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ABSTRACT

The analytical formulas describing the behaviour of dielectric elastomer actuators (DEAs) are based on hyper-
elastic strain energy density functions. The analytical modelling of a DEA will only lead to meaningful results
if the dielectric elastomer can be accurately represented by the chosen hyperelastic model and if its parameters
are carefully matched to the elastomer. In the case of silicone elastomers, we show that the strain energy density
of a thin elastomeric membrane depends on the maximum deformation the membrane was previously submitted
to (Mullins effect). We also show that using model parameters coming from an uniaxial pull-test to predict the
behaviour of the elastomer in an equi-biaxial configuration leads to erroneous results. We have therefore built a
measurement setup, which allows testing thin elastomeric membranes under equi-biaxial stress by inflating them
with a pressure source. When modelling a DEA under equi-biaxial stretch, the measurement data can be used
directly, without the need of an hyperelastic model, leading to voltage-stretch prediction closer the the measured
stress-stretch behaviour of the dielectric membrane.

Keywords: Hyperelastic models, Mullins effect, silicone, dielectric elastomer actuators

1. INTRODUCTION

The modeling of dielectric elastomer actuators (DEAs) voltage-stretch behaviour formalized by Suo,! and used
in many theoretical analyses of such actuators?® is based on using an hyperelastic material model to describe the
strain energy density of the dielectric elastomeric membrane. Among the different existing hyperelastic models,
the Gent model is often used in theoretical analyses of DEAs,>® because it can model the limiting stretch
that an elastomer can sustain, when its chains are completely stretched. Some other common models, such as
neo-Hookean or Yeoh, do not show the existance of a maximal stretch. The Gent free energy density is given

by:?
w:—%ln <1—11J_3>, (1)

where the two parameters of the model p and J,,, are respectively the shear modulus, and a parameter defining
the stretch at which the stress diverges.

If the model parameters (¢ and J,,, for Gent) are known for a material, then its stress state can be calculated
for any arbitrary stretching. The value of the parameters are often determined using a uniaxial pull test on a
long an narrow sample, fitting the experimental stress-stretch data points to the chosen model. However, in
many cases the dielectric membrane in a DEA is in a biaxial stress state, which can even be equi-biaxial in
some particular cases such as the typical test actuators depicted on figure 1, which consists of an equi-biaxially-
prestretched membrane at the center of which a small (compared to the total membrane area) circular active
zone is defined. Although the parameters obtained in a particular stretching condition (such as uniaxial) should
be valid for any other configuration (such as equi-biaxial), this is only true if the chosen hyperelastic strain
energy density function is an accurate model of the elastomer. Even if the model provides a good fit for the
experimental data in one stretching condition, it is only a good representation of the strain energy of the tested
material , if it can also model it accurately in other stretching conditions.

In order to verify the applicability of the Gent model to the silicone elastomers that we use to make actuators,
we have experimentally tested thin silicone membranes in two different stretching conditions: a conventional
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Figure 1. Circular actuator on an equi-biaxially prestretched membrane. The application of a voltage causes the electrode
to expand in plane. The stress state of the dielectric in the active region remains equi-biaxial.
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Figure 2. Sample preparation for uniaxial pull-test. a) A thin 10x 90 mm? strip of PET /sacrificial layer/silicone sandwich
is fixed on two PMMA holders with double-sided silicone tape. The two holders are held in a rectangular frame in order to
prevent any motion. b) After removal of the PET substrate, the sample is mounted on the pull-tester. The frame around
the holders ensures that the sample is not strained while fixing it on the machine. ¢) The frame is removed, leaving the
sample fixed to the two holders and ready to be stretched.

uniaxial pull-test and an equi-biaxial stretching test using the inflation of a bubble (see section 3). In this paper
we show that different parameters for the Gent model are obtained from uniaxial and equi-biaxial tests. In
addition, we show that because of the existence of a stretch-induced softening of the silicones, also known as
Mullins effect,'© the strain energy function does not only depend on the stretch state of the material, but also on
the maximal stretch the sample has seen before. This stretch history dependence of the mechanical properties
of silicones makes modelling particularly tricky. Indeed the mechanical properties of the dielectric elastomer
membranes depend on many parameters not always easy to control, for example if the membrane is deformed
during fabrication (when peeled off from the substrate on which it has been casted).

