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ABSTRACT: Dielectric elastomer transducers (DETs), essen-
tially consisting of highly deformable insulating films sandwiched
between electrodes, are able to convert mechanical work in
electrical energy and vice versa. Although still immature, these
represent a simple and low-cost alternative to already known
technologies for harvesting energy from renewable sources, in this
case converting environmental mechanical energies (e.g., wave
energy, human body movement) to an electrical one. However,
the development of this new technology raises several challenges
in terms of finding more efficient materials. For high conversion
efficiencies, a dielectric film should meet certain properties such
high breakdown strength and small mechanical hysteresis, while
the electrodes should be compliant and able to keep conductivity
along repeated large deformations. Regarding these aspects, two
types of electrodes were successfully achieved, an ultrathin silver electrode of about 40 nm thickness and a PDMS-carbon black
composite rubber electrode of about 30 μm thickness. Both electrodes were analyzed in terms of morphology and electrical and
mechanical behaviors, as well as actuation response. The results indicate that the rubber electrode is more appropriate because it
has proved to work perfectly in hundreds of cycles at large deformations (150%) without losing conductivity. On this basis, three
types of capacitors with 120 mm diameters with coaxial electrodes of 60 mm diameters having one (DEG I), two (DEG II), and
three (DEG III) active layers were built by a simple and efficient method using a commercial silicone (Elastosil) as the dielectric.
The achieved arrays were tested in an energy-harvesting setup. At 200% strain and a bias voltage of 3 V μm−1, DEG I produced
0.07 mJ, DEG II produced 0.2 mJ, and DEG III produced almost 1 mJ with an energy density of 1.1 kJ m−3.
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■ INTRODUCTION

In the context of global warming and finite natural resources, new
materials hold the key to fundamental advances in free energy
conversion. Harvesting energy using dielectric elastomer trans-
ducers (DET) represents a great possibility of converting
mechanical environmental energies (like oceans waves energy,
body motion) directly into electrical energy.1−7 Dielectric
elastomer transducers are polymeric thin films, usually made of
silicones, polyurethanes, or acrylics, coated on both sides with
compliant and highly conductive electrodes that allow a large
amount of deformation.8 Besides operating as generators, they
can work as actuators by converting the electrical energy to
mechanical work or sensors.9−11 Both modes of operation
require stretchable and highly conductive electrodes.
From the perspective of development of new generators or

actuators based on electroactive polymers, the main factors that
influence their performance can be easily identified in the

fundamental equations that describe the required processes, such
as DET stretchability, dielectric permittivity, and applied electric
field.12,13 In this context, numerous studies were oriented on
improving the dielectric permittivity of the dielectric through
various methods such as the incorporation of various fillers,14−16

chemical modification of the elastomer matrix,17−19 or inter-
penetrating different polymers.20−24 On the other hand, finding
suitable electrodes for DET applications represents a great
challenge. Typical electrodes used for dielectric elastomers are
usually based on carbon powders or carbon nanotubes, either
dispersed in greases or directly deposited on the dielectric surface
through various methods as thin layers, but those can suffer from
several limitations such as limited pot-life, creep under gravity,
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high resistivity, or mechanical abrasion.25−27 The alternatives
offered by highly conductive metallic electrodes may exhibit
some restrictions related to Young modulus, deformability, or
small-scale patterning.28−32 However, intensive efforts have been
conducted to design electrodes with suitable mechanical
properties while keeping a high electrical conductivity over a
large number of repeated deformations.33−38 Moreover, by using
very long silver nanowires able to form percolation networks,
highly stretchable and highly conductive electrodes were
obtained that can develop large uniaxial strain without being
affected by the electrical properties,39−46 but the electrodes for
DET applications should sustain high biaxial strains.25

