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1. Introduction

Machines and robots provide value by performing tasks that
humans are incapable of performing or by enhancing the ability
of humans.[1] Most robots are unable to adapt readily in new and

unpredictable environments because they
are often built with rigid materials with pre-
determined functions and limited degree-
of-freedom movement. In addition, when
such robots interact with soft materials,
such as humans, they can even be danger-
ous.[2] Over the past decade, there has
been a growing interest in developing soft
robots that mimic nature, including human
muscles. These soft robots are motivated by
the desire for robots to be able to handle-
situations where robots made of rigid com-
ponents are not efficient, effective, or pose
a threat to humans.[3] Soft robots offer
the promise of being able to interact more
effectively with unknown objects and sur-
roundings while operating with unlimited
degrees of freedom.[4] They may also be
more mechanically robust and energy effi-
cient than hard robots,[5,6] and lightweight.[7]

However, the inherent compliance of soft robots often makes
it difficult for them to exert forces on surrounding surfaces or
withstand mechanical loading. Controlled stiffness is an essential
function in addressing this problem, enabling soft robots to apply
large forces to their environments and to sustain external loads
without significant deformations. Many technologies have been
developed for stiffness tuning in soft devices,[8] such as magneto-
rheological fluids,[9] thermoplastics,[10–12] shape-memory alloys
and polymers,[11,13–17] fluid polymer composites,[18] or lowmelting
point alloys (LMPAs).[18–20] Among them, LMPAs are particularly
attractive for soft robotic applications because their high electrical
conductivity allows them to be used both as electrodes and cir-
cuits.[21] LMPAs can be filled in microfluidic channels inside
an elastomeric matrix,[22–24] and thermal inputs can switch them
between solid and liquid states, thereby changing the stiffness of
the overall structure. This feature has enabled LMPAs to be com-
bined with different types of soft actuators, such as dielectric elas-
tomer actuators (DEAs),[20,25] shape-memory alloy actuators,[26]

and pneumatic actuators.[19] However, in these devices, the vari-
able stiffness component and the actuation component of the
robotic actuator are fabricated separately. This adds complexity
to the device structure and the manufacturing process, thus lim-
iting the range of possible designs.

In this article, we describe a new design solution and method
to fabricate a soft, variable stiffness actuator with a shared elec-
trode for both electrostatic actuation and variable stiffness, thus
enabling a compact device structure that combines both func-
tionalities. The device is actuated as a DEA, whereas the variable
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The inherent compliance of soft robots often makes it difficult for them to exert
forces on surrounding surfaces or withstand mechanical loading. Controlled
stiffness is a solution to empower soft robots with the ability to apply large forces
on their environments and sustain external loads without deformations. Herein,
a compact, soft actuator composed of a shared electrode used for both elec-
trostatic actuation and variable stiffness is described. The device operates as a
dielectric elastomer actuator, while variable stiffness is provided by a shared
electrode made of gallium. The fabricated actuator, namely variable stiffness
dielectric elastomer actuator (VSDEA), has a compact and lightweight structure
with a thickness of 930 μm and a mass of 0.7 g. It exhibits a stiffness change of
183�, a bending angle of 31�, and a blocked force of 0.65 mN. Thanks to the
lightweight feature, the stiffness change per mass of the actuator (261� g�1) is
2.6 times higher than that of the other type of VSDEA that has no shared
electrode.
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stiffness functionality is provided by the shared electrode made
of liquid metal (LM).

DEAs are a class of electroactive polymers that typically consist
of an elastomeric dielectric layer and highly compliant electrodes,
such as carbon conductive grease or a silicone mixture with car-
bon particles, which are applied to the polymer surface and do
not constrain the motion of the polymer layer. Applying an elec-
tric potential across the electrodes generates an attractive electro-
static force that causes the elastomer to shrink in thickness and
expand in the area. The elastic forces of the elastomer oppose this
expansion. Thus, the final shape depends on the balance of these
forces and ultimately provides a way to use the voltage applied to
both compliant electrodes to change the shape of an elastomer.
Due to the physical phenomena governing dielectric elastomers,
they exhibit fast actuation rates with a bandwidth of 1 kHz and
high efficiency up to 90% in energy harvesting.[27,28] In addition,
DEAs can be thin (up to 3 μm), lightweight (less than 1 g),
and display actuation strains up to 1692% when voltage is
applied.[29,30] Moreover, they also provide the capabilities of elec-
tric switching and self-sensing.[31,32] DEAs are now widely used
for robotics and medical applications, including bioinspired
robots,[33–40] grippers, manipulators,[4,41,42] and rehabilitation
devices.[43] In terms of fabrication approaches, DEAs are regu-
larly manufactured by planar techniques: applicator coating,[4]

spin coating,[44] and serial mechanical assembly.[45]

