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The low frequency mechanical and dielectric behavior of three different elastomers has been
investigated by dynamic mechanical analysis and dielectric spectroscopy, with the aim of
accounting for the frequency dependence of the characteristics of the corresponding dielectric
elastomer actuators. Satisfactory agreement was obtained between the dynamic response of the
actuators and a simple model based on the experimental data for the elastomers, assuming that the
relatively large prestrains employed in the actuators to have little influence on the frequency
dependence of their effective moduli. It was thus demonstrated that the frequency dependence of the
actuator strain is dominated by that of the mechanical response of the elastomer, and that the
frequency dependence of the dielectric properties has a relatively minor influence on the actuator

performance. © 2009 American Institute of Physics. [doi:10.1063/1.3211957]

I. INTRODUCTION

A dielectric elastomer actuator (DEA) consists of an
elastomer film coated on either side with compliant elec-
trodes. When a potential difference is applied to the elec-
trodes, these attract each other owing to their opposite
charges. Because elastomers are effectively incompressible,
the resulting decrease in thickness of the DEA results in a
corresponding increase in its area, as shown in Fig. 1, which
provides the actuation. The very high deformability, flexibil-
ity, and energy density of DEAs, together with their low
weights, are of considerable interest for a wide range of ap-
plications, including micropumps, robotics, tactile interfaces,
loud speakers, medical prosthetics, sensing, and energy
harvesting.l’2 An important step in the development of DEAs
was the introduction of “very high bonding” (VHB) acrylate
adhesive films from 3M as the dielectric elastomer. VHB
films support areal strains of over 300% and have provided
the focus for much subsequent research into DEA devices.™*
However, there remains a huge demand for improved dielec-
tric elastomers, particularly because of the need to reduce
activation voltages (typically 4-5 kV at present) for applica-
tions such as medical implants and to avoid the costly elec-
tronics required for high voltage devices. The electrostatic
pressure p that acts on the elastomer film is given by
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where € is the dielectric constant, g, is the permittivity of
free space, E is the electric field, V is the applied voltage,
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and d is the thickness of the film.” The compressional strain
in thickness direction is then
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where Y is the compression modulus in the thickness direc-
tion. Actuation is hence governed by two material param-
eters, € and Y. Both are functions of the actuation frequency,
the stress state and the temperature, so that a complete de-
scription of the dynamic behavior of DEAs must take these
factors into account.

There have been considerable previous efforts to model
the behavior of DEAs based on silicone®™® and VHB
elastomers.” Kofod and Sommer-Larsen® carried out tensile
tests directly on a simple model silicone-based actuator and
were able to use an empirical description of its hyperelastic
behavior to describe its response to different applied voltages
and loading conditions, although no attempt was made to
describe the dynamic behavior in this case. Wissler and
Mazza' also used different empirical models for the hyper-
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FIG. 1. Schematic cross section in (a) the nonactivated and (b) the activated
states, and (c) a top view of a circular membrane actuator.
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elastic response of a VHB-based actuator but were able to
combine these with a strain independent relaxation function
derived from tensile tests, in order to fit the time dependence
of the actuator response on application of a given (constant)
applied voltage and hence to successfully predict the time
dependence of the response at arbitrary applied voltages.

Carpi and de Rossi® assumed linear elastic behavior in
modeling their cylindrical silicone actuators but used inde-
pendently determined values for the Young’s modulus as
well as for the dielectric constant (in the frequency range
10 Hz—1 GHz) rather than empirical fits to the actuator re-
sponse. They subsequently argued, albeit qualitatively, that
the improved performance of DEAs incorporating silicone-
based composite elastomers was primarily due to an increase
in dielectric constant, although their results did not imply
any significant frequency dependence.9 Finally, Palakodeti
and Kessler carried out dynamic mechanical measurements
on prestrained VHB films (VHB 4910 and 4905) in the fre-
quency range 5-20 Hz and obtained a measure of the me-
chanical efficiency, i.e., the extent to which a DEA can con-
vert electrical energy into mechanical energy, in terms of the
loss tangent. Their results suggested an increase in efficiency
at lower frequencies and higher prestrains, implying better
DEA performance under these conditions, but no direct com-
parison was made with measurements from actual devices.'”