2. UNI-AXIAL PULL TEST

One of the most straightforward way to fit experimental data to an hyperelastic model in order to identify the
value of its parameters is to do an uniaxial pull-test. From the force versus displacement values, the stress versus
stretch can be easily calculated and fitted to the theoretical stress-stretch law derived from a given strain energy
function. In the case of the Gent model, and due to the existence of the stress divergence for a finite stretch
value, one might be tempted to stretch the sample until it breaks in order to have a good approximation of the
Jmn parameter. Such a one shot measurement unfortunately leads to wrong parameters values in the case of
silicones. This is due to the Mullins effect, which is a softening of filled rubber dependent on the largest strain
the material has previously seen.'?

To show the importance of this effect, we have conducted uni-axial pull-tests on the silicone CF19-2186 by
Nusil (CF19), which is one of the silicones we commonly use in our lab to make DEAs. In order to get results
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Figure 3. Left: repeated uniaxial pull-tests on a CF19 sample with increasing maximal stretch clearly show the softening
of the material. Right: repeated uni-axial test up to a stretch ratio of 4 on a Sylgard 186 sample shows that the softening
effects happens mostly after the first stretching. The subsequent tests exhibit a limited further softening.

as meaningful as possible for our DEAs, we have used the exact same fabrication process to produce the pull-
test samples that we use for our DEA membranes. Indeed our experience has shown that a silicone sample’s
mechanical properties are dependent on its fabrication parameters (thickness, curing temperature, presence of
solvent, etc.). In order to show the presence of a Mullins effect, we also want to make sure that the thin silicone
sample is not subjected to any deformation during fabrication and installation on the pull-test setup: the silicone
is blade-casted to a height of 58.3 um on a A4 PET foil (Melinex ST-506 from DuPont Teijin films) previously
coated with a water soluble sacrificial layer. After cross-linking at 80° in an oven, the PET /sacrificial layer /CF19
sandwich is laser-cut into strips of 10 x 90 mm?. A sample is fixed with double-sided silicone adhesive to two
holders which are maintained in place in an outer frame (figure 2 a). The adhesive force provided by the tape
is enough to hold the sample even at large stretch. The outer frame holds all of the part together and prevents
them from moving relative to each other. The assembly is then dipped into a hot water bath to dissolve the
sacrificial layer. This allows to remove the PET substrate on which the silicone was casted without deforming
the thin silicone sample. Then the assembly is mounted on the pull-tester (figure 2 b). There are holes in the two
holders which match pins on the machine. Because the two holders are locked in the outer frame, the silicone
sample is not strained during its installation on the setup. Finally, the outer frame is removed and the sample
is ready to be tested (figure 2 ¢). The sample has not been strained either during the release from the casting
substrate or during installation on the testing equipment, which is important if one wants to obtain meaningful
data.

The sample was then tested up to increasing maximal stretches of 2.04, 2.46, 2.99, 3.54, 4.43, and 5 (figure
3 left). The maximal stretch of each segment was chosen to compare with bi-axial measurements which will be
presented later (c.f. section 3). It can be seen that for a stretch above 2, the stress-stretch curve is different
depending if the sample is deformed for the first time at this level, or if it has already seen such stretches
previously. In particular, the slope of the curve changes when the sample reaches a larger deformation compared
to what it has seen during the preceding test. The black dashed line represents the curve that would have been
obtained by stretching the sample up to A = 5 in one single step. It is clear that using this curve to fit an
hyperlastic model would lead to erroneous predictions of the sample’s stress-stretch behaviour. This softening
has also been observed on DowCorning Sylgard 186, another silicone that is used in our lab to make DEAs (figure
3 right). In that case, a sample prepared in the same manner than for the CF19 test was stretched 5 times up
to A = 4 after having been previously stretched to A\ = 3. During the first test, the change of behaviour once
the sample is entering a stretch range it didn’t see before (A > 3) can clearly be seen by an abrupt change of
slope. The second test looks very different, but the subsequent tests (3 to 5) lead to results which are similar
to the second test. The black dashed line represents the stress-stretch curve that would have been obtained if a
pristine sample had been stretched to A = 4 a single time. It is clear that fitting an hyperelastic model on this
curve would not accurately model the behaviour of the sample stretched to A = 4, which would now follow the
curve of test 2 to 5, if it were stretched again to the same value.
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Figure 4. Stress-stretch curve on the CF19 silicone sample obtained for different values of the maximal stretch value. The
sample was stretched 3 times to each maximal stretch, and the last measurement is reported on the graph.