In this paper, we focused on obtaining highly compliant
electrodes for dielectric elastomers through both a physical and a
chemical method. In the first approach, we deposited an ultrathin
silver electrode, of about 40 nm, straight on the dielectric film
(Elastosil) through the Pulsed Laser Deposition (PLD)
technique. The techniques for silver electrodes deposition,
mainly used in flexible electronics, consist of solution spray-
coating, vacuum filtration followed by transfer, and drop-
casting.38 Two procedures for depositing metallic (as implanted
nanoclusters) electrodes on silicone are reported in the
literature: Filtered Cathodic Vacuum Arc (FCVA) implantation
and Supersonic Cluster Beam Implantation (SCBI).25 PLD is
one of the simpler, cheaper, and more versatile methods of
depositing thin films, for a very wide range of materials, on a wide
variety of substrates, at room temperature.47 The second strategy
was intended to fabricate polydimethylsiloxane (PDMS)−
carbon black (PDMS-Cb) composites soft electrodes by
incorporating carbon black particles into a silicone matrix.
Rubber electrodes based on commercial silicone kits inevitably
become more rigid by incorporating carbon black, and this will
implicitly lead to increased rigidity of the array. To minimize this
effect, the electrode needs to be much thinner than the dielectric.
Another measure would be the incorporation of a more efficient
conductive filler such as carbon nanotubes or exfoliated graphite
having a very high specific surface area and reaching the
percolation threshold at low concentrations so as not to induce a
significant increase in stiffness.25,48

The originality of our approach is that the rubber electrode
with mechanical properties close to those of the dielectric chosen
is made. For this purpose, following the preliminary tests, it was
found that a customized polydimethylsiloxane with a molecular
mass of around 200,000 g mol−1 cross-linked through the ends of
the chains is suitable as amatrix because by incorporating 25 wt %
carbon black, as needed to achieve good conductivity, the desired
mechanical properties are obtained. Moreover, these electrodes
have been obtained as free-standing, configurable in any shape
and size, easy to handle, and applied on the dielectric.
Considering the economic aspects, the carbon black particles
represent the cheapest powder from the market that can be used
as a conductive filler. The obtained electrodes were investigated
from morphological, mechanical, and electrical points of view.
For a better evaluation, both types of electrodes were used in a
“sandwich” configuration with a common commercial DE in
order to evaluate their efficiency in actuation mode. The rubber
electrodes in a proper array were tested as conversion units in an
energy harvesting setup to assess their suitability regarding the
promising energy harvesting technology developed by Fontana
and Vertechy.2,49−51 The same commercial elastomer as in the
case of actuation measurements was used as the active layer.

■ RESULTS AND DDISCUSSION

Regardless of the DET’s applications, a conductive and flexible
electrode that survives a large number of deformations is
required. In this regard and taking into consideration the
economic aspects, two types of electrodes were achieved, a highly
conductive silver electrode and a highly stretchable free-standing
PDMS−carbon black (PDMS-Cb) electrode using a versatile
physical method and a straightforward chemical method,
respectively (Figure 1).

Silver electrodes were deposited at room temperature on both
sides of circular commercial films of 100 mm diameter, 25%
equiaxial prestrained, through the Pulsed Laser Deposition
technique. In order to benefit from a large radial dimension of the
laser ablation plume, the polymeric film was placed 15 cm away
from the target surface. Moreover, for longer target to substrate
distances, lower kinetic energies particles condensation that
expand in radial directions with respect to the normal to the
target surface are avoided. Thus, the conductive layer will be
constituted preponderantly by the high kinetic energy-ablated
particles leading to a stronger adhesion of the silver film to the
PDMS substrate. A mask was used to protect specific zones that
will remain free of electrodes.
In a second approach, a rubber electrode was prepared on the

basis of silicone as the dielectric but chosen and engineered in a
such way that to be conductive without significantly affecting its
elastic properties. This was obtained by incorporating conductive
carbon black particles within a high molecular mass poly-
dimethylsiloxane-α,ω-diol (PDMS) (Mn = 230,000 g mol−1),
subsequently cross-linked by condensation with tetraethylortho-
silicate in the presence of an organometallic compound
(DBTDL) to generate the matrix. Although the molecular
weight of the polymer is high, it preferred this cross-linking
system through condensation of chain ends resulting in a
relatively low cross-link density and thus a soft material. By
increasing the amount of carbon black, the rigidity of the
electrode increases rapidly thus affecting the mechanical
properties. So, after several formulations, the best results were
obtained by adding 25 wt % of conductive filler. For a good
dispersion of the filler in the matrix, mixing the two was done in
the presence of a small addition of solvent (toluene) and
composite as solution poured as shaped film on a Teflon