The aim of the present work is to combine independently
obtained data for the frequency dependence of the elastic
modulus of various dielectric elastomers and the influence of
relaxation after the application of a large prestrain, with data
for the frequency dependence of the dielectric constant, in
order to predict the low strain dynamic behavior of the cor-
responding actuators at frequencies below 10 Hz, the range
in which actuators are required to work in most prospective
applications. The results are then compared with direct ob-
servations of the actuator response in order to validate the
approach, to identify the most important parameters for ac-
tuator performance, and to assess the different materials
studied.

Il. EXPERIMENTAL

The elastomers chosen for investigation were a 1 mm
thick acrylate adhesive film (VHB 4910 from 3M), used as
received, a polydimethylsiloxane (PDMS) (Neukasil RTV-23
from Swiss-Composite), and a styrene-isoprene block co-
polymer thermoplastic elastomer (TPE) pellets containing
aliphatic oils (Betaflex from Revolfiex AG). The PDMS resin
was mixed with the cross-linker (A7) in the ratio 10:4.
100-200 pm thick films were prepared for dielectric spec-
troscopy and fabrication of the actuators by doctor blading,
followed by curing for 1 day at room temperature. The TPE
pellets were purified by dissolution in toluene, filtering, and
drying. Films were then prepared for dielectric spectroscopy
and fabrication of the actuators by first pressing a 25 mm
diameter cylinder of the TPE at 160 °C and 100 kPa, and
then further pressing the resulting cylinder for 15 min be-
tween two glass plates to a final thickness of 100—200 um
at 160 °C and 250 kPa. The thicknesses of the PDMS and
TPE films represented a compromise between the good pro-
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cessability and accuracy of thickness measurements for
thicker films, and the higher capacitance and lower actuation
voltages for thinner films. The thicknesses were measured
using a precision thickness gauge MT-30 from Heidenhain in
which a caliper applies a small force to the specimen (2.2 g
over a circular area with a diameter of 6 mm) and the dis-
tance between the caliper position and a reference point is
detected by a displacement transducer with a resolution of
0.5 pm.

For tensile tests, the film thicknesses were increased to 1
mm for PDMS and 1.3 mm for TPE to ensure sufficient
accuracy in the force measurements.

Dielectric measurements were carried out using an alpha
analyzer from Novocontrol, and Novocontrol HVB 1000 or
HVB 500 high voltage test interfaces at frequencies between
0.5 mHz and 1 MHz. The specimens were held between two
circular 25 mm diameter copper electrodes. The dielectric
constant was determined from the measured capacitance via
C=¢e¢gpA/d, where A is the electrode area, d is the film thick-
ness, and &,=8.854X 10"'2 F/m. The films were slightly
compressed during the dielectric constant measurements ow-
ing to the weight of the upper electrode, but this also ensured
a good contact between the films and the electrode. The
thicknesses of the films were taken to equal the distance
between the electrodes as determined using a micrometer
gauge. The experimental error in these measurements was
primarily due to errors in the film thickness determination
and was estimated to be less than 10%.

The tensile tests were performed using a Zwick Z010
tensile test machine with a crosshead speed of 500 mm/min,
according to ISO 37." Tensile test specimens with a gauge
width of 3 mm and a gauge length of 30 mm were prepared
by die cutting. An optical deformation sensor (Zwick video
extensometer 066975) was used to detect the tensile strain in
the specimens based on measurement of the distance be-
tween two marker points placed along the axis of the tensile
test bar using video cameras to 5 um accuracy. The true
Stress, Oy, was estimated from the axial strain, s,, and the
measured force, F,, by assuming incompressibility, so that
Oue=F,/ Age=(s,+1)F,/A°, where A® is the cross-sectional
area at zero strain. Three independent measurements were
made for each material and the results averaged. The tangen-
tial modulus was determined from the slope of the stress-
strain curves, using segmental polynomial fits to the data
points, and was found to be reproducible to within =10 kPa
for a given strain.

To investigate the effect of the prestrains applied to the
films used in the actuators, the test specimens were stretched
to an equivalent prestrain and then left to relax for 2 h prior
to resumption of the tensile test. Beyond 2 h, the relaxation
modulus showed little further evolution with time and the
films were therefore assumed to be in a similar state of re-
laxation to those in the actuators.