Maximal stretch | 2.04 | 2.46 | 2.99 | 3.54 | 4.43 5
w (MPa) 0.243 | 0.247 | 0.195 | 0.186 | 0.174 | 0.149
JIm 17.02 | 12.86 | 12.75 | 15.65 | 23.05 | 28.43
Table 1. Values of the shear modulus p and the J,, parameter obtained by fitting the Gent model to the curves of figure

4.

The observed softening effect has the following consequences relative to applying hyperelastic models to
pull-test data:

e The fitting should not be performed on the first measurement, but the sample must be stretched at least
twice to the same value. Figure 4 shows the stress-stretch behaviour of CF19 obtained after the 3rd
stretching to each maximal value. This constraint prevents stretching a sample until it ruptures in one
single measurement.

e One shouldn’t use an hyperelastic model to extrapolate the stress-stretch behaviour past the maximal
tested stretch, as the mechanical behaviour of the sample will be different past this point.

e The material cannot be characterized by a single set of model parameters, as its mechanical properties do
not only depend on the material, but also on its stretching history. Table 1 gives the Gent parameters
and the J,,, of Nusil CF19 for different values of A;,4., as obtained by fitting on the uniaxial pull-test data
of figure 4. It can be noted that with increasing maximal stretch, the material becomes softer (the shear
Modulus decreases).

e One alternative would be to use a material model including the stretch-induced softening.

In theory, if one assumes that a material behaves according to a given hyperelastic model (such as the
Gent model), then once we have obtained its parameters via a uniaxial pull-test, we can calculate its stress-
stretch behaviour for a different stretching case, such as equi-biaxial (to take the example of the simple actuator
presented in section 1). Because the model parameters are valid only for a limited stretching range and cannot
be extrapolated beyond the maximal stretch applied to the sample, we need to define the biaxial stretching
range equivalent to the tested uniaxial range in which a given set of parameters is valid. We take the strain
energy density as the reference quantity: if the sample was uniaxially stretched to a maximum of A, then the
sample has seen an energy density between 0 and w4, and the maximum equi- biaxial stretch )\, that can be
applied to the material in order to remain in the same conditions than for the uni-axial test is the stretch that
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I, | 5.15 | 6.86 | 9.63 | 13.1 | 20.1
Auw | 2.04 | 246 | 2.99 | 3.54 | 4.43
Ap | 158 | 1.84 | 2.19 | 2.56 | 3.17

Table 2. Equivalence between the uniaxial stretch A, and the equibiaxial stretch A, for different values of I;. The values
are chosen to match the maximal stretches used for the uniaxial test.

will lead to the same energy density wy,q,. From (1) we deduce that the first invariant must therefore be equal
in the uniaxial case and the equi-biaxial case (or any other arbitrary stretch configuration), i.e Iy, = I, the
subscripts u and b referring respectively to the uniaxial case and equi-biaxial case. Table 2 shows the equivalence
between the uniaxial stretch A, and the equibiaxial stretch A, for different values of I;. The values are chosen
to match the maximal stretches used for the uniaxial test of the CF19 sample shown above. For example, we
assume that the Gent parameters y = 0.243 MPa and J,, = 17.02, which are valid for samples which have seen
an uniaxial stretch up to 2.04, are also valid to model the same material in equi-biaxial extension for a stretch
value up to 1.58.

