
Nanoscale Nickel-Based Thin Films as Highly Conductive Electrodes
for Dielectric Elastomer Applications with Extremely High
Stretchability up to 200%
Jonas Hubertus,* Julian Neu, Sipontina Croce, Gianluca Rizzello, Stefan Seelecke, and Günter Schultes

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 39894−39904 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This paper presents on electromechanical characterization of
thin film nickel-based wrinkled electrodes for dielectric elastomer (DE)
applications. The investigation of a sandwich composed of a very soft and
flexible elastomer carrying an ultrathin metallic electrode, together with its
prestretch-dependent wrinkled structure of the electrode, facilitates the
understanding of some of its interesting properties. Compared to conven-
tional screen-printed carbon black electrodes, nickel-based thin film
electrodes offer an ohmic resistance that is about 2 orders of magnitude
lower. This remarkable feature makes it an advantageous electrode material
alternative for the development of energy-efficient and high-frequency DE
applications. Ultrathin (10−20 nm) layers are sputter deposited as electrodes
onto either biaxially or, under pure-shear conditions, uniaxially prestretched silicone membranes. After the sputtering process, the
membranes are allowed to relax whereby wrinkled out-of-plane buckled surfaces are obtained. With an initial resistance smaller than
400 Ω/square and a strong adhesion to the silicone, some electrode configurations are able to withstand strains up to 200% while
remaining electrically conductive. A linear dependence of the capacitance on strain is revealed, as well as a long-term stability over 10
million cycles of mechanical stretching. All investigated thin film configurations of nickel and nickel−carbon films are suitable as
compliant electrodes for DE actuators, as demonstrated by measuring the force characteristics with and without a high voltage. An
increased level of prestretch shifts the resistance threshold of the electrode layers to even higher strain levels. In general, the best
performance is achieved with pure metallic electrodes deposited on biaxially prestretched silicone membranes.

KEYWORDS: compliant electrode, sputtered thin film, wrinkles, dielectric elastomer, metallic electrode, electromechanical characterization

■ INTRODUCTION

A dielectric elastomer (DE) is a thin elastomeric membrane,
often made of transparent and soft silicone polymers,
sandwiched between two compliant electrodes. In this way,
an electroactive system emerges that resembles a flexible
parallel plate capacitor. Such a kind of DE represents a
relatively new type of electromechanical transducers.1 By
applying a high voltage between the electrodes, electrical
energy can be converted into mechanical work for actuation
purposes. This phenomenon occurs due to the fact that the
electric field causes an attraction between the electrodes,
which, in turn, squeezes the membrane in between and makes
it elongate in-plane.2 Several DE actuator concepts such as
loudspeakers,3,4 optical lenses,5,6 artificial muscles,7,8 smart
skins,9 and others can be found in the literature. Other than
actuators, energy-harvesting systems can also be realized with
DEs, thus allowing to convert mechanical energy into electrical
one.10−12 Furthermore, during the deformation of the DE, the
resistance and the capacitance change accordingly, and hence a
DE can be used as a sensor as well.13−16 DE applications
combine extraordinary properties such as large deformations,

lightweight, silent operation, scalability, energy efficiency, and
self-sensing capabilities.17−19

High-performance DE systems require highly compliant and
low-resistance electrodes with a negligible mechanical
influence on the soft elastomer. Properties such as an
extraordinary fatigue behavior, high flexibility and stretch-
ability, and ability to remain conductive while being deformed
are also needed.17 Today, carbon-black (CB) material is often
used for designing compliant electrodes of DEs. Despite the
relatively high electrical resistance (50 kΩ/square) of typically
used CB electrodes, these are still highly attractive for a
number of practical reasons. For instance, screen printing
represents a well-established and easily controlled method to
manufacture CB electrodes, which facilitates the mass
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production of rather macroscopic DE.2,17,20−24 Metal electro-
des can be seen as a complementary alternative for future
miniaturized DE applications. Furthermore, the low resistance
of such electrodes in combination with a low RC-constant is
advantageous regarding high-frequency actuation, sensing, and
self-sensing.25 Also, the efficiency of energy harvesters can be
improved.26 Unfortunately, the stretchability of metal electro-
des is limited because the low elasticity of metals, combined
with a high Young’s modulus, stiffen the overall system.
Different ideas were realized to overcome these drawbacks. As
relevant examples, thin film-coated corrugated surfaces27 or
wrinkled electrodes28−30 were developed to achieve electrodes
with a stretchability of 80% linear strain and 120% of radial
strain, respectively. Other publications report about meander
structures,31−33 zig-zag patterns,2 kirigami techniques,34 and
metal nanowire-based electrodes.35,36