Oscillatory shear tests were performed on an ARES rhe-
ometer (Rheometric Scientific) in parallel plate geometry
with cylindrical specimens of 25 mm diameter and 2 mm in
thickness at frequencies between 0.8 mHz and 80 Hz. All the
mechanical tests were carried out under controlled atmo-
sphere at 23 °C and 50% relative humidity.
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Actuator tests were performed using circular membrane
actuators with prestrained films, as sketched in Fig. 1. The
films were clamped to a movable square frame (original di-
mensions 13X 13 c¢cm? for TPE and PDMS, and 25
X 25 cm? for VHB), which was used to apply the chosen
biaxial prestrain. VHB was prestrained to 400%, which is a
standard practice and serves to reduce the film thickness and
to improve electrical breakdown strength and efficiency.
PDMS could not be prestrained to the same extent because
the films broke at 400% strain and also showed relatively
marked strain hardening, so that it was necessary to limit the
prestrain to 50%. TPE was prestrained to 100%, which is
well before the onset of significant strain hardening. The
prestrained films were then clamped using a circular frame
with an inner diameter of 30 mm. Circular electrodes (8 mm
diameter) of fine carbon black powder (Ketjenblack) were
applied to each side of the film. A TREK model 5/80 high
voltage source, controlled by a waveform generator HP
33120A using sinusoidal signals, served as the power supply
for actuator tests. The amplitude of electric field strength was
chosen to give a 1% radial strain at 100 mHz, ie.,
28.07 V/um for VHB, 2245 V/um for TPE, and
18 V/um for PDMS. A video camera controlled by
VIDEOEXTENSOMETER software from Messphysik GmbH,
which detects the boundary between the dark electrode area
and translucent surrounding area (bright-dark contrast), was
used to determine the diameter of the electrode in two or-
thogonal directions and hence the mean radial strain in the
actuators.

lll. RESULTS
A. Dielectric spectroscopy

In what follows, unless mentioned otherwise, the real
part (g¢') of the complex dielectric constant (¢*=g’—ig")
will be referred to simply as the dielectric constant. The di-
electric constants of the different materials are shown in Fig.
2(a). In each case, the small increase at low frequencies
(<100 mHz) was attributed to electrode polarization
effects.'? Over the rest of the frequency range, the dielectric
constants of TPE and PDMS were nearly constant at 2 and
2.5, respectively. For VHB, on the other hand, although the
dielectric constant remained close to 4.65 at intermediate fre-
quencies, consistent with the value of 4.7 reported by Kofod
et al.,” it decreased at frequencies greater than 1 kHz. These
values were found to be independent of the electric field
strength for electric fields of up to about 2 V/um.

The loss factors tan §=¢"/¢&’ for the three elastomers are
given in Fig. 2(b). VHB showed a considerably higher tan &
than the other elastomers at frequencies greater than 10 Hz,
for which tan 6 changed little. However, at lower frequen-
cies, which are of interest in most actuator applications,
VHB showed the lowest tan . The linear increases in tan &
with decreasing frequency below 1 Hz in the shown logarith-
mical plot [Fig. 2(b)] reflect the limiting quasistatic conduc-
tivity value, opc, as the conductivity depends on the imagi-
nary part of the dielectric constant as o=27fgye” [see Fig.

2(c)].
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FIG. 2. (a) Dielectric constant, (b) loss factor, and (c) conductivity for the
three different materials as a function of frequency.

Because an apparent maximum in tan 6 was observed for
VHB in the frequency range investigated, it was possible to

use the HN-equation, named after Havriliak and Negami14

Ae

e @ <

e'(w)=¢
to fit the data at intermediate and high frequencies, as shown
in Figs. 2(a) and 2(b), where & is the complex dielectric
constant, g, is the limiting value of the dielectric constant at
high frequencies, Ae is the dielectric relaxation strength, 7 is
the relaxation time, f is the frequency of the electric field,
and the exponents 8 and 7 are the empirical parameters that
define the shape of the relaxation maximum. The values of
the various fitting parameters are given in Table I. Since the
dielectric relaxation peak has not been fully resolved by the
measurements, the fit parameters are lacking precision but
are accurate enough for later discussion. The HN equation
could not be applied to TPE and PDMS because of the ab-
sence of any obvious relaxation in their respective spectra.