LMPA is a phase-change material that has found application
in wearables,[46] medical applications,[47] stretchable antennas,[24]

variable stiffness pneumatic actuators,[19] and DEAs.[20] LMPAs
are attractive materials as they display stiffness change between
rubbery and rigid states up to 9000 times,[48] and fast (less than
1 s) phase change transition from a solid to a liquid state.[22]

Unfortunately, most of the manufacturing methods are laborious
and time consuming, for example, support mold fabrication and
metal injection[20,22] or a multistep layered molding and casting
process.[19]

The variable stiffness dielectric elastomer actuators (VSDEAs)
have been previously fabricated based on different variable stiff-
ness technologies such as LMPAs[20] shape-memory polymers
(SMPs),[16] and thermoplastics.[12] Shintake et al.[20] developed
a VSDEA by merging together the DEA with the soft variable
stiffness tissue. In this case, the variable stiffness change occurs
due to the LMPA traces encapsulated into the silicone matrix.[22]

The use of LMPA allows achieving higher stiffness differences
between soft and rigid states equal to 90 times. The fact that this
actuator is composed of two separate devices leads to complexity
in a structure. In addition, the fabrication process of each of
the elements is long and complicated due to curing phases.
McCoul et al.[16] designed the VSDEA based on conductive
SMP is composed of three variable stiffness segments that could
independently be activated. In addition, the use of the conductive
SMP layer at the same time as a ground electrode of DEA sim-
plifies the structure. However, the reported stiffness change is
low (the rigid state shows a 70% increase in force compared
to the soft state) because of the thickness of the SMP layer equal
to 300 nm. Furthermore, the fabrication process is long and
complex because it requires preparation of SMPmixture and cur-
ing of electrodes and silicone layers. Yu et al.[12] developed a
VSDEA consisting of the thermoplastic as a dielectric layer
and compliant electrodes made of carbon grease from both sides.

The thermoplastic layer can change a storage modulus under
applied heat from 1.5 GPa at 30 �C to 0.42MPa at 70 �C.
However, the stiffness change coefficient and the bending stiff-
ness of the actuator have not been presented by the authors. The
actuation strain can be controlled by the applied electrical field
with the maximum measured strain equal to 335% in the area
expansion at 260MVm�1. As an application for the VSDEA,
the Braille display has been developed. Actuators showed a fairly
sharp transition between glassy and rubbery states equal to 40 s.
The potential use of the actuator as a gripper and its performance
in terms of bending angle has not been discussed.

The actuator is composed of a variable stiffness layer made of a
LM (gallium), which also serves as an electrode layer for the DEA.
The cofabricated electrode results in a comparatively lighter
structure and a higher stiffness change ratio per device mass.
The VSDEA described in this article is fabricated using off-
the-shelf materials and a layer-by-layer process without curing.
Together with the simplicity of the architecture of the device,
the fabrication process is simpler, easier, and faster than those
of previous studies.[16,20]

2. VSDEA Structure and Working Mechanism

The structure and working principle of the VSDEA are shown in
Figure 1. It consists of four layers. The first layer is a serpentine
channel filled with gallium that serves as the upper electrode for
the electrostatic actuation and, at the same time, as a variable
stiffness component. The channel is encapsulated in an elasto-
mer film. The second layer is a prestretched elastomer film that
serves as a dielectric for the electrostatic actuation. The third
layer is made of carbon grease that acts as the positive electrode
for the electrostatic actuation. The fourth layer is an inextensible
polypropylene material that prevents elongation of the structure.
When the four layers are joined, the dielectric layer bends to
adopt the curvature with the lowest potential energy.

When there is no input (the power supply is off, and the ser-
pentine shape with LM is not Joule heated), gallium in the chan-
nel is solid, and the device is rigid (Figure 1b-i). By applying
direct Joule heating, the gallium electrode changes its state from
solid (rigid) to liquid (soft) (Figure 1b-ii). In the soft state, the
VSDEA can actuate from a curled shape to a flat shape by apply-
ing a high voltage across the device (Figure 1b-iii). In the absence
of Joule heating, the electrode freezes and keeps the VSDEA in a
flat state without the need for voltage input (Figure 1b-iv).