Wrinkles, understood as out-of-plane buckled surfaces, are
well known to provide flexibility and stretchability. Their
effects have been studied in the DE field,37,38 as well as in the
area of stretchable and flexible electronics.39,40 In our work, the
systematic creation of wrinkles, obtained by coating an either
biaxially or under pure shear condition (PSC) uniaxially
prestretched silicone membranes, is used to achieve a
compliant electrode for electroactive polymer applications.
After performing the sputter deposition of the electrode onto
the prestretched membrane, the silicone is allowed to relax and
wrinkles are formed. When such a wrinkled electrode is
stretched, the wavy surface is first flattened before a larger
deformation beyond the prestretch level starts to stress the
metal electrode itself. The stretchable wrinkle structure acts as
a mechanical buffer. Therefore, we try to combine this kind of
geometrical buffer with newthin film-basedlow-resistive
electrode materials in order to enlarge the application range
and, at the same time, to enable the miniaturization of DE
systems. New electrode materials are explored in this study.
Thin film nickel, nickel−carbon, and carbon−nickel sandwich
electrodes are investigated for this purpose. The unusual
material selection for flexible electrodes is inspired by our own
previous work on compliant NiCr−carbon electrodes41 and
strain sensors of metal−carbon layers.42,43 Carbon sometimes
offers unexpected and unique material properties as it can be
seen in our previous work. Based on this, we assume that
different electrode configurations should reveal different
electromechanical properties for the nickel-based electrodes
as well. As an important step, new results of the electro-
mechanical performance of nickel-based electrodes are
presented in this paper.

■ MATERIALS AND METHODS
Materials and Preparation. All experiments are carried out with

electrodes deposited onto Wacker Elastosil 2030 250/50 silicone
films. The thickness of these elastomeric membranes was measured,
resulting into a value of 47.5 μm ± 5%. The membrane exhibits a
dielectric strength of 80−100 V/μm, an elongation at break of 450%,
and a dielectric constant of 2.8.44

At the beginning of the process, the membrane is removed from the
carrier film, then prestretched to a certain degree, and fixed on a metal
rack in the prestretched state. Either an 8 × 8 cm2 marked square is
elongated to an 11 × 11 cm2 square, or a 7 × 7 cm2 square is
lengthened to an 11 × 7 cm2 rectangle. The preload ratios correspond
to a 37.5% equibiaxial prestretch, or to a 57.5% uniaxial prestretch
applied under PSCs, respectively. These discrete levels of prestretch
(LoP) are chosen for practical reasons, and originate from the
dimensions of the metal rack. In this study, almost all deposition

processes are carried out on membranes prestretched with these two
LoPs. In addition, one set of experiments is conducted with specimens
of increased LoP. In this case, a 7 × 7 cm2 square is stretched to 11 ×
11 cm2, hence, 57.5% equibiaxial, or a 6 × 7 cm2 rectangle is
lengthened to an 11 × 7 cm2 rectangle, resulting in an 83% PSC
prestretch. The different LoPs are summarized in Table 1.

The prestretched membranes held by the metal frame are coated in
a sputter process. Prior to the process, the membranes are cleaned
with deionized air, but no other pretreatment is applied. A mirror-like
surface is obtained after the deposition, changing into an out-of-plane
buckling or wrinkled surface when the prestretch is released and the
membrane is allowed to relax. For PSC prestretched membranes, a
well-aligned wrinkle structure is obtained after relaxation, whereas
randomly oriented wrinkles are received for biaxially prestretched
silicones (compare the right hand side of Figure 1). The entire
process is carried out manually.

A vacuum chamber (company CCR) with a dimension of 45 × 45
× 45 cm3, equipped with two circular 12,7 cm magnetron heads, is
used for the deposition process. One head carries a nickel target and
the other a graphite (carbon) target. A direct current (DC) sputter
generator, used to drive the targets at a constant power of 300 W, is
connected to the targets. The targets are located 4.5 cm above a
movable specimen carrier. To avoid the condensation of moisture, the
vacuum chamber is vented with nitrogen after every process, because
the chamber has no load lock.

At the beginning of the process, the vacuum chamber is evacuated
by means of a turbo molecular pump (1000 l/s) to a background
pressure smaller than 10−5 mbar. Then, three pump−purge cycles
with argon (purity 99.999%) at a pressure of 10−1 mbar are carried
out to ensure a clean sputter environment. Afterward, a constant
process pressure is obtained by introducing a constant argon gas flow
of 15 sccm, and by controlling the desired pressure with a
downstream throttle valve. Carbon is sputtered at 1.5 μbar, and
nickel at 18.0 μbar, respectively, if only one side of the silicone
membrane is coated. If both sides need to be coated subsequently,
nickel layers are deposited at a lower process pressure of 1.5 μbar. The
above given pressure levels result from preliminary tests on glass
slides. Because carbon layers have a higher conductivity at low sputter
pressure, we selected a value of 1.5 μbar. A relatively high pressure
was chosen for nickel, because of its excellent adhesion on glass slides.
Therefore, in the early stage, a high process pressure for Ni and a low
process pressure for C were chosen. After finishing all processes on
elastomer membranes coated on just one side, problems due to crack
formation occurred if the membranes were coated on both sides. This
problem could be overcome by developing a nickel layer with reduced
residual stress requiring lower process pressures.45 It turned out that
the adhesion of Ni layers to the elastomer is very satisfactory at both
process pressures.