However, even with the equi-biaxial stretch range equivalence explained above, the question of the validity
of the model parameters obtained from an uniaxial pull-test to model an equi-biaxial case remains open. It
is for example possible that the extent of the softening effect is quite different between the two situations, the
polymer chains being pulled along one direction in the equi-biaxial case, and in two perpendicular directions
for the equi-biaxial case. Because the actuator we want to model is in an equi-biaxial state, it would be more
accurate to fit the hyperelastic model on equi-biaxial stress-stretch data. The next section presents a test setup
designed to acquire this information from thin silicone membranes, and the results are compared with the model
parameters obtained from the uniaxial pull-test

3. BIAXIAL TEST

Placing a thin membrane in a perfectly equi-biaxial stress state is not straightforward. One of the possibilities
consists in inflating a suspended membrane by a compressed gas, as proposed by Reuge et al.!! Because of the
fixed boundary conditions at the periphery of the membrane, the entire surface of an inflated membrane is under
a complex location-dependent stress state. However, the apex of the inflated dome can be considered to be under
an equi-biaxial stress state, and in this region the hoop equi-biaxial stress in the membrane o} is linked to the
applied pressure difference Ap by the following equation:'!

U_ApR
b — 2t7

(2)

where R is the radius of curvature of the inflated membrane at the apex and t the thickness of the membrane
in the same region, which can be obtained from the initial thickness ¢y using the volume invariance: ¢t = to/ )\g,
with Ay the equibiaxial stretch at the membrane center, thus leading to:

_ ApRN
2ty

(3)

Ob

In order to extract the equi-biaxial stress-stretch characteristic of a membrane, it is therefore necessary to
inflate the membrane with a known pressure and to measure the stretch and curvature radius at its center.
Because the total membrane cannot be considered to be under an equi-biaxial stress state, the key is to measure
these two parameters at the center of the membrane only. Reuge et al. have patterned a white silicone paste
rectangle at the center of their 2mm-thick membranes in order to identify the region of interest. Because we
are working with much thinner membranes (in the 50 pm range) using a similar approach would have too much
impact on the mechanical properties of the membrane. Instead, we patterned two thin parallel lines near the
center of the membrane with the carbon black/silicone mixture that we use for the electrodes of our DEAs.
These two black lines are easily identified on the otherwise transparent membrane.

Our test setup (figure 5) consists of a membrane holder which can be pressurised by a regulated microfluidic
flow control system from Fluigent. A 5 Mpx camera is used to take pictures of the inflated membrane from
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Figure 5. Equi-biaxial bubble tester. a) Membrane ready to be tested with two compliant black lined to delimit the region
of interest at the center. b) Membrane inflated on the holder. c¢) Image with green illumination to highlight the curvature.
d) Image with white illumination to highlight the delimiting lines. e) Processed image with the detected boundaries as
overlay.

the front. For each pressure step, 2 pictures are taken. One with a green illumination coming from the top to
highlight the dome outline, and one with a white light coming from the front to highlight the two black lines. A
LabView interface is used to command the pressure source, the two light sources and the camera, as well as to
analyse the image in order to find the radius of curvature of the bubble and the stretch, which is calculated by
computing the length of the arc between the two printed lines (red overlay on figure 5 e).

A CF19 silicone membrane from the same batch as the samples used for the pull-test was characterized with
the setup up to different stretch ratios (the pressure used for each step is given in parenthesis): 1.58 (20 mbar),
1.84 (22.5 mbar), 2.19 (26 mbar), 2.56 (30 mbar), and 3.17 (36 mbar). A sacrificial-layer-based fabrication
process similar to the one described in section 2 was used to ensure that the membrane has seen no deformation
before the test. It should be noted that the final stretch ratio cannot directly be controlled: the user chooses the
pressure range to apply to the membrane, and it is only after the images are processed that the stretch value is
known, hence the irregularly-spaced sequence. The upper stretching values of the uniaxial pull-test presented in
section 2 where chosen according to table 2 to keep I; equal, which therefore also explains the spacing between
the uni-axial tests. In addition, in order for the image analysis to work correctly, some parameters need to be
set, such as camera exposure time, contrast and brightness, region of interest, threshold parameters, etc. before
a measurement is performed. This involves inflating the membrane before the test, meaning that unlike for the
uniaxial pull-test, the behaviour of the elastomer when it is stretched to a certain value for the first time (similar
to what is shown on figure 3) cannot be captured by the measurement setup. Only the second and later inflations
can be measured, leading to results similar to figure 4 for the uniaxial case.