Because conduction is a loss process for actuators, a low
as possible o is desired for dielectric elastomers. o, derived

TABLE I. Fitting parameters for the application of the HN equation to the
dielectric response of VHB.

Ae 1.609

B 0.570

y 0.228

[ 3.04

T 6.37X 107 s
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TABLE II. Quasistatic conductivity, opc, and dielectric constant, s'DC, for
the different elastomers.

Opc
(Qm™) &' e
VHB 3.5x 1074 4.65
TPE 6.6x10713 2.0
PDMS 1.6Xx 10713 2.5

from the dielectric measurements, is shown in Fig. 2(c). The
power law dependence on frequency at high frequencies is
consistent with the universal dielectric behavior described by
Jonscher.'> The limit of the conductivity at low frequencies,
considered to represent the steady state conductivity, opc, is
given in Table II for the different materials. opc was consis-
tently less than 1072 Q~' m~!, but VHB showed signifi-
cantly lower values than TPE and PDMS.

B. Mechanical analysis

The stress-strain curves for the elastomers determined
from the standard tensile tests and the stress-strain curves
obtained after straining and relaxation are shown in Fig. 3.
VHB showed intermediate strain hardening and a strain at
break of 680%. TPE showed the lowest strain hardening of
the three materials for strains up to 700% and a strain at
break of about 2500%. Finally, PDMS showed the most pro-
nounced strain hardening at strains greater than 100% and a
maximum strain of about 340%. After prestraining, a signifi-
cant decrease in stress was observed during the subsequent
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FIG. 3. Stress-strain curves for the three elastomers determined from stan-
dard tensile tests at 500 mm/min (dotted lines) and after prestraining (400%
for VHB, 100% for TPE, and 50% for PDMS) and relaxation for 2 h (solid
lines). The stress is corrected for areal change through straining (o7.,.), and
the strain is given relative to the original length of the sample (s).
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FIG. 4. Elastic modulus Y. for the three elastomers after prestraining
(400% for VHB, 100% for TPE, and 50% for PDMS) and relaxation for 2 h,
as a function of Sgecp-

2 h of relaxation. This decrease was more pronounced for
VHB than for TPE and PDMS, although the different levels
of prestrain used for each material should be borne in mind.
It may also be inferred from these curves that the tangential
modulus changed relatively little after relaxation compared
to the initial tangential modulus in the standard tensile test.

However, the strain in an actuator is defined with respect
to the dimensions of the prestrained elastomer, so that for
modeling the actuator behavior it was necessary to recalcu-
late the tangent modulus with respect to the prestrained state,
ie.,

& O-true

(4)

Y =
seteh ds stretch |
where Sgreien= = Lreten) ! Lsireten=({=Nlp) / (N1y), I is the actual
length, [, is the gauge length in undeformed state, [ e 18
the gauge length in the prestrained state, and A is the defor-
mation ratio corresponding to the prestrain (1.5, 2, and 5 for
PDMS, TPE, and VHB, respectively). The evolution of
Y eten With Sgecn 10 relaxed specimens is shown in Fig. 4.
For TPE, Yich Was nearly constant in the range of strains
considered, while PDMS showed slight strain hardening. For
VHB, on the other hand, Y., increased significantly with
Sgetch, CONsistent with the much larger prestrains applied to
this material.

The dynamic tensile behavior could not be determined
directly for prestrained samples owing to their low stiffness
and the limited sensitivity of the available apparatus. The
frequency dependence of the tensile modulus was therefore
inferred from measurements of the dynamic shear modulus,
via

Y =G'(2+2v), (5)

where G’ and Y’ are the real parts of the dynamic shear and
tensile moduli, respectively, and incompressibility (Poisson’s
ratio v=0.5) is again assumed. Results are shown in Fig. 5(a)
in the frequency range 0.8 mHz—80 Hz, Y’ showing an in-
crease with increasing frequency in each case, which was
particularly marked for VHB. A satisfactory analytical ex-
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FIG. 5. Y’ and tan ¢ of VHB, TPE, and PDMS as a function of frequency as
inferred from shear modulus measurements. The curves in (a) are fits of Eq.
(6) to the data.

pression for the frequency dependence of Y’ could be ob-
tained by fitting with power law of the form

Y' =Ag+P-f, (6)

where A, P, and b are the empirical constants, summarized
for the different materials in Table III. Use of a stretched
exponential was not considered since no distinct relaxation
maximum was observed in the range of frequencies investi-
gated. To obtain a precise representation in the case of VHB,
it was nevertheless necessary to use separate fits for frequen-
cies above and below 2 Hz, as indicated in Table III.