When the sputter process is started, the respective target is
presputtered for 1.5 min. During the presputtering, the sample is
located outside the area of influence of the target. After the
presputtering, the sample is moved under the target for the specified
process time, and then removed again. When a sandwich layer is
desired, the same procedure is subsequently repeated with the second
target. Overall, three different types of layers are investigated in this
study: a sole nickel electrode with a thickness of 10 nm, a Ni + C
sandwich electrode, and a C + Ni sandwich electrode with an overall
thickness of 20 nm, respectively (see Table 2).

A cross-shaped pattern of the thin films is realized with a mask
process. The shadow mask is fixed on a second metal rack, and placed
on the prestretched membrane before deposition. The mask is rotated

Table 1. Overview of the Different Prestretch Levels
Applied in this Study (LoP = Level of Prestretch)

prestretch normal LoP (%) increased LoP (%)

biaxial 37.5 57.5
uniaxial under PSCs 57.5 83
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by 180° when a thin film is also deposited on the backside. The
vertical cross bar constitutes the active area, while the horizontal bar
serves as the area for the electrical connections (see Figure 2). This
electrode geometry is used for all experiments in this study, unless
otherwise specified. For more details about the process steps, the
reader may refer to ref 41.
Thickness Measurement, Adhesion, and Scanning Electron

Microscopy. The thicknesses of the deposited thin films are
measured tactilely by means of a Dektak 150 Profilometer indirectly
on glass slides, because the sticky and soft surface of silicone does not
allow a direct tactile measurement on the membranes. A cover glass is
placed in the middle of a glass slide. Then, the glasses are coated up to
300 s with a nickel thin film sputtered at either 1.5 or 18 μbar,
respectively, or a carbon thin film. The same sputter parameters used
for manufacturing the thin film electrodes on the silicone are applied
also in this case. After the coating, the cover glass is removed and the
step with the height of the thin film is measured, both for ascending
and descending cases. The film thickness is correlated with the sputter
time, and hence the deposition rates of the thin films are calculated.
The adhesion of the thin film is investigated by a simple peel-off

test. The elastomeric membrane is prestretched on an O-ring, and
then sputter coated. Afterward, an adhesive tape is pressed on the
deposited surface. When the tape is removed, the adhesion of the
deposited thin film can be qualitatively estimated by the out-of-plane

deflection of the membrane. Checking for remnants of the thin film
on the tape after the peel-off test gives also hints whether
delamination occurs.

The wrinkled surfaces of all electrode configurations are analyzed
after relaxation by means of a JEOL JSM 6460LV scanning electron
microscope (SEM). The secondary electron pictures are recorded
with an acceleration voltage of 10 kV and a magnification of 1500.

Resistance and Capacitance versus Strain Measurements.
The resistance of the thin film electrodes as a function of strain is
investigated on one-side-coated membranes, by means of a self-
assembled tensile tester. A LabView program controls uniaxial tensile
tests and creep and cycling measurements with and without high
voltage applied while simultaneously recording the force, displace-
ment, resistance, and capacitance. The resistance and the capacitance
are recorded by means of a Hameg HM 8118 LCR-meter (for further
details, see ref 46). At least four single specimens of each type of
electrode, that is, Ni, Ni + C, or C + Ni, are tested in a pure shear
uniaxial tensile test. A length to width ratio of 5/1, with the pulling
direction being perpendicular (see Figure 3) to the long side, allows
us to interpret the uniaxial tensile test as a pure shear tensile test.47,48

Figure 1. Sample preparation and process steps: either biaxially or under PSCs prestretched silicone membranes are fixed on a metal frame and
then sputter coated. Differently wrinkled electrodes are obtained when the membrane is allowed to relax after the sputter coating. The optical
microscopy pictures of the electrodes reveal nickel thin films in the flat mirror-like prestretched state and after relaxation of the membranes,
respectively. Pictures are obtained with an Olympus BX41 optical light microscope. Reproduced with permission from ref 42. Copyright 2020
Elsevier.