3. Fabrication Process

The fabrication process of the VSDEA is shown in Figure 2.
A double-sided tape (VHB 4905, 500 μm thick) is used as an elas-
tomeric matrix to encapsulate the LM electrode.

A layer of the VHB is attached temporarily to a polymethyl
methacrylate (PMMA) plate to facilitate handling and processing.
Then, another VHB layer is attached to the first layer so that the
red liner of the second VHB is stuck to the first one (Figure 2a).
After that, an air gun is used as a noncontact method to force the
VHB layer against the liner. The entire surface of the second
VHB layer is ablated to a depth of 220 μm by a CO2 laser
(Figure 2b). This step helps to improve interfacial adhesion
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for reasons we are still trying to elucidate but may have to do with
the enhanced surface area. Subsequent to the ablation, a serpen-
tine shape is engraved into the surface of VHB.

Then, a dielectric layer (VHB F9473PC, 250 μm thick) is
laminated onto another film stack (Figure 2c). Afterward, this
layer is engraved via CO2 laser ablation with a depth of 70 μm
(Figure 2d). The dielectric layer is prestretched to 125% strain
and adhered to the film stack (Figure 2e). The matrix of VHB
made in the previous steps (Figure 2a,b) is inverted and put
on the prestretched dielectric layer (Figure 2f ). An inextensible
layer (Scotch tape, 50 μm thick) is attached to the VHB to prevent
elongation. At this point, the dielectric curls until it reaches its
minimum potential energy configuration. The bonding between
VHB and the inextensible layer is sufficiently robust, and we
never observed delamination in any of the experiments. The
microchannels inside the VHB matrix are injected with liquid
gallium using a syringe. The actuator is then cut to remove excess
elastomer (Figure 2g). After that, the sample is flipped, and car-
bon grease is cast on the dielectric layer. The thickness of this

carbon grease layer is around 130 μm and serves the DEA
electrode, where a positive high voltage is applied. To establish
electrical connections, a conductive tape is attached to the
carbon grease, and copper wires are inserted into the gallium
(Figure 2h). The copper wires serve two purposes: 1) they con-
nect the serpentine gallium electrode with an external power sup-
ply and, at the same time 2) they provide a nucleation site for
gallium crystals to form at room temperature. Without a nucle-
ation site, the gallium remains liquid at room temperature due
to its supercooling characteristics.[49] The fabrication process
described here is suitable for batch manufacturing. In this study,
all the VSDEAs are manufactured in groups of four. In the
device, all the layers stick to each other due to the high bonding
strength between acrylic adhesives. Moreover, this adhesion does
not require any additional glue, thus further simplifying the
layer-by-layer manufacturing process.

The fabricated VSDEA (Figure 3a) has dimensions of
57mm� 12.2mm� 0.9mm and weighs 0.7 g. The active area
of the electrodes is 30mm� 8mm, and the line width of channel
is 0.96mm. The distance between the channels equals to
0.45mm. The thickness of the LM channel is 0.28mm. The
serpentine shape is etched on the VHB layer with a size of
57mm length� 12.2mm width. The VHB has 2.1mm of width
on each side of the channels to encapsulate the serpentine shape
faultlessly. This additional width also prevents possible delamina-
tion between two VHB layers. The serpentine shape has two open-
ings, one at the start and one at the end of the channel, which are
made by laser engraving with a 1.5mm diameter. Figure 3b left
shows the actuator in its initial state where both the DEA and the
LM are off. In this rigid state, the device can withstand external
loading (a nut). Figure 3b right shows the actuator in the active
state where the DEA is off and LM is on. The uniformity of
the stiffness over the device area depends on the homogeneity
of the cross-sectional area along the length of the device, which
is achieved by the use of off the shelf materials, layer-by-layer fab-
rication process, and precise laser engraving.

A cross-section of the VSDEA is shown in Figure 3c where one
can see the inextensible layer (50 μm thick), the VHB layer con-
taining the microchannel (500 μm thick), dielectric layer (250 μm
thick), and the carbon grease layer (130 μm thick). The total thick-
ness of the VSDEA is 930 μm.

4. Results and Discussion

We characterized the device in terms of transition time between
the two states (i.e., response time), stiffness change between
rigid and soft states, and performance as maximum bending
angle and output force.