Figure 5(b) shows the mechanical loss factor tan ¢ ob-
tained from the dynamic shear modulus measurements
as a function of frequency. VHB showed the highest
tan ¢ throughout the range of frequencies investigated
(0.8 mHz-80 Hz), increasing from 0.32 to 1.33. The lowest
tan ¢ were observed for TPE, i.e., 0.015 at 0.8 mHz, but in
this case tan ¢ increased nearly tenfold to 0.117 at 80 Hz.
Thus, whereas tan ¢ was 0.034 for PDMS at 0.8 mHz, it
showed the lowest tan ¢ of all the elastomers for frequencies
above 5 Hz.

TABLE III. Fitting parameters for the frequency dependence of Y’ inferred
from dynamic shear modulus measurements for the three different elas-
tomers.

VHB (<2 Hz) VHB (>2 Hz) TPE PDMS
Ay (Pa) 46 282 112 814 44674 101 947
P (Pa/Hz)" 290 205 223 511 21893 7732
b 0.423 0.553 0.118 0.275
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FIG. 6. Measured strain amplitude (symbols) of membrane actuators from
three different elastomers as a function of the frequency of applied voltage.
Note that the strain amplitude has twice the frequency of the voltage oscil-
lation. The measured strain is compared with the strain calculated from
experimentally determined material parameters (solid curves). The hatched
curve in (a) was calculated taking into account the strain dependence of the
modulus in VHB.

C. Actuator measurements

Circular membrane actuators were produced from all
three elastomers as described in Sec. II, and tested at fre-
quencies between 1 mHz and 1 Hz. The measured strain
amplitudes for the actuators are shown as a function of
frequency in Fig. 6 and compared to the amplitudes calcu-
lated as described in Sec. IV. Small strain conditions (1% at
100 mHz) were chosen to minimize thickness changes dur-
ing actuation, which would lead to changes in electric field at
a given voltage. In such experiments, the strain cycles at
twice the frequency of the applied voltage signal because the
electrostatic pressure is independent of the direction of the
electric field [Eq. (1)], as pointed out by Fox and
Goulbourne.

The strain amplitude of actuators decreased with increas-
ing frequency. PDMS showed the smallest decrease, the
strain amplitude diminishing from 1.22% strain at 1 mHz to
0.82% at 1 Hz. TPE and VHB showed strains of 2% and
3.55%, respectively, at 1 mHz, and at 1 Hz the strains
dropped to 0.05% and 0.03%, respectively. For frequencies
greater than 1 Hz it was not possible to record a strain am-
plitude for TPE and VHB using the present setup, although
the membranes continued to generate sound waves when the
applied voltage oscillated in the audible frequency range.

IV. DISCUSSION

In what follows, an effort is made to establish a quanti-
tative relationship between the materials behavior and the
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actuation behavior. The measured actuation strain is com-
pared with that determined from Eq. (2) using material pa-
rameters determined independently as described in Secs. II
and III. Equation (2) gives the actuation strain in thickness
direction of the elastomer film. However, the in-plane radial
strain, s, measured by the video extensometer in actuator
measurements is derived from Eq. (2) assuming constant vol-
ume deformation and in-plane isotropy, so that

fm———— 1. ™
1+ 220p2
Y
For TPE and PDMS, the values for the dielectric constant
given in Table II were assumed to be valid for all frequencies
considered. The dielectric constant in VHB was determined
from Eq. (3), with the fitting parameters in Table I.
Because the present work addresses only small strains, it
is assumed that the compression modulus Y in Eq. (7) may
be substituted by the initial (zero strain) value of Yy eicn-
Moreover, it is assumed that the frequency dependence of Y
is independent of strain and may hence be inferred from that
of Y’, given by Eq. (6). Y was therefore expressed in terms
of Yeicn determined from the tensile tests and a frequency
factor I determined from the shear modulus data, i.e.,

Y(f,S) = F(f)Ystrelch(S)~ (8)

F was determined by normalizing Y’ (f) with its value at 0.28
Hz [F(f)=Y'(f)/Y'(f=0.28 Hz)], which was the nominal
strain rate in the tensile tests.

