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Dielectric  elastomer  actuators  (DEAs)  are  a class  of  electrostatic  actuators  that  have  promising  applica-
tions  in  fields  like  sensors,  soft-robotics,  microfluidics,  and  energy  harvesting.  The crucial  points  in the
working  principle  of DEA  are  the  application  of  high  electric  field  and  the use  of  compliant  electrodes.
These  electrodes  are  typically  composed  of  a mixture  of a  soft  polymer  base  filled  with  highly  conductive
particles.  In this  work,  we  show  that  the  charged  impurities,  possibly  present  in  the electrodes  com-
posite,  in  combination  with  a high  electric  field  can  cause  the formation  of  polarization  interface  layers
between  the electrodes  and  the  inner  dielectric.  These  layers  can,  in  the long  term,  diminish  the  actuation
Ielectric elastomer actuators
ielectric spectroscopy
lectrode polarization
eliability
pace charges
nterface polarization

performance  of  the  DEA.
©  2020  The  Authors.  Published  by  Elsevier  B.V.  This  is an open  access  article under  the  CC  BY  license

(http://creativecommons.org/licenses/by/4.0/).
lectroactive polymers

. Introduction

Dielectric elastomer actuators (DEAs) are a specific class of elec-
roactive polymer (EAP) transducers that exploits the electrostatic
orce exerted between two conductors to perform a displacement.
ecause of their pliability, high efficiency, noiseless operation, and

ast electromechanical response [1–4] they are suitable for vari-
us application such as artificial muscles, robotics, optics, sensors,
icrofluidics, and energy harvesting [5–14] and received attention

n commercial applications [15].
Despite their versatile properties, DEAs exhibit two  main oper-

tional disadvantages: the need for flexible electrodes and high
lectric fields [16]. Manufacturing electrodes with high compliance
nd conductivity represents a challenging task as the two proper-
ies are often mutually exclusive [17]. Whereas, the intrinsically
ow permittivity ε of elastomers makes necessary the use of a rel-
tively large electric field Ez for a sufficient actuation force Fz . This
ollows from the relation:
z = εAEz
2 = εA(

V

d
)
2

(1)
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where A is the electrode area. In the right-hand side of the equation,
the field Ez is re-written in terms of the applied voltage V and the
elastomer thickness d. A high electric field can, thus, be obtained
either by reducing the dielectric thickness or using a substantial
voltage potential [18].

To overcome these disadvantages, compliant electrodes are typ-
ically prepared with highly doped elastomer composites [19–24]
and inorganic fillers are used to artificially augment the dielectric’s
permittivity [25–31] as well as the chemical functionalization of
the elastomer [32].

Despite the efforts, still typically high electric field strengths
need to be involved for a significant actuation displacement. The
influence of high electric fields (or voltages) on the dielectric prop-
erties of DEA system is scarcely investigated as most of the research
is performed at low voltages [33]. In the presence of strong elec-
tric fields, new phenomena can establish and drastically impact the
dielectric properties. A distinctive example is given by the forma-
tion of space charges (SC) at low-frequency high fields [34,35].

Space charges formation in dielectrics exposed to high DC
voltages is a known effect for polymeric materials used in
DEAs fabrication [36–40]. However, the evolution of SC at the
electrodes–dielectric interfaces and its consequences on the DEA

actuation performance are much less studied.

Our research investigates the dielectric phenomena at the inter-
faces. Specifically, we studied through dielectric spectroscopy (DS)

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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F Sample pan view. In the inset, the formation of the electrode polarization layers happens
a yers on real capacitance and dielectric losses (tan ı) spectrum. These layers result in a
p tance CPDMS .
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Fig. 2. Total impedance ZTOT model of DEA using lumped elements. Both the
interfaces and the dielectric bulk are described by the constant phase elements
impedances C′f,pol and Cf,PDMS in parallel with the respective resistive elements R′pol
ig. 1. Schematic representation of the space charge formation at the interface. (a) 

t  the electrode-dielectric interfaces (b) Consequences of electrode polarization la
arasitic capacitance Cpol , that adds to and modify the pre-existing dielectric capaci

ow the charged impurities migrating from the doped electrodes
forced by the high electric field employed) can form polariza-
ion layers at the electrodes/dielectric interfaces. Successively, we
bserved the consequences of these charged layers formation on
he mechanical capabilities of the DEA system by monitoring its
ctuation performance over time.