We first characterized the response time between the rigid and
soft states. From the rigid state, it took 8.5 s to reach the soft state
with an applied power of 3.96W. In the soft state, the VSDEA had
an elastic modulus of 0.11MPa. After removing input power, it
took 663 s to return to the rigid state. The result shows that there
is a tradeoff in the transition time of the two states. As the melt-
ing point of gallium is around 29 �C, the thermal driving force
required for achieving the soft state is small at ambient tempera-
ture, and therefore the transition time is short. In contrast, for
the same reason, the transition time from the soft to rigid state

Figure 1. Working principle of VSDEA. a) The actuator design: pre-
stretched VHB layer is attached to the matrix with serpentine shape made
of VHB. The LM inside the serpentine shape and the carbon grease on the
prestretched VHB work as electrodes of DEA. The bottom inextensible
layer is connected to VHB matrix. b) i) The VS part of VSDEA is rigid,
and DEA is deactivated. ii) The activation of LM changes the stiffness
of VSDEA, therefore, the device becomes soft. iii) The activation of
DEA leads to compression of the elastomer layer made of VHB (brown).
The squeezing in one direction leads to expansion of the surface of elas-
tomer layer which allows the DEA to change the shape from the bent to flat
shape. iv) The following shutdown of LM layers makes the VSDEA
completely rigid.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2020, 2000069 2000069 (3 of 8) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.advintellsyst.com


tends to belong. This behavior could be adjusted, in principle,
using melting point alloys with a higher melting point such
as Cerrolow 117.[20,22,47]

We then investigated the stiffness change of the VSDEA by
collecting and comparing the measured reaction force of rigid
and soft states as a function of the forced displacement. In this
test, the actuator was held in a universal testing machine
(Instron, 3340). The machine pulled the vertically oriented
VSDEA to change the bending angle of the device while measur-
ing the reaction force as a function of the displacement. The
result is shown in Figure 4a. The reaction force is larger in
the rigid state than in the soft state. To quantify the rigidity of
the device, spring constant was calculated as a ratio of the reac-
tion force and the forced displacement by linear fitting of the
data. For the rigid and soft states, the spring constants were
34.7 and 0.2 Nmm�1, respectively. These values correspond to
a stiffness change factor (SCF) of 183, which is significantly
larger than that of other types of VSDEA, which exhibit at best
90-time stiffness change.[16,20] Moreover, when the stiffness
change per mass of this VSDEA is 261 times g�1 (device
mass 0.7 g), which is even higher than that of previous work
(90 times g�1).[16,20] To explain why the new design has higher

stiffness change compared with the previous, we compare
the theoretical calculations of SCF for the current device and
the reference one.[20] The structures of the VSDEAs are consid-
ered as a composite with a layer-by-layer structure. Each layer
represents the electrode made of LM, the dielectric layer, encap-
sulation layer, etc. The approach to calculate the effective Young’s
modulus and the total second moment of the area for each of
the cross-sections is based on the studies reported in the
literature.[22,50]

The SCF is defined as the ratio between the bending stiffness
of the VSDEA in the rigid state and the soft state. The SCF is
higher for the VSDEA in the work presented here compared with
the previous work due to the stiffness change in the LM DEA
electrode.[20] The VSDEA is a composite structure composed
of multiple layers, including the LM electrode, the dielectric,
and the encapsulation. The effective bending stiffness of the
structure, k is computed using the relation, k ¼ P

3EiIi=L3i
where Ei is the Young’s modulus, Ii is the second moment of
area (I ¼ wh3=12, where w is width and h is thickness), and Li
is the length of the ith layer. As defined earlier, the SCF is given
by the relation, SCF ¼ kr=ks where kr and ks are the bending
stiffnesses of the VSDEA in the rigid and soft states.