Table 2. Layer Systems of Three Different Types with Their
Corresponding Sputter Timesa

aThe colors match the ones of the following result graphs. Figure 2. Position and dimensions of the shadow mask. A cross-
shaped thin film pattern is created. The membrane is coated on both
sides, with the cross-shaped mask being rotated by 180° on the
backside. Hence, the overlapping vertical cross bar represents the
active area, whereas the vertical one serves as the connection area.
Reproduced with permission from ref 42. Copyright 2020 Elsevier.
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The pure shear tensile test is carried out with electrodes prestretched
under normal conditions, that is, 37.5% biaxially and 57.5% PSC, and
with electrodes of the increased level of prestretch (57.5% biaxial and
83% PSC). Every strain level is kept constant for 25 s, while the
corresponding resistance is averaged and subsequently plotted versus
strain. Starting with a test strain of 0%, this quantity is stepwise
increased by 5% with a complete strain relief between the steps. Two
smaller steps of 2.5% are added directly around the LoP. For
specimens with the increased LoP, the lower strain levels are increased
stepwise by 10% until the LoP is reached. Above the LoP, the 5%
increment is executed again.
For capacitance measurements, the same tensile tester is used, and

the same testing procedure is applied with membranes coated on both
sides. Therefore, nickel electrodes manufactured at low process
pressure are tested. Only electrodes deposited on membranes with
normal LoP are analyzed.
Fatigue Test. The resistance as a function of strain is also

measured in a fatigue test. For this investigation, 10 million sinusoidal
cycles of mechanical stretching are performed at a frequency of 20 Hz,
by means of a Bose ElectroForce 3230 material testing machine.
Prestretched membranes with all types of electrodes are tested. 37.5%
biaxially prestretched membranes are tested at strain levels of both 35
and 50%, while 57.5% PSC prestretched membranes are tested by
applying 55 and 65% of test strain.
Force versus Strain Measurements with High Voltage.

Force−strain characteristics are evaluated by means of a tensile tester,
performed with and without high voltage applied to the DE samples.
Five repetitive cycles of strain are performed with a strain rate of
10%/s, out of which the fourth cycle is analyzed to avoid misleading
interpretations, because the viscoelastic characteristics, such as the
hysteresis and the force change drastically in the first two cycles due
to the Mullin’s effect. At first, five cycles without voltage are carried
out, followed by five cycles with 3 kV. Membranes with normal LoP
are investigated in this test. The 37.5% biaxially prestretched
membranes are cycled from 0 to 50%, while 57.5% PSC prestretched
membranes are tested in between 0 and 70%, respectively. For this
purpose, the same tensile test setup is used again.46 All types of
electrodes are tested, that is, Ni, Ni + C, and C + Ni. Because both
side-coated membranes are required for these experiments, nickel
electrodes deposited at low process pressures are utilized.

■ RESULTS AND DISCUSSION
Thickness Measurement and Adhesion. For carbon, a

deposition rate of 0.16 ± 0.01 nm/s is measured, while the rate
of nickel is determined at two different sputter pressures, that
is, 2.36 ± 0,25 nm/s at 1.5 μbar and 2.52 ± 0,4 nm/s at 18
μbar, respectively. Hence, a 10 nm carbon film is generated in
about 1 min, while 5 s are sufficient to deposit 10 nm of Ni.
Differences between specified and calculated thicknesses
originate from the manually performed sputter process. Within
the 5 s, the specimen is manually rotated under the target,
coated, and then rotated out again. Hence, the exact coating
time and thus the exact thickness of the thin film could vary
slightly for every process (for details, see ref 41). The authors
specify the thickness of the thin films as 10 nm to provide an
appropriate classification.
A large deflection of the coated membrane during the peel-

off test confirms a good adhesion between the thin film and the
silicone (see Figure 4). No delamination occurs and after

removing the tape, no remnants remain on the tape. This test
was conducted with all three electrode configurations directly
after the manufacturing. Two months later the test was
repeated, and the same results were obtained. No aging effect
of the adhesion could be manifested by the peel-off test. At
strain levels around 200%, applied during the tensile tests, also
no mechanical degradation or delamination of the thin film
was observed.
In Figure 5, the wrinkle structures of the respective electrode

configurations are depicted after relaxation. The first row
shows previously biaxially prestretched membranes, while the
second row displaces the PSC prestretched membranes. All
pictures are taken with the same magnification, and thus are
easy to compare. When the membrane was biaxially
prestretched, a random wrinkle orientation results after
relaxation. Otherwise, a well-aligned and preferentially
horizontally oriented wrinkle structure is revealed, because
the PSC prestretch was oriented in the vertical direction.
Clearly, the wrinkle structure gets finer from the left to the
right, that is, from C + Ni over N + C to the finest structure of
Ni.

Resistance versus Strain Measurements. Figure 6
depicts the results of the uniaxial resistance measurements of

Figure 3. Schematic illustration of the tensile test setup. The cross-
shaped electrode is clamped parallel to the vertical crossbar and
stretched in the horizontal direction. Here, the resistance of the top
electrode is measured. The dashed line represents the electrode
deposited on the backside of the sample. By connecting the top
electrode with the bottom electrode, the capacitance can be measured
as well. Reproduced with permission from ref 42. Copyright 2020
Elsevier.