Figure 6 shows the experimental equi-biaxial data obtained with the bubble tester. The red line represents
a fit of the Gent model for the equi-biaxial case on the experimental data points, and the corresponding model
parameters are given in table 3. Although the predicted behaviour from the uni-axial data gives an acceptable
approximation (green line), it is far from perfect. The shear modulus obtained by uniaxial pull test is lower
than in the equi-biaxial case, which, when applied to actuator will tend to underestimate the voltage required
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Figure 6. CF19 equi-biaxial stress-stretch curves for different maximal stretches obtained with the bubble tester. The blue
dots represent the experimental data, the red line is a fit of the Gent model on the data, and the green line represents
the Gent model calculated with the parameters obtained through the uniaxial tension test at identical maximal I, given
in table 1
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Maximal stretch | 1.58 | 1.84 | 2.19 | 2.56 | 3.17
w (MPa) 0.259 | 0.251 | 0.258 | 0.215 | 0.204

Im 13.65 | 16.72 | 19.06 | 17.75 | 24.34
Table 3. Values of the shear modulus 1 and the J,,, parameter obtained by fitting the Gent model to experimental data
points of the equi-biaxial bubble inflation tests.

to achieve a given strain. The figure also shows that the Gent model does not perfectly model the behaviour of
the CF19 silicone. This is especially visible on the A, = 2.19 test: the model underestimate the stress at low
stretches and underestimate it at higher stretches. This is also present on the two next tests at higher stretch,
but less visible on the graph due to the higher y scale. The impact of this effect will be discussed in the section
4.

4. STRETCH-VOLTAGE BEHAVIOUR OF DEAS

The main motivation behind the accurate modelling of the stress-stretch curve in the field of DEAs is the ability
to predict the behaviour of the actuator once the voltage is applied to the structure. In the case of the simple
perfectly equi-biaxial actuator with free boundary conditions presented earlier (section 1), the relation between
the in-plane expansion of the electrodes A, and the applied voltage V is given by:'?

V= ﬁ\/obup/\e) — (M) e (4)

Where z is the thickness of the membrane after prestretch at 0V, € is the electric permittivity of the dielectric,
Ap is the prestretch value, and o} is the biaxial stress-stretch function derived from the strain energy density
function. The elastomer used as membrane for the actuator impacts the equation on different levels: 1) the equi-
biaxial stress-stretch behaviour as exposed above, 2) its permittivity e assumed to be equal to 3 x8.85-10712 F/m
in the following calculations and 3) its dielectric breakdown strength which ultimately determines how far along
the voltage-stretch curve the actuator can go before breakdown occurs.

Because of the stretch-induced softening, an actuator is not characterized by a single curve in the voltage-
stretch plane, but by many curves depending on the maximal stretch seen by the dielectric membrane (a better
representation would be a plane in 3D space with A4, as the third dimension. Figure 7 shows the predicted
voltage-stretch behaviour for a 30 pm-thick CF19 silicone membrane (thickness after prestretch) for two different
prestretch values \,: 1.2 (left), and v/2 (right). The dashed black line represent the breakdown voltage for an
estimated dielectric breakdown field of 150 V/um. Any point on the right of this limit leads to the breakdown
of the actuator. Because the figure shows the actuation stretch A and not the total stretch in the active region,
the results are plotted from 1 to Aemaz = Amaz/Ap- The results show that the softening of the elastomer leads
to drastically different behaviour of the device depending on the maximal deformation that the dielectric has
sustained.

Looking at the case A\, = 1.2, the characteristic can shift from a behaviour without instability (curve mono-
tonically increasing) for low maximal stretch to a behaviour showing a clear instability at larger stretching. A
device which has not yet been activated can initially sustain an actuation voltage of 2100V, but repetitive actua-
tion at that voltage will lead to an increasing strain and and to mechanical instability. It can be argued that the
actuator will never show a behaviour shown by the curves Aj,q. = 2.19 — 3.17, as it will reach breakdown before
reaching this strain levels. However the maximal strain seen by the actuator is not necessarily electrostatically
induced. It can for example be applied during prestretch, by deforming the membrane to a higher value before
coming back to 1.2, or unwillingly during fabrication, when the silicone membrane is peeled off from the casting
substrate.