Figure 1. Schematic representation of the path of silver electrodes
deposition (top) and for obtaining free-standing electrodes (bottom).
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substrate and stabilized by subsequent cross-linking and aging in
environmental conditions (Scheme 1, Figure 1, bottom).
Morphological Properties. Both metal and rubber electro-

des have a smooth surface without visual defects and a uniform
thickness (Figure 2a, d, e). Scanning electron microscopy (SEM)

images of the silver electrode show a compact structure having a
thickness of about 40 nm (Figure 2b, Figure S1), while the
PDMS-Cb electrode images taken on a cryofractured section
reveals a uniform distribution of carbon particles within the
polymer matrix, the achieved electrode having around 30 μm
thickness (Figure 2f). By lowering the PDMS-Cb thickness, the
electrodes become very fragile and difficult to handle. Trans-
mission electron microscopy (TEM) image shows that the silver
particles penetrate the polymer surface and form small aggregates
of few nanometres (Figure 2c). The presence of aggregates is also
evidenced by small angle X-ray scattering (SAXS) measurements
(Figures S2, S3). Interpretation of the SAXS data was done using
the Beaucage unified field theory applied on two-dimensional
levels evidenced in the scattering curve (Supporting Informa-
tion). The unified field modeling results indicate an average
dimension of the primary Ag nanoparticles around 6.5 nm. The
particles are largely aggregated in clusters with a mass fractality
that indicates a high density. The calculated correlation length

suggested that the average distance between the Ag nanoparticles
within the aggregates is around 2 nm.

Mechanical Properties. Beside other features, mechanical
behavior represents an important aspect regarding the electrode
performance in a DET configuration. Young’s modulus
calculated at 50% strain shows a slight increase, from 0.54 MPa
for pure DE to 0.64 MPa for an array with both sides deposited
electrodes. It follows that the metallic layer has an insignificant
impact on the dielectric elastomer stiffness. Stress−strain tests
also reveal that the silver deposition has a slightly reinforcing
effect that leads to an increase in the elongation at break from
420% for pure DE to 500% strain for the achieved “sandwich”
(Figure 3). On the other side, the free-standing PDMS-Cb

electrode has a Young’s modulus at 50% strain of 0.59 MPa, and
an elongation at break of about 530%, as compared with the
PDMS film without carbon black that has an elongation at break
of 850% and a Young’s modulus at 50% strain of 0.14 MPa
(Figure 3).

Electrical Properties. Of course, the main characteristic of
an electrode is represented by the electrical conductivity and its
ability to keep it until large strains. Thus, both silver and rubber
electrodes were tested from this point of view. For their
characterization, a standard method, four-point technique,
suitable for thin films was used to measure conductivity at
different values of strain. As was expected, the electrical
conductivity of the silver electrode decreases dramatically with
the degree of stretch, from around 1400 S cm−1 at 0% strain to 1.6
× 10−13 S cm−1 at 300% strain (Figure 4). However, the metallic
electrode maintains its conductivity until 10%−20% strain; after
that, it is presumed that the formed cracks on the electrode
become wider, being able to discontinue the conductivity. Cracks
occur due to the stiffness difference between the metallic layer
and the soft elastomer. Besides excellent mechanical properties
such low Young’s modulus and high stretchability, the prepared
free-standing PDMS-Cb electrodes exhibit excellent electrical
properties, with the electrical conductivity being unaffected by

Scheme 1. Cross-linking Reaction Leading to Free-Standing Rubber Electrode

Figure 2. Microscopic images of the two electrodes: (a) top view of
silver electrode, (b) FIB-SEM image of dielectric-silver electrode taken
in cross-section, (c) FIB-TEM image of silver electrode−silicone film
taken at interface, (d) top views of PDMS-Cb electrode, (e) SEM image
of PDMS-Cb electrode taken in cryofractured section, and (f) SEM
image of PDMS-Cb electrode; DE layer “sandwich” taken in cross-
section.