Figure 4. Adhesion is proved with a peel-off test. An adhesive tape is
stuck onto the coated membrane and then peeled off again. The peel-
off force is transferred via the thin film electrode to the silicone
resulting in an out of plane deformation of the membrane. No
delamination of the thin film occurs. The removed tape is free from
remnants, confirming a good adhesion between the thin film electrode
and the silicone membrane. This test was performed with all electrode
configurations.
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both biaxially prestretched (a) and PSC prestretched
membranes (b). Each type of electrode is plotted as a colored

Figure 5. SEM images in the relaxed state of all electrode configurations, all with the same magnification of 1500. In the first row (a−c), the
biaxially prestretched membranes are shown. PSC prestretched membranes are placed in the second row (d−f). The wrinkle structure becomes
finer from the left to the right, hence from C + Ni (a,d) over Ni + C (b,e) to Ni (c,f) thin films. Enlarged pictures can be found online (Supporting
Information).

Figure 6. Resistance vs strain results for Ni + C (green), Ni (blue), and C + Ni (grey) electrodes are shown. Part (a) presents the results of
biaxially prestretched membranes, whereas PSC prestretched membranes are shown in the plot (b). On previously biaxially prestretched
membranes, Ni electrodes can be stretched up to 140% before the resistance passes 10 kΩ, whereas C + Ni electrodes exceed this value already at
70%. On PSC prestretched membranes, the characteristic is changed. Here, the 10 kΩ value of Ni electrodes is located at lower strain levels
compared to the Ni + C and the C + Ni electrodes. Hence, the resistance at high strain levels is dependent on both, the electrode configuration and
the prestretch as well.

Figure 7. Resistance vs strain plots for different LoP. The results of electrodes deposited onto membranes with normal prestretch are compared to
electrodes deposited onto membranes with increased prestretch. In the first row (a−c), biaxially prestretched membranes are shown, while PSC
prestretched membranes are plotted in the 2nd row (d−f). Note: the x-axes have different scales. For biaxially prestretched membranes, a 20%
LOP-increase yields more stretchability of 10, 40%, and even 80% for C + Ni, Ni + C, and Ni electrodes, respectively. For PSC prestretched
membranes, a 25.5% LOP-increase entails an improvement of stretchability of 20% for C + Ni, 30% for Ni + C, and 35% for Ni electrodes.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c10686
ACS Appl. Mater. Interfaces 2021, 13, 39894−39904

39898

https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10686/suppl_file/am1c10686_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10686/suppl_file/am1c10686_si_001.mp4
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10686?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c10686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


area, whereas the maximum and the minimum values of at least
four samples of every electrode type limit the respective
colored area.
Some interesting conclusions can be drawn from the graphs.

Up to the LoP, the resistance of the thin film electrodes
remains constant at approx. 100 Ω/square. When the LoP is
reached, a section with a linear slope occurs. Depending on the
electrode and prestretch configuration, the linear ranges extend
over different strain ranges. Then, the slopes of the curves
increase further, eventually leading to the electrical failure (in
this paper defined as 100 kΩ/square). On biaxially
prestretched membranes (Figure 6a), the resistance exceeds
the 100 kΩ/square at a strain of approximately 70% for C + Ni
and 90% for Ni + C sandwich films, respectively, while the sole
Ni layer remains conductive to strain levels up to 140%.
Interestingly, the order of the resistance increase is reversed for
the PSC-prestretched membranes (Figure 6b). The sole Ni-
layer loses its conductivity first, at approx. 80%, that is, only
20% above the LoP. For the Ni + C layer, 95% is the critical
strain value. The best electrode on PSC prestretched
membranes is the C + Ni layer with the highest threshold at
120%. These experiments clearly reveal a systematic interplay
between the type and level of prestretch and the thin film
configuration. In addition to the prestretch, which provides a
geometrical buffer thanks to the formation of wrinkles after
relaxation, the type of thin film is also crucial for a low
resistance at high strain levels. A pure nickel electrode
deposited onto biaxially prestretched membranes is favorable,
when high strain levels are needed in a pure shear operating
mode. On PSC prestretched membranes, a C + Ni electrode
represents the best choice, because it remains well conductive
to strains of approximately 120%. A further important
requirement for excellent conductivity at high strain levels is
a good adhesion between silicone and the thin films, as shown
for all three film configurations (compare above). A good
adhesion avoids delamination, and ensures a homogeneous
force transfer from the silicone membrane to the thin film, thus
preventing critical local stress concentrations.49