The first part of this work presents the equivalent electrical
odel used to describe the interface phenomenon. The second part

ddresses the results about space charge measurement performed
ith dielectric spectroscopy and the performance characterization

ver time of DEA.

. Dielectric phenomena at interface of DEAs

Compliant electrodes used in DEAs are typically composite
aterials. They are prepared by adding highly conductive fillers

e.g. metal particles, carbon blacks, ionic gels, dopants) to an elas-
omer base material until the percolation threshold is reached
22,19]. Depending on the fabrication method used, these compos-
tes can contain ionic impurities as well as free ions resulting from
esidual catalysts, solvents or the filler themselves [41,42]. Under
he influence of a sufficiently high electric field, these impurities
re pushed across the electrode-dielectric interface (see Fig. 1(a))
eading to the development of a charged accumulation layer [43].
his phenomenon is known as electrode polarization (EP) [44]. The
esultant capacitance of these parasitic layers superimposes to the
eal sample capacitance. Because of the large inertia of the impu-
ities, the effect is dominant at low frequency, i.e. when they are
lowly accelerated and exposed to a unipolar field for a longer time.
s a result, the capacitance superimposition can be observed via
ielectric spectroscopy as a low-frequency signal enhancement,
ig. (1 (b)).

When an external voltage is applied, the presence of the para-
itic layer modifies the internal electric field distribution. A part of
he applied electric field concentrates next to the interfaces and the
emaining part in the bulk. This unwanted effect is a common prob-

em in electrochemistry field [45] because it disguises the dielectric
ontribution of the actual sample. In the case of DEA, however, its
resence can be used to assess the actuator performance over time
nd its reliability.
and RPDMS . The electrodes are modeled as two pure resistive elements R′ser . Due
to  symmetry, the equivalent circuit can be re-written in a reduced form (bottom
equation).

2.1. Interface modeling

To investigate the formation of the space charges at the
interface, we construct an equivalent electrical circuit to fit the
experimental impedance spectra obtained via dielectric spec-
troscopy, Fig. 2 [46]. We  emulate the parasitic and sample
capacitances using constant phase elements (CPE). The CPE is
specifically suitable to describe interface effects [47,48]. It is char-
acterized by the two  parameters  ̨ and CCPE

1

ZCPE =

(jω)˛ · CCPE
,  ̨ ≤ 1 (2)

Here j2 = −1 is the imaginary unit and ω is the anglular frequency
of the applied signal. The parameter CCPE has the unit of [CCPE] =
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Fig. 4. Real part of the DEA capacitance resulting from the first dielectric spec-
(LV)
ig. 3. Minimalistic representation of the dielectric spectrum analyzer. The gener-
ted signal and the resulting current are measured. The impedance is calculated as
e  ratio of the two  complex quantities U (voltage) and i (current).

 · s˛−1. When  ̨ = 1, CCPE is a capacitance. In this work, we address

o the CPE simply as a modified capacitive element with unit p̃F =
F · s˛−1.