Figure 2. Fabrication process of VSDEA. a) VHB 4905 is attached to the support VHB layer and PMMA plate. b) Microchannels are engraved on the
surface of VHB 4905. c) VHB F9473PC is stuck to the support VHB and PMMA plate to be etched in the step d). e) The elastomer layer is prestretched.
f ) The VHB 4905 is stuck onto VHB F9473PC dielectric elastomer layer. Then the inextensible layer is attached onto VHB 4905 and LM is injected via
syringe. g) The actuator is flipped and the carbon grease is attached to the surface. h) Electrical connections are applied to both electrodes.
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For the current VSDEA, ELM¼ 9.8 GPa (rigid) ILM¼
0.005� 10�12m4, EVHB¼ 5� 105 Pa, IVHB¼ 0.48� 10�12 m4,
LLM¼ LVHB¼ 30mm gives us a kr¼ 5.44 Nm�1,
ks¼ 0.027Nm�1, and SCF¼ 201. In the previous study,[20] the
VSDEA had ELM¼ 3.0 GPa[22] (rigid) ILM¼ 0.0081� 10�12m4,
Esil¼ 330� 103 Pa, Isil¼ 0.83� 10�12m4, LLM¼ LVHB¼ 29mm
that gave us a kr¼ 2.6 Nm�1, ks¼ 0.03Nm�1, and SCF¼ 86.6.
The ELM in the soft state is negligible. As shown earlier, the bend-
ing stiffness of the VSDEA in the rigid state for the device pre-
sented in this work is greater than twice the same in the earlier
work.[20] The difference between the empirical SCF and the
theoretical values could be caused by the fabrication process,
e.g., the shrinking forces of the VHB substrate are squeezing
the LM channels, thus, decreasing the width of the LM channels.
It is worth noting that the amount of LM is �2� higher in this
work. However, the density of gallium (5813 kgm�3) used in this
study is lower than the density of Cerrolow 117 (8858 kgm�3)
used in the previous work. This leads to the SCF per mass of
the device as 261� g�1, which is 2.6 times higher than the pre-
vious work without the shared electrode.

We next assessed the actuation performance of the VSDEA.
For this purpose, a high voltage power supply has been used
in addition to the low voltage one, which is used to control
the stiffness change. The integration penalty of working with
two independent power sources could be further solved by
reduction of the voltage of DEA and, at the same time, increase
in the voltage for the stiffness change. The former challenge
could be overcome by reducing the thickness of the dielectric
layer and the latter could be achieved by increasing of the elec-
trical resistance of the LM electrode layer. Finally, the new

configuration allows driving both functionalities at the order
of 100 V.[51]

Figure 4b shows the actuator’s bending angle as a function
of the applied voltage. In the soft state, the actuator displays a
deflection of 31� at 3 kV compared with 23� at the same voltage
observed in the other type of VSDEA with LMPA.[20] This
enhanced actuation performance with respect to previous work,
can be explained by the smaller thickness of the cofabricated elec-
trode, which has comparatively wider microchannels (Figure 3c),
thus resulting in smaller momentum of inertia. In our study, the
width of the serpentine shape is maximized to increase the active
area where two electrodes (carbon grease and serpentine shape)
overlap to enhance the performance of the electrostatic actuation.
In addition, there is a tradeoff between the thickness of the elec-
trodes. Lower thickness of the electrodes leads to the reduction of
encapsulation layers, and thus, a maximization of energy density.
In contrast, the incidental outcome is the decrease in the cross-
sectional segments with metal, resulting in a drop in the SCF.
In the rigid state, the actuation angle is only 1.3� at 3 kV. The
actuation angle of the VSDEA also shows high repeatability with
a low hysteresis in a five-cycle test where three different actuators
were tested (Figure 4c) from 0 V to 3 kV with the step of 500 V.
The value in blue or pink triangles represents the average value of
actuation stroke angle during five-cycle test for one-half of the
cycle: increasing or decreasing the voltage. Values consider three
tested actuators and five cycles per each actuator. The same
approach has been further used to evaluate the repeatability of
the blocked force during a five-cycle test (Figure 4e).

Further, we investigated the output force generated by the
VSDEA as a function of applied voltage (Figure 4d). The rigidity

Figure 3. a) Fabricated VSDEA with an activated variable stiffness layer (left), VHB membrane with injected gallium (right), b) VSDEA with activated DEA
and gallium layer (on the top), VSDEA in the initial state with nonactive LM layer (on the bottom), c) VSDEA cross-sectional annotation (top to bottom):
carbon grease layer, dielectric, VHB matrix, inextensible layer. The active area of the electrodes is 30mm� 8mm and the line width of channel is
0.96mm. The distance between the channels equals to 0.45mm.
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Figure 4. The measured response of the fabricated VSDEA actuator under an applied voltage. a) Reaction force versus forced displacement. For the
rigid and soft states, the spring constants were 34.7 and 0.2 Nmm�1, respectively. These values correspond to a SCF of 183. b) Actuation stroke
angle versus applied voltage in the rigid and soft states. The actuator displays a deflection of 31� and 1.3� at 3 kV in the soft and rigid states, respectively.
c) Five-cycle test: actuation stroke angle versus applied voltage in the soft state. d) Blocked force versus applied voltage in the soft and rigid states.
e) Five-cycle test: blocked force versus applied voltage in the soft state. The values in (c,e) represent the average value of actuation stroke angle and
blocked force after five-cycle test for one-half of the cycle: increasing or decreasing the voltage. Values consider three tested actuators and five cycles per
each actuator.
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of LM does not affect the blocked force values because it only
depends on the design of the actuator and applied voltage.
Hence, the collected data of blocked force in the rigid state show
nearly the same values as in the soft state. The blocked force dis-
plays a maximum value of 0.65mN in the soft state (Figure 4d).
The force in the rigid state displays a lower value (0.36mN). This
is because the actuated angle of the device is tiny in the rigid state
(1.3�), which limits the stroke necessary to push the load cell. For
the same reason, the deviation of the data in this state is more
significant. Similar to the case of the actuation angle, the VSDEA
shows excellent repeatability of the force during a five-cycle test
(Figure 4e, an average of three samples).