In the next step, resistance-strain measurements are
performed with an increased level of prestretch, resulting in
the plots of Figure 7. The first row (Figure 7a−c) shows
biaxially prestretched membranes with different LOPs, whereas
the second row (Figure 7d−f) displays PSC prestretched
membranes, again with different LOPs. C + Ni (a,d), Ni + C
(b,e), and Ni electrodes (c,f) are evaluated. The colored areas
again contain at least four specimens, and they are framed by

the maximum and the minimum curve. The data for the
samples with normal LoP are identical to those ones in Figure
6, but plotted on differently scaled x- and y-axes. The
difference between the normal LoP (37.5%) and the increased
LoP (57.5%) for biaxially prestretched membranes is 20%.
Interestingly, the resistance increase is strongly dependent on
the type of electrode. This 20% increase of the biaxial
prestretch level shifts the degradation of the Ni electrode by
80% to strains of up to approximately 225%. Smaller
improvements of 40 and 10% are achieved for Ni + C and
C + Ni electrodes, respectively. This may be due to the fact
that the silicone membrane with the thicker 20 nm films of Ni
+ C and C + Ni, respectively, did not shrink completely to
their initial dimensions, as these films offer higher mechanical
resistance to the relaxation process. This could be verified by
thickness measurements of relaxed membranes with a dial
gauge. The thickness of uncoated membranes was compared to
membranes coated on both sides. The coated DEs are thinner
than the uncoated ones. The membrane with the C + Ni
electrode is the thinnest membrane, followed by the Ni + C
and the Ni coated membrane, respectively. Due to the volume
being constant, a thinner membrane is equivalent to a more
elongated membrane, and hence to a not fully relaxed
membrane. Thus, the above measured order of resistance
increase becomes plausible. Measuring an elastomeric mem-
brane with a spring-loaded dial gauge involves some
unspecified uncertainties. Therefore, absolute values are not
given here but the trends were obvious and reproducible. The
SEM analysis of Figure 5 also provides evidence for this
interpretation. Because the nickel thin film hinders relaxation
the least, the silicone membrane forms a finer Ni wrinkle
structure than a Ni + C or a C + Ni wrinkle structure.
In the case of 25.5% augmented PSC prestretched

membranes, the Ni and the Ni + C electrodes exhibit an
increased stretchability of only 35 and 30%, respectively. Again,
the smaller improvement of the Ni + C electrode is attributed
to a higher mechanical resistance against wrinkle formation of
the 20 nm film compared to the thinner Ni film, meaning that
the prestretched membrane would not completely relax. For
the experimental characterization in the tensile test, the
silicone membrane is always assumed to be completely relaxed.
Hence, the clamped tensile test specimen at 0% nominal test
strain is already prestrained with a small undefined intrinsic
strain. Thus, the measured electrode would be flattened already
at lower test strain levels. Hence, the mechanical precondition
for holding the low electrical resistance at high strain levels is

Figure 8. Illustration of the unfolding process of coated biaxially and PSC prestretched membranes, during an uniaxial tensile test with the force F.
A partially wavy structure with a rather huge number of small cracks remains for biaxially prestretched membranes. In contrast, few but large cracks
propagate through a nearly flat metal electrode if a PSC prestretched membrane is strained uniaxially. In the latter case, the crack-induced resistance
increase occurs at lower strains.
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reduced. With carbon as a sublayer of the C + Ni
configuration, the increased prestretch levels lead to a low
performance enhancement, smaller than the change of the
LoPs. This corresponds to the finding that the C + Ni
electrode works most effectively against the relaxation of the
silicone membrane. With a higher LoP, this effect becomes
more visible.
The wrinkled structure seems to be a key feature for

maintaining low resistance at high strain levels. In this way, the
limited elasticity of metals of a few percent can be bypassed. At
strain levels below the LoP, the wrinkles get merely unfolded,
hence no resistance increase is noticeable. Above the LoP, the
thin film electrode itself is stressed, that is, cracks may occur
and the resistance starts to increase (see Figure 8). The effect
that a prestretch is beneficial for obtaining stretchable and
flexible electrodes was already confirmed by other
groups.28,37,50−54 When a biaxially prestretched membrane
with a randomly oriented wrinkled structure is elongated in a
pure shear tensile test, a surface with an inhomogeneous stress
distribution is received. Wrinkles oriented perpendicular to the
tensile direction are flattened, but a wavy structure parallel to
the applied strain remains. Therefore, occurring cracks cannot
propagate the whole surface. They are stopped due to the
inhomogeneous stress distribution on the wavy surface. In this
case, the local stresses can be reduced by twists and deflections
around the opening cracks.50,55 As a result, the electrode may
have a large number of small cracks. Very importantly, a lot of
still connected conductive paths are maintained, thus ensuring
the low resistance (cf. Figure 8 1st row). On PSC prestretched
membranes, an electrode with a well-aligned wrinkle structure
can be unfolded to a nearly ideal flat surface during tensile
testing. Thus, no obstacles for crack propagation are available,
and hence few but long cracks will lead to a complete
transection of the thin film. This failure of the electrodes
occurs at lower strain levels above the LoP, compared to
electrodes deposited onto biaxially prestretched membranes
(compare Figure 8 2nd row).
The possibility to adapt the thin film configuration to the