One additional important factor influencing the voltage-stretch behaviour is the method used to obtain
the parameters for the hyperelastic model. Both uniaxial (table 1) and equi-biaxial (table 3) tests have been
performed and have lead to slightly different values of the model parameters. Uniaxial tests are easier to perform,
but the equi-biaxial results are expected to be more representative of the actuator behaviour, which is also in an
equi-biaxial stretch state. Figure 8 shows the predicted voltage-stretch behaviour using Gent model parameters
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Figure 7. Predicted voltage-stretch behaviour for a 30 pm-thick CF19 silicone membrane (thickness after prestretch) for
two different prestretch values: 1.2 (left), and +/2 (right). The curves are calculated using the Gent model with the
parameters obtained from the equi-biaxial stretching test (table 3). The dashed black lines represent the breakdown limit
for an electric field of 150 V/um. The x axis of the graphs represents the actuation stretch (stretch seen on the electrodes)
and not the total stretch of the membrane.
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Figure 8. Voltage-stretch behaviour for A, = 1.2 for the minimal and maximal studied stretching range, predicted with
the Gent model fitted on both the uni-axial and equi-biaxial experimental tests.

obtained either from the uniaxial or equi-biaxial stretching test. Two extreme cases are represented: the smallest
I, tested (5.15, equivalent to a maximal A\, of 1.58), and the largest I; (20.1, equivalent to a maximal A, of 3.17).
It shows that the smaller shear Modulus obtained with the uniaxial pull-test leads to an underestimation of the
voltage required to obtain a given strain.

The Gent model does not provide a perfect description of the stress-stretch behaviour of the silicone CF19
(see figure 6). Consequently the voltage-stretch curves calculated using this model (figures 7 and 8) do not
correspond exactly to the tested material. However, as the test actuator is used in a purely equi-biaxial condition,

Amax 1.58 | 1.84 | 2.19 | 2.56 | 3.17

p0 (MPa) | -4.87 | -5.11 | -5.49 | 1.43 4.09
pl (MPa) | 9.76 | 10.1 | 10.6 | -6.60 | -11.8
p2 (MPa) | -6.57 | -6.62 | -6.69 | 8.86 12.1
p3 (MPa) | 1.67 | 1.61 | 1.55 | -4.50 | -5.04
p4 (MPa) 0 0 0 0.842 | 0.782
Table 4. Polynomial coefficients o, = Y pn - A\ for the experimental equi-biaxial data at the different maximal stretch

values
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Figure 9. Left: fitting of the experimental equi-biaxial stretching test up to I maz = 9.63 (Ap,maz = 2.19) with a 3rd
order polynomial. Right: comparison of the voltage-stretch curve for A\, = 1.2 obtained from the equi-biaxial test, with
the Gent model and with a polynomial fit of degree 3 or 4.

and the bubble tester gives us experimental equi-biaxial stress-stretch points, a strain energy density model is
not necessary. The voltage equation (4) can be computed using the experimental data as o;,. Better: to remove
the noise and provide a way of interpolating between the discreet measurement points, a polynomial fit can be
performed on the data. Excellent fitting is obtained with a 3rd order polynomial for the I ;45 5.15, 6.86, and
9.63 (sec figure 9 left for the Apar = 2.19 case) , and a 4th order polynomial was used with the two higher I1 1,44
The respective coefficients are given in table 4. The voltage-stretch curve is then calculated using the polynomial
approximation to model the stress instead of the hyperelastic Gent model. No noticeable difference is seen for
the two lower stretch ranges (I1 mqez = 5.15 and Iy e, = 6.86): the Gent model is a good representation of the
stress-stretch data for this limited stretch region. For the 3 other ranges, an important difference is observed,
and the result obtained using the Gent model and the polynomial approximation is given on figure 9 right.
Because the Gent model underestimates the stress at low stretches, it predicts a too low actuation voltage in
this range. In addition, as it overestimates the stress at higher stretch values, it also overestimates the voltage.
Consequently the polynomial approximation (which we can consider as the best approximation as it fits the
experimental stress-stretch data the best), shows a different behaviour, which can, in certain circumstances be
drastically discrepant. For example, according to the Gent model, the curve up to A4, = 2.56 does not present
electromechanical instability, while it is clearly visible with the polynomial approximation.