Figure 3. Stress−strain curves for PDMS film, single dielectric (DE) film
(Elastosil), and the achieved dielectric−electrodes arrays.
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the uniaxial strain (Figure 4). In this case, the uniaxial strain has a
positive effect on the electrode conductivity, increasing from 0.05
S cm−1 at 0% strain to 0.06 S cm−1 at 300% strain, with the
maximum value of about 0.1 S cm−1 being in the range of 100%−
150%. This phenomenon can be assigned to the reorganization
of carbon particles within the polymer matrix, thus achieving the
percolation threshold.
Considering that many applications require equibiaxial strains,

the PDMS-Cb electrodes were also tested from this perspective.
Figure 5 shows that the equiaxial strain slightly decreased the

electrode conductivity from 5 × 10−2 S cm−1 at 0% strain to 2 ×
10−2 S cm−1 at 125% strain, while in an uniaxial configuration the
conductivity increases with strain, with 125% strain being the
upper limit of the setup (Figure S4).
Electromechanical Properties. ActuationMeasurements.

For a deep evaluation of the electrodes performance from the
application perspective, actuation tests were performed on both
types of electrodes. The actuation measurements were
performed by a stepwise increase in the applied electric field
until the breakdown occurred. The results obtained with arrays
fabricated using the achieved electrodes and commercial silicone
DE are presented in Figure 6. Lateral strain values achieved as a
result of an applied electric field show a large difference between
arrays with the two electrodes, the maximum lateral strain of
PDMS-Cb (22.5% at 75 V μm−1) being several times larger than
in the case of using a silver electrode (2.2% at the same voltage).
Analyzing the electrical and mechanical information presented
above, we can conclude that the PDMS-Cb electrodes being
more flexible have the ability to keep the conductivity until a large
strain, and the actuation results are logical. Moreover, at higher
electric fields, parallel cracks occur on a silver electrode during

the actuation strain, which may also limit the displacement
(Figure S6).

Energy-Harvesting Measurements. Because the PDMS-Cb
electrodes showed the best mechanical, electrical, and actuation
results, these were further evaluated as electrodes for dielectric
elastomer generators (DEG). To test the electrodes suitability in
such applications, these were concentrically attached on the DE
layer by slow pressing; the electrode and the dielectric film stay
together due to the sticky and common nature of both layers.
However, to keep the peripheral electrodes attached on the
dielectric, two supplementary elastomer layers were used, and
these coatings play as well a safety role. Three DEGs having one
(DEG I), two (DEG II), and three (DEG III) active layers,
respectively, were built (Figure 7). The active layer of DEG is the
DE layer that is electrically charged when a voltage is applied.
The conversion of mechanical energy into electrical energy

was performed on a homemade setup adapting the model
developed by Fontana and Vertechy;2 the energy harvested is
based on the difference in the DEG capacitance (Figure S7). The
dielectric generators were fastened on top of a cylindrical air
chamber so they could be inflated. The stretch degree of DEGs
can be chosen by varying the inside pressure of the air chamber
(Figures S8−S12). As Figure 8 reveals, due to the difference of
DEG capacitances and considering the charge,Q is kept constant
during DEG relaxation, and the output voltage Uoutput will be
bigger than the input voltage Uinput, the differenceUoutput−Uinput
characterizing the energy harvesting concept.52

Figure 9 shows that, depending on the number of DEG active
layers, the Uoutput/Uinput ratio increases as the inflating strain
increases. In the first case, by applying an input voltage, Uinput =
100 V on the DEG I, the output voltage increased about 5 times
at a 200% strain (Figure 9; Figures S13, S14). In the case of DEG
II, by applying the same input voltage Uinput = 100 V, the Uoutput/
Uinput ratio increases almost linearly with the inflating strain, with
200% strain Uoutput being around six times bigger than Uinput
(Figure 9; Figures S13, S15). In the third case, the Uinput/Uinput
ratio increases linearly until 100%, then has a sharp increase.
Thus, by applying aUinput = 100 V onDEG III, at 200% strain, the
output voltage Uoutput increases 10 times as compared to the
input voltage (Figure 9; Figures S13, S16).
Considering that the dielectric elastomer is incompressible

and knowing its characteristics (thickness, area, dielectric
permittivity Figure S17), the output energy of the DEG can be
calculated (Figure 10). The harvested energy by the stretchable
capacitor, Wharv, was calculated according to eq 1, where Wout is
the output energy of DEG,Win is the input energy of DEG, Cmax
represents the capacitance of the stretched DEG,Cmin is the DEG
capacitance in flat position, Uinput is the input voltage, and Uoutput
is the measured output voltage.