. Experimental

.1. Dielectric spectroscopy

Dielectric spectroscopy (DS) measurements were performed
sing a Megger Idax 300 Insulation Analyzer unit in combination
ith the Megger Vax 020 High Voltage Amplifier, Fig. 3. The tests
ere done in normal environment conditions (20◦C an 1 atm).

 custom rig was used to hold the samples in place during the
est. DS was performed on the samples in three stages: firstly,
ow-voltage (V (LV)

peak
= 10 V, corresponding to a field E(LV)

peak
= 0.19

V/mm)  DS was performed in the range from 10 mHz  to 10 kHz
o assess the capacitance baseline of new DEA samples. In the sec-
nd stage, the DS was executed at high voltage (V (HV)

peak
= 1980 V,

ence E(HV)
peak

= 37.2 kV/mm)  in a reduced frequency-range from 10
Hz  to 2 kHz. The high voltage in this stage has a twofold function:

t is needed for the DS spectrum measurement at a higher elec-
ric field, and it simultaneously forces the migration of the charged
articles at the interfaces. In the third and last stage, the sam-
les were successively re-tested with low voltage at defined time

ntervals.
The reduced frequency range of the HV test is due to the limi-

ation of the amplifier. It is worth mentioning that the frequency
weep was performed from high to low frequencies in all cases.
rom non-reported tests, however, we found that the sweep order
on’t influence the final results.

.2. Sample preparation

The samples in this analysis were prepared using commercially
vailable Wacker Elastosil Film 2030 polydimethylsiloxane (PDMS)
lms. The 100 �m thick silicone sheets were cut in discs of 50 mm
iameter. A radial stretch of �r = 1.5 was imposed on the result-

ng membranes by the Open-Source Radial Stretching System (RSS)
49]. To hold the membranes tensioned, these were anchored to
igid ring-shaped polymethylmethacrylate (PMMA) frames of 34
m inner diameter and 2 mm thickness. A double-sided polyamide

ilicone glue tape was used as fasten layer between the PDMS
nd the PMMA.  The electrodes were then patterned on both sides
f the membranes using the spray-paint technique. A conductive
nd elastic ink [50] was sprayed with an airbrush through shadow

asks of proper shape. The ink was prepared by dispersing through

 high-speed mixer(Thinky ARE-250) carbon black fillers (Cabot
lack Pearl 2000) into an uncured silicone base (Nusil MED-4901).

sopropyl-alcohol and iso-octane were used as thinner for this pro-
troscopy stage performed at low voltage, V
peak

=10 V. The high-frequency decrease
is  due to the electrodes high resistivity, which makes the system act as an RC filter.
The error bars represent the measurements standard deviation over 5 samples.

cess. The painted devices were cured in a ventilated oven at 50 ◦C
for 40 min. After this time, contacts were added to the electrodes
by painting two  silver ink pads (RS PRO Silver Conductive Paint).
The device was then put back into the oven for a last curing step of
12 h at 50 ◦C. The resulting electrodes have a circular shape of 12
mm diameter and an average thickness of 10 �m,  measured using
the surface profilometer Dektak 150.

The samples preparation was  performed in an ISO 7 controlled
environment to avoid external particulate contamination.

4. Results and discussion

4.1. Interface polarization

4.1.1. Dielectric spectroscopy at low voltage
The dielectric spectroscopy performed on 5 new DEA samples

at low electric field (low voltage) shows the expected behavior of
a parallel plate capacitor, Fig. (4). The real part of the capacitance
is approximately constant in the whole measured frequency range.
In the high frequency (f >2  kHz) tail, the resistive effect of the elec-
trodes becomes predominant. In this region, the system behaves as
an RC filter attenuating the flowing current and altering the voltage
distribution along the electrode surface [51]. The electrostatic com-
pression for this low voltage is negligible, and there is no valuable
capacitance change resulting from it in the dielectric spectroscopy.
The measured capacitance in the range from 0 to 500 Hz has an
average value of CLV = 50.26 ± 0.09 pF.

