mechanical response of VHB 4905™ coated
with the electrically conductive carbon grease 846-80G by MG Chemicals™. The
results of purely mechanical, uniaxial experiments were used in combination with
an analytical solution to the uniaxial problem to identify the elastic and viscous
material parameters for the same material model that is used as the basis of the
coupled electro-viscoelastic material model advocated in this contribution. Thus
we can take the parameter values from [36] for the zero-field viscoelastic material
response and use the electro-mechanical experiments for the identification of the
parameters that couple the electric field with the mechanical field, i.e. u° and c5.
The reader should note that the remaining material parameter ¢y does not couple the
electric field with the mechanical one and can therefore not be identified using our
experiments. The identified elastic and viscous material parameters taken from [36]
are listed in Table 1.

ue N [ A My
27.00 7.59-105 34.27 28.02 86.47 4.51-10°
71 T T3 T4

5.69 8297 0.81 1.71-107°

Table 1 Identified material parameters. 4 and p} in N/mm?, 7; in's

For the identification of the mechanical material parameters appearing in the con-
stitutive model presented in Section 3.1, we will use a similar approach as in [36].
However, due to the more complex sample geometry and the applied boundary con-
ditions of the electro-mechanical experiments, there is no analytical solution of the
constitutive model discussed in Section 3.1. Therefore, we simulate the problem
with our finite-element implementation and fit these simulation results to the exper-
iments using a simultaneous minimization technique [48, 43, 36]. In this approach
we sum up the errors between the simulated values of the applied force, calculated
using the finite-element model and the respective experimental values for a specific
combination of electric potential difference and a stretch velocity. As it is beneficial
to minimize a relative expression these errors are divided by the respective exper-
imental value. Thus for any combination of an applied stretch and an electric field

we define the expression
m n pij i.Jj
Fsim ~ Fexp (7)
E E —_—
aY. Fi
i=1 j=1 exp

as objective function. Here we have introduced the simulated value of the applied
force as Fsim, the experimental value of the applied force as Fexp and i, j which are the
number of stretch velocities and applied voltages that we take into consideration for
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the optimization routine. The results from the finite-element analysis are handed to
a nonlinear least-squares solver in Matlab. By this information exchange the optimal
values of the coupling parameters are identified iteratively. As data pool for the
optimization we select the maximum applied potential difference of 6 kV at all three
stretch velocities 0.025 s, 0.1s™! and 0.2 s~!. The reader should note that the
number of experimental data sets selected for the optimization is rather small. This
is neccessary as in each iteration of the optimization routine the entire problem is
simulated for each configuration separately using the finite element implementation
which results in a considerable runtime of the optimization. The identified values of
the coupling parameters are z° = 9.96-10"12N /(Vmm)? and ¢; = 8.96-10712N V2.
Using these parameters we can now compare the experimental results with the results
obtained from the finite element simulation. These results are depicted in Figures 9
-11. The plots on the left hand side show the applied force over the entire loading
cycle. The results from the experiments are depicted as black circles for 0 kV and as
blue triangles for 6 kV applied voltage. The results of the FE simulation are depicted
in dashed lines in the according color. On the right hand side the applied force for
the maximum applied stretch over the applied voltages is plotted. The results from
the experiments are depicted as black squares whereas the simulation results are
depicted as red crosses. For both the computational and the experimental results a
dashed trend line is added for purely representation purposes and the scaling of the
y-axis is adjusted is such a way that the influence of the elctric field becomes easily
visible.

Force in N

o8 N
0 L | | 3.2 L L L 1 1 1
0 50 100 150 200 0 1 2 3 4 5 6
Strain in % Applied voltage in kV
o0kV - Experimental results - - - 0kV - Simulation results o Experimental results x Simulation results
26kV - Experimental results - - - 6kV - Simulation results

Fig. 9 Loading-unloading test for a strain rate of A = 0.025 s~'. Applied force over the entire
loading-unloading cycle (left). Applied force at the maximum stretch value for all applied potential
differences (right)
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Fig. 10 Loading-unloading test for a strain rate of A = 0.1 s~'. Applied force over the entire
loading-unloading cycle (left). Applied force at the maximum strain value for all applied potential
differences (right)
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Fig. 11 Loading-unloading test for a strain rate of A = 0.2 s™!. Applied force over the entire
loading-unloading cycle (left). Applied force at the maximum strain value for all applied potential
differences (right)

Given the relative simplicity of our modelling, the plots show a very good correlation
between the experiments and the simulations both over the entire strain range and
over the applied voltages for all of the stretch velocities. The quality of the fit can
be further quantified by the calculation of the coefficient of determination R”. It can
take a value between 1, a perfect fit between the experiment and the model, and 0. It
is defined as

>y — $il?

R2=1-2%2i=12 T (8)

i =3P

In the definition the difference between the values of the experimental results y;
and the values of the simulation y; are devided by the difference between the values
of the experimental results and their average value y. For the data presented in the
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Figures 9 -11 the coefficient of determination ranges between 0.9536 and 0.9936.
The curves in the left plots only show the electro-mechanical load cases that were
used for the optimization routine. The minor differences in the material response
especially in the beginning of the deformation result from the complex identification
of the mechanical material parameters presented in [36]. In the plots on the right
hand side the results from the tests that were not included in the optimization are
included as well. It can be observed that the simulation also nicely replicates the
experimental values of the voltages that were not used for the identification of the
coupling parameters therefore validating our results.

As a further validation of our model we can also simulate the material behavior
of the failed relaxation test shown in Figure 7. In order to replicate the failure of
the material the electric field is switched off after 550 seconds of relaxation in the
simulation. This results in a behavior as depicted in Figure 12.
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Fig. 12 Experimental results (blue line) and computational results (red line) of an electro-
mechanical relaxation test. Electric breakdown of the material in the experiment and deactivation
of the electric potential difference in the computation at a time of approximately 550 seconds
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The experimental results are depicted as a blue solid line and the simulation as
red solid line. As we can see the electro-mechanical computation simulates the
material response slightly too soft resulting in a smaller applied force. Overall the
material behavior is simulated satisfactorily well especially considering that the
experimental graph is the result of only one single experiment. Thus the influence of
possible additional effects such as the temperature or minor material variations are
not canceled out by averaging. However the quality of the fitting could be increased
using a more advanced viscous energy function as for example presented in [30].

4 Summary and Outlook

In the presented contribution we have examined the electro-viscoelastic material
responses of the dielectric elastomer VHB 4905™. We have presented the results of
loading-unloading experiments with three different stretch velocities and an electric
potential difference applied perpendicular to the stretch direction. During these ex-
periments the influence of the electric field becomes clearly visible. Furthermore we
have presented an augmented finite strain viscoelastic material model that couples
the viscous material response with the electric field. These experiments were used
in combination with results from a previous work on the purely mechanical behavior
for the identification of the coupling material parameters of the model. Finally we
use a finite-element implementation to replicate the experimental results using the
identified parameters. For our future work, we aim to conduct similar experiments
with various temperatures thus ultimately providing a complete thermo-electro-
viscoelastic characterization of VHB 4905™. Also the influence of an quantifiable
applied pre-stretch on the electro-mechanical material response should be adressed
in future contributions. Furthermore this characterization will also be performed for
different materials such as silicones filled with piezoactive particles that amplify the
electro-mechanical coupling.
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Highlights

e We present a number of real-life electro-mechanical experiments with the dielec-
tric elastomer VHB 4905™,

e A modelling approach for electro-viscoelasticity with field dependent material
parameters is presented.

e The results of the experiments are used for the identification of the material pa-
rameters using an optimization routine in combination with a finite-element im-
plementation.