Figure 4. Electrical conductivity of the two electrode types as a function
of uniaxial strain.

Figure 5. Electrical conductivity of PDMS-Cb electrode vs uniaxial and
equiaxial strain.

Figure 6. Actuation results of commercial DE assembled with different
electrodes.
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The applied electric field on the membrane was calculated
considering that the DE thickness is changing during inflating. It
is observed that this increases linearly with the strain. On the
other side, the harvested energy plot has a similar trend as in the
case of the Uoutput/Uinput ratio. The maximum harvested energy
was obtained at 200% strain, this being the highest electric field
and difference between Cmax and Cmin. At 200% strain, DEG I
produced 0.07 mJ, DEG II produced 0.2 mJ, and DEG III
produced almost 1 mJ.
Normally, the experimental energy density increases as the

bias voltage increases (Figure 11). The experimental energy

density increased from 0.01 mJ cm−3 at a bias voltage of 1 V μm−1

to 1.1m cm−3 at 3 V μm−1. Similar results were obtained by Yin et
al., where by applying a bias voltage of about 4.5 V μm−1 they
obtained an energy density of 1,7 mJ cm−3.53

Moreover, DEG I was subjected to 325 repeated harvesting
cycles to evaluate its sustainability. As Figure 12 reveals, after
hundreds of cycles, the inside pressure and the output voltage are
maintained at the same values (Figure S18).

Figure 7. Dielectric elastomer generators (DEGs) having one, two, and three active layers.

Figure 8. Output voltage vs input voltage during a harvesting cycle.

Figure 9. Measured Uoutput/Uinput ratio as a function of inflating strain,
Uinput = 100 V.

Figure 10. Calculated output energy of DEGs and the electric field as a
function of inflating strain at an input voltage of 100 V.

Figure 11. Energy density of DEG III as a function of bias voltage.

Figure 12. Measured Uoutput and pressure of DEG I dependent on the
cycle number.
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Thus, ranging the number of dielectric layers and analyzing the
obtained results after a few hundreds of harvesting cycles, we
found that the fabricated electrodes meet all the requirements for
their use in these types of applications. The assembling of the
laminated system represents an easy task, and the composite
electrode need not be glued on the dielectric layer.
Unfortunately, due to the large number of experimental
parameters (harvesting configuration, dielectric type, strain,
electric field, dielectric permittivity, and so on), the obtained
results are difficult to compare with those already reported in the
literature.

■ CONCLUSIONS

Two types of electrodes, one silver (deposited by PLD) and
another conductive rubber (based on silicone−carbon black
composite), were prepared for the same type of dielectric
consisting of a commercial silicone elastomer, Elastosil. While
the silver was deposited directly on the dielectric once was
generated by laser technique, rubber-like electrodes were
independently prepared as free-standing films and subsequently
assembled in stacks with the desired number of layers. The
results of the TEM and SAXS studies correlate well and reveal
that the produced silver particles during the deposition
penetrates the polymer surface and generates aggregates of a
few nanometers next to the polymer surface. Scanning electron
microscopy images of the PDMS-Cb electrode showed a
homogeneous structure, with the carbon nanoparticles being
well dispersed within the PDMS matrix. The mechanical test
results showed that the deposited metallic layer slightly adversely
affects the elastomer elasticity, although the elongation at break
increases. PDMS-Cb showed also a low Young’s modulus, 0.59
MPa, and a high elongation at break of about 500%. The
electrical measurements point out that, in the case of the silver
electrode, the electrical conductivity decreases drastically with
strain, while in the case of rubber electrode the conductivity
increases with the strain from 0.005 S cm−1 at 0% strain to 0.1 S
cm−1 at 150% strain. Moreover, the electrical conductivity
remained almost unchanged until 300% strain and a few
hundreds of harvesting cycles at 150% strain. The actuation
measurements are consistent with conductivity measurements,
and the PDMS-Cb electrode showed much higher displacement
before the breakdown occurs, as compared with the silver
electrode. Furthermore, by using a simple and efficient method,
three “sandwiches” made from PDMS-Cb electrodes and
commercial elastomer (Elastosil) were built and tested in an
energy harvesting setup. The obtained results showed that the
achieved electrodes work perfectly under large strains and after
hundreds of repeated harvesting cycles.