4.1.2. Dielectric spectroscopy at high voltage
The DS is successively performed at high voltage V (HV)

peak
(E(HV)

peak
)

on the same samples previously tested at LV. Significant changes
appear in the dielectric response of the DEAs, Fig. 5. For their anal-
ysis, it is convenient to divide the spectrum in two adjacent regions
delimited by the central value f ∗ = 10 Hz. The low frequency range
FLF contains frequencies from 10 mHz  up to f ∗ = 10 Hz, whereas
the high frequency range FHF contains the remaining frequencies
above f ∗.
Following the frequency-sweep direction, i.e. from high to low,
it is observed a capacitance increase with decreasing frequency of
about 1 pF in the FHF range with respect to the previous low voltage
measurements. The decrease corresponds to about 2% enhance-
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Fig. 5. Real part of the DEA capacitance resulting from the second dielectric spec-
troscopy stage performed at high voltage, i.e. V (HV)

peak
= 2 kV. A noticeable increase of

capacitance is visible for frequencies lower than f ∗ = 10 Hz.The error bars repre-
sent  the measurements standard deviation over 5 samples. The low voltage average
value (dashed line) is also reported for reference.

Fig. 6. tanı measurement of the second dielectric spectroscopy stage performed
a (HV)

m
w

m
s
p

c
t
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c

Fig. 7. Real part capacitance evolution over time measured in the third stage of
dielectric spectroscopy. The high voltage (dashed red line) and low voltage (dashed
t V
peak

= 2 kV. The peak is located around 1.45 Hz. The error bars represent the
easurements standard deviation over 5 samples. It is visible the large difference
ith the low voltage losses (dashed line).

ent of the original capacitance. The values in this range show
mall scattering and hence a uniform change for all the sam-
les.

Continuing on the lower frequencies of f ∗, instead, a steep
apacitance increase appears. The capacitance values keep mono-
onically increasing with decreasing frequencies, with a milder
lope from 500 mHz  to 10 mHz. The scattering of the values is
arger in this range, with a standard deviation of �LF,HV = 2.2 pF.
arge variations are present in the measurement of tan ı, i.e. the
edium’s dielectric losses, Fig. 6. More than an order of magnitude

f additional losses are measured for frequencies lower than about

00 Hz. All the measurements show a peak value of around 1.45
z.

At higher frequencies, the tan ı behavior is dominated by the
ontribution of the resistive electrodes used. In contrast, for lower
black line) are reported for comparison. All the tests are performed at the low volt-
age V (LV)

peak
= 10 V. No voltage is applied to the samples between two consecutive

measurements.

frequencies, we observe the contribution of the PDMS and its inter-
faces with the electrodes.

The capacitance enhancement recorded in FHF , is explained by
the membrane thinning, which results from the electromechanical
action of the electrodes. In the presence of high electric fields, the
electrostatic force causes a significant compression. From the well
known parallel-plate capacitor relation

C = ε0εrA

d
(3)

(where A is the area of the electrodes) it is readily understood that
a decrease in thickness causes a capacitance increment. In princi-
ple, this same argument could be used to explain the behavior in
FHF . It could be argued that at low frequency, the sample can com-
press more, because of a less viscoelastic effect and therefore, an
even more considerable capacitance increase could follow. The last
hypothesis is proved to be contradicted by the outcomes of the next
Section 4.1.3.

4.1.3. Dielectric spectroscopy evolution over time
The DS was repeated on the same samples at low voltage after

the HV investigation, Fig. (7). A persistent capacitance increase for
frequency in the range FLF is still measured. Such a trend was  not
encountered in the previous low voltage measurements shown in
Fig. (4). But, it was  recorded for the first time under high voltage
conditions, Fig. (5).

The compression argument exploited to explain the capacitance
increase in FHF (Section 4.1.2), cannot hold in this case because the
induced displacement at low voltage is reasonably negligible. Also,
the capacitance measured in FHF are in this case lower than the
baseline by approximately 2 pF.

The two phenomena together indicate that the high electric field
imposed during the high voltage DS changed the DEAs properties
under test. These results showed to be reproducible for all the sam-
ples tested in a coherent manner. The samples were left apart in
controlled temperature conditions (20 degree Celsius) and were re-
tested with low voltage at successive time intervals to assess the
stability of the changes. The curves in Fig. 7 show the time evolution

of the observed capacitance for a representative specimen.