type and the level of prestretch, in order to maintain
conductive electrodes even at high strain levels, is a highly
desirable feature. All prepared electrode configurations with
higher LoPs shift the threshold of resistance increase toward
higher strain levels. A 57.5% biaxially prestretched membrane
equipped with a 10 nm sole Ni-electrode remains at low
resistance up to 200% of pure shear strain, as shown in Figure
7b.
Capacitance versus Strain Measurements. Capaci-

tance−strain measurements of all thin film configurations,
deposited either onto 37.5% biaxially or onto 57.5% PSC
prestretched membranes, are depicted in Figure 9a,b
respectively. The capacitances are approximately linearly
dependent on the strain below the LoP. Only the sole Ni
electrode on PSC membranes exhibits a decrease of the
capacitance just below the LoP. The PSC prestretched slopes
(b) are higher compared to the biaxially prestretched
capacitors. This may be due to the complete unfolding of
the aligned wrinkle structure in the PSC case, whereas the
randomly oriented wrinkles, on the other hand, are only
partially flattened during the tensile test. The latter case does
not lead to a complete unfolding of the sandwich (compare
Figure 8) and hence lower capacitance results. The curves of
the different layers of one prestretched type are almost parallel,
whereby the capacitance of the C + Ni electrodes is higher

compared to Ni + C and Ni electrodes, respectively. The most
striking effect of the capacities of Figure 9 is the systematically
different initial value of about 40%. This is remarkable because
a 10 or 20 nm thin metal layer on a 50 μm thick polymer can
induce such drastically different capacitances. However, as
already stated above, the electrode-dependent initial capaci-
tance is connected to the degree of relaxation at zero strain. If
the membrane is still slightly elongated, the capacitor area is
increased while the distance between the electrodes is
decreased, both of which contribute to a higher initial
capacitance. Because the C + Ni electrode exhibits the highest
mechanical resistance against the relaxation, such DEs reveal
the largest initial capacitance. The deformation of the
capacitors geometry during the tensile test is equal for all
kinds of thin films on a certain prestretch configuration.
Therefore, the slopes of the capacitance curves are parallel. A
linear dependency of the capacitance versus strain was also
demonstrated by Benslimane et al.,56 by measuring the
capacitance of corrugated DE-membranes coated with thin
conducting films. The linear dependence of capacitance is
advantageous for mechanical sensors, for example, displace-
ment or distance sensors. For applications with strain levels
below the LOP, the linear capacitance of the metallic wrinkled
electrodes can be used to develop capacitive sensors. If both
the capacitance as well as the resistance of such coated
membranes are measured and evaluated with a suitable sensor
electronic, the measuring range may be extended to the whole
range of strain as shown in the capacitance plot (Figure 9) and
the resistance plots of Figures 6 and 7.

Fatigue Test. The long-term stability of all electrode
configurations deposited on either PSC or biaxially pre-
stretched membranes was proved by means of fatigue tests
with 10 million cycles. For both LoPs, fatigue strain levels
directly below and above the LoP were chosen. The 37.5%
biaxially prestretched membranes were tested up to 50% of
strain, whereas for the 57.5% PSC prestretched membranes, a
maximum of 65% strain was chosen. The deposited electrodes
on PSC prestretched membranes are more vulnerable to
degradation if the LoP is exceeded. In both cases, the
resistance remains almost constant at low values of approx.
500 Ω/square, when the test strain is kept below the respective
LoP. A test strain higher than the LoP causes the electrodes to
degrade slightly. However, all electrode configurations end up
with resistances below 5 kΩ/square, after 10 million cycles of
mechanical load. (for the graphs, see Supporting Information,
available online).

Figure 9. Capacitance vs tensile strain measurements for 37.5%
biaxially (a) and 57.5% PSC prestretched (b) samples with the
respective linear fits (red-dotted lines). The capacitance is linearly
dependent on the strain below the LoP. For a certain type of
prestretch, the curves are almost parallel. The highest capacitance is
observed for C + Ni electrodes and the lowest one for Ni electrodes.
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Force versus Strain Measurements with and without
High Voltage. In Figure 10, the force characteristics of
membranes without and with high voltage applied (red curves)
are compared for the different thin film configurations. The
first row shows biaxially prestretched membranes (a,c,e), while
PSC prestretched membranes are plotted in the second row
(b,d,f). In every plot, the characterization of a membrane
without any thin film is shown as the mechanical reference.
The force needed to elongate the both side coated membranes
to a certain strain level is lower if a voltage of 3 kV is applied
because the voltage causes an attraction of the electrodes,
squeezing and expanding the membrane in between. Hence,
the force response decreases with applied voltage. This
response is valid for all film configurations of Figure 10.
The details of these measurements are discussed as follows.