The actuation strain was then calculated by combining
Eqgs. (3), (7), and (8). In Fig. 6 the calculated actuation strain
(solid curves) is shown as a function of frequency and com-
pared with the experimentally determined strain amplitude
(symbols). The agreement between the calculated and the
measured strain was generally satisfactory at low frequen-
cies, bearing in mind the approximations inherent in the
present approach. An attempt to improve the description of
the VHB actuator was also made by taking into account the
effect of strain hardening on Y., [hatched line in Fig.
6(a)].

At frequencies above 50 mHz, the calculated curves
overestimated the observed actuator response for all the ma-
terials, particularly for TPE. Thus, whereas the calculated
strain of 2.79% for TPE at 1 mHz was comparable with the
strain of 2.01% measured at the same frequency, the mea-
sured strain decreased to only 0.03% at 1 Hz as compared
with a calculated value of 2.23%. This discrepancy could not
be attributed to the electric circuit, whose RC time constant
was determined to be of the order of 1 ms, and hence only to
be significant for frequencies of 1 kHz or more. Rather, it
was thought to reflect the assumption of a purely elastic ma-
terials response in the calculations. It may be inferred from
Fig. 5 that viscous effects should become increasingly im-
portant at high frequencies, particularly since tan ¢ also in-
creased with increasing frequency.

To provide direct measure of the materials actuator per-
formance, an “actuation factor” Af was defined from Eq. (2),
such that
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The minus sign is included to receive positive values for A,
as Y is negative (compression modulus). The A for the three
elastomers are shown in Fig. 7 as a function of frequency. In
each case, A, decreased with frequency, but the strongest
decrease was observed for VHB. Hence, although VHB
showed the highest A, of the three elastomers at frequencies
up to 3.5 mHz, it showed the lowest A, at frequencies greater
than 55 mHz. Because there was little change in the dielec-
tric properties in the frequency range considered, Ay is domi-
nated by the mechanical response.

Thus, in terms of Ay, TPE outperformed VHB over
nearly the whole frequency range, in spite of having a sig-
nificantly lower dielectric constant (2 as compared with 4.65
for VHB), and it may be inferred from the even weaker
dependence of A, on frequency for PDMS that this latter
material should continue to perform well up to still higher
frequencies.

The results for VHB are consistent with those of Plante
and Dubowsky,l7 who found that VHB actuators only work
reliably when used for short time periods at high stretch
rates, which is directly attributable to the strongly viscoelas-
tic behavior of VHB, particularly at high frequencies. As the
performance of VHB drops significantly under such condi-
tions, this clearly limits the applicability of VHB actuators.

V. CONCLUSIONS

A quantitative description of the small strain response of
DEAs at low frequencies was established, based on dielectric
spectroscopy and dynamic mechanical analysis. The general-
ity of this model was investigated by applying it to three
different elastomers, all of which were well described, al-
though viscoelastic losses and geometrical effects were not
taken into account explicitly. This result is of interest for
materials selection and development for DEA applications
because it avoids the need for a strain energy function or
calculations based on complex geometries, while demon-
strating that independently determined material parameters
may be used to predict the actuator performance for a given
material.
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The actuator performance in the frequency range inves-
tigated was found to be dominated by the frequency depen-
dence of the elastic response and was less influenced by di-
electric properties, the dielectric constant remaining roughly
constant in all the materials over the frequency range consid-
ered.

An extension of this analysis to still higher frequencies
may be possible by using time-temperature superposition.18
However, for the analysis of higher actuation strains, it will
be necessary to work with a charge controlled voltage source
in order to ensure a constant electrostatic pressure during
actuation, which is not possible with a voltage regulated
power source.
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