Right after the high voltage application, the low voltage DS still
registers high capacitance values in the FLF range. These values
reduce over time. After about 23 h the samples were put in an oven
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ig. 8. Evolution of tanı over time measured at the third stage dielectric spec-
roscopy at low voltage. The central peak shifts leftwards over time because of the
radual reduction of the polarization layers in absence of an external electric field.

t 50 ◦C for two hours and tested again once cooled down to room
emperature. After 42 h no difference in the curves was  noticeable
nymore.

An equivalent time evolution can be observed also for the tan ı
easurement, as shown in Fig. 8. The central peak (fpeak(t = 0) =

.6 Hz), which appeared with the high voltage application, shifts to
ower frequency with the time passing. After the 42 hours period,
t stabilizes to its final position (fpeak(t = 42 h) = 7.5 mHz).

.1.4. Inception threshold
The DS was performed at successively high voltage levels on

ntested samples to measure the electric field threshold for the
nception of the polarization effect. Namely, this is the threshold
bove which a permanent dielectric change is observable in the
EA system.

Ten voltage-peak levels logarithmically-spaced between 198 V
nd 1980 V were chosen for the test. In Fig. 9, six of these volt-
ge level results are reported. A mild capacitance increase due to
olarization is visible at lower voltages for frequencies less than
00 mHz. For voltages up to 711 V (about 13 kV/mm nominal elec-
ric field), the real part of the capacitance stays nearly unchanged,
ig. 9(a). As the voltage reaches around 918 V peak (or about 16
V/mm nominal electric field), a sudden increase is observed which
ersists for higher voltages (electric fields). An analogous change is
bserved in the dielectric losses investigation for the same volt-
ge, Fig. 9(b). In this figure, the formation of a hump is observed
etween the two voltages 918 V and 1187 V. The phenomenon can
lso be observed in a Nyquist plot for the capacitance values. When
he polarization sets, the respective curves bend till forming arc-
ike curves at lower frequencies, as can be observed in the curves
n Fig. 9(c).

The value Eth = 16 kV/mm is therefore considered the electric
eld threshold for the injection of permanent polarization layer for
his specific system.

.1.5. Lumped model fitting
The permanent dielectric variation is explained by the formation

f space charges at the interfaces during the high voltage stage of
S. The impurities contained in the electrodes, moved towards the
nterface, creating a stable polarization layer.
The polarization layers are schematized using the lumped model

resented in Section 2.1 and showed in Fig. 2. Both the PDMS bulk
nd the interfaces are modeled with the CPE elements Cf,PDMS and
ensors and Actuators A 312 (2020) 111992 5

Cf,pol . Parallel to the CPEs, the parasitic resistances RPDMS and Rpol

are included to account for the material and interface losses, respec-
tively.

The total impedance ZTOT measured through dielectric spec-
troscopy in Section 4.1.3 has been fitted with this lumped model
using the MEISP 3.0 (Multiple Electrochemical Impedance Spectra
Parameterization) software by Kumho Chemical Laboratories. The
results are showed in Fig. (10). The evaluated fit parameters of the
impedance data to the equivalent circuit are reported in Table (1).

We can track the time evolution of the charged interface: ini-
tially, as the polarization layer is formed, it is characterized by a
large capacitance Cf,pol . At the same time, a large capacitance Cf,PDMS

relative to the PDMS bulk is measured. Comparing this value to the
initial C0,LV is evident a large enhancement. This is explained by the

reduced PDMS effective thickness d̃. Over time, the value of Cf,pol

gradually decreases: the formed charges start diffusing and recom-
bining, shrinking the interface layer depth. The PDMS capacitance

Cf,PDMS diminishes accordingly: the effective PDMS thickness d̃ is
now increasing.

We  can finally compare the evolution of the tan ı peaks which
appear in the FLF range. According to the proposed lumped model
this are roughly proportional to the ratio

∝ 1
C˛,1 · Rpol

We  compared these values with the ones actually measured over
the time evolution, and we  reported them in Table (2). In all the
cases there is a direct proportionality k between the estimated val-
ues by the model and the actual measured ones. This is a further
confirmation of the validity of our fit.