The blocked force can be improved by increasing the electro-
static force (i.e., Maxwell stress) generated from the actuator.
For this purpose, the thickness of the dielectric layer can be
decreased, or the applied voltage can be increased. In this work,
the thickness of the dielectric layer is 0.18mm which is engraved
from the initial thickness of 0.25mm. We have tried to further
decrease the thickness of dielectric layer; however, we have found
that it is limited as the material burst under the heat of a laser.
One of the possible solutions is to find a commercially available
acrylic sticky tape with a thickness lower than 0.18mm and use it
directly in the next version of the design.

5. Conclusions

The novelty of the VSDEA described in this article consists
of using a shared electrode for both electrostatic actuation and
variable stiffness in a single device structure. This approach sim-
plifies the architecture of variable stiffness actuators, where the
stiffness control component and the actuation components are
two different structures. The fabrication process of the presented
VSDEA is simpler. It can be made by a rapid layer-by-layer pro-
cess without the use of any glue thanks to the enhanced bonding
strength between two substrate layers of acrylic double-sided
sticky tape. The proposed VSDEA displays significantly higher
stiffness change and actuation performance compared with a
VSDEA with different stiffness and actuation structures, result-
ing in a stiffness change per mass that is almost three times
higher.

The implementation of high variable SCF leads to the compar-
atively long transition time from soft to rigid state. While this
may not be a problem in some applications, it would be effective
to modify the geometries of the device to shorten the transition.
For example, the serpentine shape of the VSDEA could be rede-
signed to maximize the surface area by decreasing the cross-
sectional area and lengthening of the overall microchannel,
which is expected to speed up the rigidifying process. The
presented strategy using cofabricated electrode could be applied
to other variable stiffness devices that are composed of cured
encapsulation structures with polymer membranes, such as,
those based on shape-memory polymers and layer-jamming
devices.[16,52] The structure of these devices will be simplified,
thus making their fabrication faster and easier. The same bene-
fits can be exploited in the development of other robotic applica-
tions where variable stiffness functionality, such as, grippers and
haptic devices are becoming increasingly essential.[4,53] Along
with the optimization, the variable stiffness actuators with

cofabricated electrodes will be applied to various devices to inves-
tigate its versatility, which is expected to bring highly functional
soft robotic applications.

6. Experimental Section
The electrical input and output of the serpentine electrode made of gal-

lium were connected to a power supply (Extech, 382213). In addition,
the same electrode was connected to the ground of a high voltage power
supply that consisted of a waveform generator, 20MHz (Keysight
Technologies, 33220 A), digital multimeter (Keithley Instruments, 2400),
and a high-voltage power amplifier (Trek, 609E-6). Another electrode
made of carbon grease was connected only to the positive terminal of
the high-voltage power supply. The mechanical characterization of
VSDEA in terms of bending angle and blocked force was carried out with
a camera (Canon, EOS Rebel T1i) and a precision gram load cell
(Transducer Techniques, GSO series) connected to a smart digital panel
(Transducer Techniques, DPM-3). The blocked force and bending angle
characterization were done separately with the voltage step of 500 V.
For the bending angle measurements, pictures were taken and processed
by a script in MATLAB. For the measurement of the reaction force of the
rigid and soft VSDEA as functions of the forced displacement, the actuator
was held in a universal testing machine (Instron, 3340). The testing
machine pulled the VSDEA, resulting in a change of the device’s bending
angle. A camcorder recorded all tests to define an interval of 3–5mm
where the angle change was seen. Later, the acquired data was processed
by MATLAB.
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