■ EXPERIMENTAL SECTION
Materials. Polydimethylsiloxane-α,ω-diol (PDMS), having Mn =

230,000 g mol−1 was synthesized by cationic ring-opening polymer-
ization of octamethylcyclotetrasiloxane in the presence of a cation
exchanger as catalyst.54 Dibutyltin dilaurate (DBTL) 95%, tetraethy-
lorthosilicate (TEOS), and carbon black (acetylene, 50% compressed,
99.9+% S.A 75 m2 g−1 bulk density) were supplied by Alfa Aesar,
Germany, and a silver target of 99.95% purity was purchased from
Goodfellow and used as such. The Elastosil films having a 100 μm
thickness were purchased from Wacker Chemie, Germany.
Measurements. The stress−strain tests were performed on

dumbbell-shaped samples on a TIRA test 2161 apparatus, Maschi-
nenbau GmbH Ravenstein, Germany. The measurements were done in
laboratory conditions at an extension rate of 50 mm min−1.

Dielectric properties of the Elastosil film were determined on a
Novocontrol Concept 40, GmbH Germany, in a frequency range
between 10° and 106 Hz at room temperature.

The cross-section morphology of the PDMS-carbon black electrode
was studied by scanning electron microscopy on a ESEM type Quanta
200 equipment in low vacuummode. The thin electrodes were fractured
under liquid nitrogen.

A Cross Beam System Carl Zeiss NEON 40EsB was used with a
thermal Schottky field emission emitter, accelerated Ga ions
column:electron beam resolution of 1.1÷2.5 nm for U = 20÷1 kV, ion
beam resolution of 7 nm at 30 kV, magnification of 12x ÷ 2,600,000x
(SEM) and 635x ÷ 1,500,000x (FIB). The system is equipped with EDS,
EBSD, In-lens and EsB detectors, Gas Injection System (GIS) with five
separate nozzles, ion-beam nanopatterning module, and micro-
manipulator for TEM samples preparation. The TEM lamella was
prepared by the in situ lift-out technique. The region of interest is first
covered by a protecting material (platinum) by using the GIS in the
Crossbeam System. Holes are FIB milled on each side of the lamella,
which is then lifted out by a micromanipulator and glued on a support
(TEM grid) where the final thinning takes place. An image-corrected
Zeiss Libra 200MC transmission electron microscope operated at 200
kV with S-TEM (scanning-TEM) and FFT (fast Fourier trans-
formation) options was used for high resolution microstructural
investigations of the sample.

Small angle X-ray scattering (SAXS) measurements were made on a
Bruker NanostarU instrument with an X-ray ImS microsource having a
copper anode and a three-pinhole collimation system. A Vantec-2000
2D detector with 68 mm resolution was used to record the scattered
intensity, I(q). The scattered intensity was measured as a function of the
momentum transfer vector q = 4πsin θ/λ, where λ is the wavelength of
the X-rays (Cu Ka radiation, 1.54 Å), and θ is half the scattering angle.
The distance from sample to detector was 107 cm, being able to measure
q values between 0.008 and 0.3 Å−1. Square pieces of about 6 mm × 6
mm of silver electrode deposited on Elastosil films were used for this
investigation. Before recording, the samples were maintained at 25 °C
for 8 h.