4.1.6. Comparison with other materials and conditions
The three-stages-dielectric-spectroscopy test was  performed on

different materials to assess the formation of polarization layers.
Two rigid polymers films, namely low-density polyethylene (LDPE)
and polyvinyl chloride (PVC), were tested using the same sample
preparation method exploited in the PDMS case. Due to the stiff-
ness of LDPE and PVC, no pre-stretch was  applied to these samples.
The measured film thicknesses were 103 �m and 160 �m for the
LDPE and PVC, respectively. The high voltage V (HV)

peak
used for the

high-voltage dielectric spectroscopy stage has been chosen to have
the resulting respective electric field E, such that E > Eth. The value
Eth = 16 kV/mm is the electric field threshold measured for the
PDMS-based DEA.

As can be seen from Fig. 11, these materials show similar behav-
ior to the PDMS case. At low voltage, both LDPE and PVC exhibit
only bulk polarization [52]. During the second stage DS, performed
under the high electric field E, the EP settles and persists even after
the high voltage is removed. The polarization persistence can be
observed in the third and last stage of DS, which is performed again
at low voltage.

A final test was conducted on PDMS using non-compliant, pure
aluminium electrodes. The rigid aluminium prevents the presence
of impurities or free ions that can form the EP layer, like in the
case of the carbon-silicone composite. The peak voltage was grad-
ually increased up to V (HV)

peak
= 1980 V and then reverted back to low

voltage. The results (see Fig. 12) show that, with this configuration,
no permanent polarization layer is formed during the HV phase.
A minor capacitance increase all over the spectrum is explained

by the electrostatic force squeezing the silicone layer, thus reduc-
ing its thickness, Eq. (3). When re-testing at low voltage, the sample
recovers its original capacitance showing the absence of permanent
EP.
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Fig. 9. Polarization injection study compared with the low voltage baseline measurement. (a) Capacitance frequency-sweeps. (b) tanı dielectric loss measurement. (c) Nyquist
plot  of the capacitance, the arrow indicates the direction of increasing frequency ω;  the formation of a new arc in the curves is noticeable as the polarization settles.

Table 1
Time evolving fit-parameters resulting from the lumped model for the DEA actuator.

Time Rser (�) Cf,pol(p̃F) ˛pol Rpol(�) Cf,PDMS(p̃F) ˛PDMS RPDMS(�)

t0 11.64 ×104 401.7 0.9984 1.14 ×107 60.17 0.99 1.86 ×1014

t1 11.16 ×104 395.1 0.9983 1.59 ×108 59.72 0.99 1.85 ×1014

t2 11.79 ×104 331.5 0.9961 1.00 ×109 59.22 0.9941 1.85 ×1014

4 9 14

b
e
o
c
f

f
e
b
i

4

m
a

t3 11.92 ×10 318.6 0.9962 

t4 11.93 ×104 315.1 0.9941 

t5 12.03 ×104 321.5 0.9957 

The tests together show that the measured EP is independent
y choice of the dielectric medium, but rather depends on the
lectrodes used. Explicitly, it confirms that a high concentration
f impurities or unbonded charges contained in the conductive
arbon-silicone composites used as electrodes can promote the EP
ormation.

Finally, these results encourage the use of pure metal electrodes
or the future development of interface-polarization-free DEAs. For
xample, it has been recently shown [53] that gold can covalently
ond to thiol-functionalized silicone (SH-PDMS) surface to form an

ons-free compliant conductive layer.

.2. Actuation effects
The polarization effects were measured on the actuation perfor-
ance of the DEA over time. Two sets of samples were continuously

ctuated with 1 Hz square and sine wave AC 4 kV peak voltage,
3.83 ×10 58.07 0.9964 1.85 ×10
3.80 ×109 58.23 0.9968 1.85 ×1014

4.19 ×109 58.25 0.9965 1.8 ×1014

respectively. From results of Section 4.1.4, this voltage ensures the
creation of polarization at interfaces. Both sets were video-recorded
for the entire length of the test. Afterwards, the information about
the radius change was extrapolated from the recordings with the
aid of custom MATLAB code.