5. CONCLUSIONS

In principle, modelling a simple free boundary conditions equi-biaxial ideal DEA should be as simple as applying
an equation using a material model with parameters fitted by an experimental test such as an uniaxial pull-test.
However, in the case of silicones (more specifically Nusil CF19-2186 and Dow Corning Sylgard 186 which we
regularly use for our DEAs, but the same behaviour is expected to be observed to some extent on any silicone), the
presence of a strong stretch-induced softening of the material makes modeling more difficult, as the deformation
history of the membrane must be known. This also stresses the importance to avoid deforming the membrane
during the fabrication process, as it can lead to unexpected results, such as anisotropic behaviour in case the
membrane is released from its casting substrate by pulling unidirectionally on it.

The results also pinpoints the limitation of hyperelastic models for silicone elastomers. Although the Gent
model is appealing because it can model the rapid stiffening of the material at a finite stretch values, experimental
data show that it fails to accurately model the behaviour of the elastomer on an extended stretch range, and that
parameters obtained by fitting on data in a particular condition (such as uniaxial) fail to accurately represent
the material in another stretching condition (such as equi-biaxial). As shown with the results presented in this
study, the predicted behaviour of a DEA will be different depending if the parameters of the hyperelastic model
were fitted on uniaxial or biaxial data, or if a polynomial approximation was used. One of the parameters a user
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can expect to extract from DEA modelling can be for example the prestretch level that should be used in order
to suppress electromechanical instability and obtain strain larger than 23% while not stiffening the actuator too
much. However, we can see that this task is difficult, because for the exact same actuator and prestretching
conditions, stable or unstable behaviour is predicted, depending on the set of parameters used to model the
elastomer.

Because in many DEA applications the membrane is equi-biaxially prestretched, and during actuation the
active area is also equi-biaxially stretched, it is therefore more accurate to characterize the stress-stretch behaviour
of the dielectric membrane in an equi-biaxial configuration. We have built a bubble tester for this very purpose:
the test setup inflates a thin elastomeric membrane, which is under an equi-biaxial stretch state at its center.
From the applied pressure, the stretch and radius of curvature at the dome apex, the bi-axial stress-stretch
characteristic can be measured. Hyperelastic models are useful when the testing conditions do not match the
usage conditions (for example uni-axial test and equi-biaxial usage), as it allows to recalculate the stress-stretch
curve for any situation. However, in the case of an equi-biaxial DEAs and stress data obtained with the bubble
tester, using an hyperelastic model is not necessary, as the equi-biaxial stress behaviour is already known.
Consequently, a simple polynomial approximation of the experimental data (of an order sufficiently high to
accurately represent the data set) can lead to more realistic results. It is however common that the actuator is
not in a simple equi-biaxial stress-state, for example when complex boundary conditions come into play (electrode
near the border of the membrane), or if asymmetric prestretch is used.? In that case, using a strain energy density
function is mandatory, but the question remains on which parameters should be used for the model: we have seen
that uniaxial and equi-biaxial tests lead to slightly different parameter values. Other models should be tested to
investigate if they can more accurately model the behaviour of the silicone in different stretching conditions.

In addition, most of the published modelling study on DEAs, including this one, do not take into account
the impact of the compliant electrodes placed on each side of the dielectric. There are many different kind
of compliant electrodes used to make DEAs, mainly based on carbon or metal.'® None of them is perfectly
compliant and their mechanical impact on the stiffness of the actuator sandwich should be taken into account
if a precise modelling of DEAs is desired. Recently, Bozlar et al. have proposed a model based on hyperelastic
strain energy density functions to model a DEA with elastomeric electrodes that takes into account the strain
energy stored into the electrodes.’
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