The four-point probe technique is a standard method for accurate
characterization of the electrical properties (e.g., bulk resistivity) of thin
films. The method provides fast, precise, and reproducible measure-
ments since the collected data are not affected by the contact shape and
size.55 The resistivity four-point probe head operates in collinear mode
and encloses four equally spaced pins in contact with the material under
test. Accordingly, with the measurement procedure, a direct current is
applied through the outer probes, and the corresponding voltage drop
over the inner probes is recorded. The configuration includes an
Electrometer/High Resistance Meter (Keithley Model 6517A).
Considering that the pins are equally distanced and the sample
thickness, s, is much smaller that the interprobe spacing, the bulk
resistivity is expressed by

ρ π= sU
Iln 2 (2)

where U is the measured voltage drop, and I is the constant current
applied through the outer probes. The electrical conductivity will be
further determined by inverting the sample resistivity, σ = 1/ρ.

Energy harvesting measurements were performed on circular silicone
films of 120 mm diameter having coaxial circular electrodes of 60 mm
diameter on both sides. The free-standing “sandwiches” were fastened
by a ring with the inner diameter of 70 mm at the end of a vertical
cylinder; thus, the membrane can be inflated by applying a pneumatic
pressure inside the cylinder. The inflating level of the membrane was
measured with a laser device (Keyence IL-100), and the inside pressure
was monitored with a pressure sensor (MPX12). A high-voltage Trek
20/20C-Hs amplifier connected to an AFG 3000 wave generator were
used to supply the voltage. A energy harvesting cycle includes four
stages: (1) The uncharged dielectric elastomer generator (DEG) is
pneumatically inflated using a commercial compressor up to a certain
value. (2) When the system reaches the desired stretch, the DEG is
instantaneously charged Uinput. (3) The compressed air is released from
the air chamber; thus, the DEG returns to its original shape keeping the
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charge constant. (4) When the system reaches its original configuration
and has the minimum capacitance, the DEG is discharged to the ground,
Uoutput. To synchronize all steps, we used three relays (a HM12-1A69-
150 and two commercial ones) that are controlled via ArbExpress
software. The difference between the input voltage (Uinput) and output
voltage (Uoutput) practically characterizes the energy harvesting concept;
thus, the electrical energy harvested over a cycle was indirectly
determined by measuring the input/output voltage via an HV probe
(Tektronix P6015A) connected to a digital oscilloscope (LeCroy
WaveAce 2034). Due to safety reasons, the input voltage Vinput did not
exceed 100 V.
The actuation measurements were performed according to ref 24 on

circular samples. The PDMS-carbon black electrode of 8 mm diameter
was concentrically attached by pressing on both sides of the elastomer.
The lateral displacement was optically measured using a digital camera
(Figure S5).
Procedure. Preparation of Silver Electrode by Pulse Laser

Deposition (PLD). The silver metal deposition was performed on
Elastosil film using a circular shaped mask with a diameter of 8 mm for
actuation measurement and 60 mm for electrical measurements. All
depositions were performed in a vacuum chamber evacuated at 10−5 Pa
to avoid sample contamination from residual gas. The KrF excimer laser
beam (248 nm wavelength, 20 ns the pulse length) was directed at 45°
incidence angle on the silver target. The laser fluence was set to 3 J cm−2,
and the total number of pulses used for ablation was 40,000 delivered at
20 Hz.
Preparation of Rubber Electrode. In the first stage, 2 g of

polydimethylsiloxane-α,ω-diol (PDMS) with a molecular mass Mn =
230,000 g mol−1 was dissolved in 80 mL of toluene and magnetically
stirred in laboratory conditions for 24 h until the polymer was
completely dissolved, afterward 0.5 g of carbon black was slowly added.
During stirring, the obtained solution was sonicated five times for 5 min.
Further, in a Berzelius glass of 10 mL, 7 mL of composite solution, 0.05
mL of tetraethyl orthosilicate (TEOS), and around 0.01mL of dibutyltin
dilaurate (DBTDL) were stirred vigorously and sonicated for 1 min
again and quickly poured into a circular frame and left for 24 h in
environmental conditions to allow cross-linking and to evaporate the
solvent and the condensation byproducts. The formed films were
carefully peeled off from the substrate and were left in normal conditions
for 2 weeks to allow complete curing.
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