Fig. 13(a) shows how the relative actuation stroke s%(t) defined
as

s%(t) = 100 × rON(t) − rOFF (t)

r(0)
ON − r(0)

OFF

(4)

where r is the measured radius, diminishes over time. The ON-(OFF-
)radius is defined as the maximum (minimum) radius measured
over a voltage cycle.
The highest performance loss (in terms of actuation stroke) is
measured for the AC sine wave case. The formed charged layers,
concentrate the electric field at the interfaces attenuating the bulk
electric field responsible for the compression. As a consequence,
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Fig. 10. Fitting of the time evolving total capacitance C = C ′ + iC ′′ and impedance Z = Z ′ + iZ ′′ with the proposed lumped model including constant phase elements. (a–c)
Real  and imaginary capacitance fitting. (b–d) Real and imaginary impedance fitting. Solid lines represent the fitting of the data points, represented by the markers.

Fig. 11. Capacitance measurements resulting from the three stages dielectric spectroscopy performed on LDPE (left) and PVC(right). The initial low-frequency capacitance
enhancement for the low voltage curves is due to the bulk polarizability.
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Table 2
Frequency-location of the tanı peak fitting results.

Time f0(Hz) (Cf,pol · Rpol)
−1 k

t0 3.05 24.67 8.09
t1 1.92 15.83 8.24
t2 0.35 3.01 8.61
t3 0.1 0.81 8.18

F
d

ig. 12. Capacitance measurement on PDMS film using rigid aluminium electrodes.
he  electrodes radius is in this case slightly larger than the CB-PDMS and a higher
apacitance is thus recorded. A reversible bulk polarization of the PDMS is visible
or lower frequencies.

he available electrostatic pressure in the bulk is reduced as well as
he resulting displacement.

The ON-radius reduces over time because the bulk electric field,
hich causes the compression, reduces with the charged interface

ormation, Figs. 13(b)-(c) (dark lines).
Similarly, in the OFF state, the growing permanent polarization
harges settle an electric field that holds the compression and pre-
ents the DEA to recover to its initial unperturbed state fully. This
xplains the increasing radius in the OFF state, Figs. 13(b)-(c) (bright
ines).

ig. 13. (a) Relative stroke reduction over time for the two different investigated wavefo
ecreases because of the polarization layer formation for the square and sine waves (4 kV
t4 0.1 0.83 8.3
t5 0.1 0.74 7.4

It was observed that the process is, to a certain extent, reversible:
by shorting the actuators electrodes for a long period of time (>24
h), they were able to actuate again to nearly the same initial stroke.

5. Conclusions

This study aimed to assess the polarization charges creation
at the electrodes-insulator interface and to measure its effects
on the actuation performance of a dielectric elastomer actuator
(DEA) systems. Dielectric spectroscopy (DS) was performed on the
sample in three stages. A systematic and permanent capacitance
increase was  measured when exposing the sample to low fre-
quency (<10 Hz) and high-intensity electric fields (>16 kV/mm).
The result was attributed to the creation of space charges at inter-
faces. An equivalent circuit was modelled to quantify the interface
polarization mechanism, and it successfully fitted the experimental
data.

The effects of the polarization charges were studied on the actu-
ation stroke over time. It was  generally observed a stroke reduction

over time caused by the formation of polarization charges. The
worst performance was  measured in the case of AC sine driving
signal.

rms. In (b) and (c) it is showed how the radius rON increases over time whereas rOFF

 at 1 Hz), respectively.
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Space charges (interface polarization) can explain the severe
eduction of actuator performance over time. It is therefore sug-
ested to make a deliberate choice of the material used during
lectrodes fabrication, and, in particular, it is suggested to avoid
he use of material with significant impurities or ions content.
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