Below the LOPs, all zero voltage curves are very close to the
mechanical reference, being a silicone membrane without any
layer. At about the LOPs, all curves begin to deviate from the
reference, their slopes increase strongly. This clearly coincides
with the unfolding of the metallic layers as illustrated in Figure
8. From then on, the electrodes have a significant influence on
the mechanical stiffness of the DE-membrane due to the high
Young’s modulus of metals. A detailed look on the force
response of the PSC prestretched DEs shows the coated DE a
little bit below the mechanical reference as long as the LOP is
not exceeded. The wrinkles are under compression and hence
help to unfold and reduce the necessary elongation force until
the surface is flat.
In the biaxially prestretched case, a stiffening of the

membrane due to the metallic electrodes is observable over
the complete strain range. The compressed and randomly
oriented wrinkle structure only partially supports the uniaxial
elongation. In addition, a rearrangement of the wrinkle
structure and the working against notadvantageously oriented
wrinkles during the elongation result in a mechanical
reinforcement of the coated DE.
Comparable results were obtained by Benslimane et al. as

well. When the geometrical buffer of their corrugated surface
was consumed, the load to reach a certain deformation
increases excessively.56 Such corrugated surfaces provide
extremely anisotropic electromechanical properties. Our
biaxially prestretched membranes are superior, with respect

to this point. Pimpin et al. were working on structured metal
electrodes on not prestretched membranes. They report a
coverage-dependent performance. The flat metal surface
stiffens the dielectric in their study. No wrinkles were
available.33 In our case, the stiffening of the membranes due
to the wrinkled metal electrodes is negligible as long as the LoP
is not exceeded. The high-voltage measurements, which reveal
a force difference compared to the zero voltage case, confirm
that the metallic electrode can be used as an active DE-
electrode material. This force difference is the basis for
designing biasing mechanisms for highly efficient actuator
systems.57−60 The performance of an actuator suffers from its
energetic losses per cycle, shown in Figure 10 as hysteresis.
Despite the hysteresis, the force gap is big enough in our case.
Based on simulations in order to develop an appropriate
biasing mechanism,61 Neu et al. already presented a working
circular actuator concept applying a wrinkled Ni-based
electrode.58 Furthermore, these measurements prove that the
dielectric strength of the Elastosil membrane is not reduced by
the sputtering process. Because the tensile test is considered to
be a pure shear test, a strain of 70% causes a thickness
reduction of approximately 40%. Thus, a 30 μm thick silicone
membrane withstands 3 kV. This corresponds to a dielectric
strength of 100 V/μm, a value in accordance with the
datasheet.

■ CONCLUSIONS AND OUTLOOK

The highly remarkable electromechanical properties, such as
an extremely high stretchability of up to 200% of strain, can be
explained and correlated with the wrinkled electrodes and
hence to the type of prestretch as well as to the electrode
material itself. The presented thin film electrodes are regarded
as a complementary alternative to CB electrodes. With a
resistance 2 orders of magnitude lower than that of the usually
applied CB electrodes, combined with a linear dependency of
the capacitance on strain, the Ni-based electrode is best suited
for DE capacitive sensors. Additionally, it is a highly compliant
electrode with a reliable fatigue behavior, even after 10 million
cycles. The system remains highly conductive even at high
strain levels. With 57.5% of biaxial prestretch, approx. 200% of
strain can be applied before a pure Ni electrode loses its

Figure 10. Force−strain measurements with and without applied voltage of the C + Ni (a,b), the Ni + C (c,d), and the Ni electrodes (e,f) on either
37.5% biaxially prestretched (a,c,e) and on PSC prestretched membranes (b,d,f). The mechanical referencea membrane without electrodesis
shown in the graphs (gray curves) for comparison. When a voltage is applied, a force-drop (red curves) is recognizable for all electrode and
prestretch configurations. The membrane is then elongated due to the attraction of the oppositely charged electrodes, and hence less force is
needed to stretch the membrane to a certain strain level.
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conductivity. These results, together with the high voltage
measurements, prove that the electrodes are advantageous for
high-frequency or high-efficiency DE applications. In order to
achieve the best possible performance of the DE system, the
type of prestretch, in conjunction with the corresponding thin
film configuration, can be adapted to the respective application.
Of course, a further property optimization regarding thin film
parameters, such as thickness and deposition temperature
among others, is expected.
In future research, we will further pursue our aim of

cooperation, that is, the development of an array of
cooperatively working microactuators and sensors based on
DE-technology. For such miniaturized applications, the pattern
definition of the electrode should no longer be realized by a
mask process, especially for high-volume production. A laser
structuring process used to define the electrode geometry, as
well as the electrical supply lines on a completely coated film, is
currently under development. An automated foil stretcher is
also under construction, to replace the manual process of
prestretching to more reproducible predefined values. We are
confident to establish a DE electrode system for multiple
applications.
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