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1. Introduction

Robots play an increasingly important role in industrial produc-
tion and daily life. Traditional robots are mostly made of hard
materials, such as metal and plastic. Although rigidity of the
material enables the traditional robot to perform tasks that are
difficult for humans, for instance, carrying heavy objects, it also
limits its adaptability. In nature, animals and plants are mostly
made of soft materials, which make them have very high com-
pliance and realize a variety of unimaginable actions. Similar to
natural creatures, soft robots are usually composed of soft
stimuli–responsive materials, which make them have good
adaptability and compliance, and can achieve large deformation.

Triggered by external stimuli, such as elec-
tric fields, magnetic fields, heat, and light,
these soft stimuli–responsive materials can
deform in a specific direction. The soft
stimuli–responsive materials commonly
used in soft robots include electroactive
polymers (EAP),[1–3] hydrogels,[4–7]

magnetic materials,[8–10] shape memory
polymers (SMP),[11–13] shape memory
alloys (SMA),[14,15] liquid crystal elastomers
(LCE),[16–18] and so on. In addition, other
actuation methods, such as pneumatic
inflation and[19] electrostatic,[20,21] are also
widely used in soft robots. To have an over-
view of different actuation methods, their
performances with the maximum values
are shown in Table 1. Although these max-
imum values were obtained from different

actuators for each actuation method, they still demonstrate the
potential upper limit.

Dielectric elastomer (DE) is a typical EAP, which can
generate significant deformation under the action of an external
electric field. Thanks to its characteristics, such as large
deformation,[22,23] fast response,[24,25] low elastic modulus,[2]

high energy density,[26,27] light weight,[28,29] and low cost,[28]

DE has the reputation of artificial muscles and has become
one of the most promising materials in soft robots.[30–34]

In this Review, we concentrate on the recent progresses of
dielectric elastomer actuators (DEAs) and their application in soft
robots. In Section 2, we first introduce the working principle of
DEAs, followed by the DE materials and compliant electrodes.
Then, various DEAs with different designs are introduced.
In Section 3, the application of DEAs in soft robots is divided
into seven categories. Some recent highlights are described and
discussed in detail, especially those with biological inspiration.
We summarize some of the challenges in Section 4 and this
is followed with the conclusion in Section 5.

2. Dielectric Elastomer Actuators

2.1. Working Principle

Generally, the structure of a DEA is similar to a sandwich, con-
sisting of a DE membrane, where both surfaces are coated with
compliant electrodes, as shown in Figure 1a. Once the compliant
electrodes are subjected to voltage, an electric field will be gen-
erated in the membrane. The induced Maxwell stress causes the
membrane to expand its area and contract its thickness. Based on
the mechanism of converting electric energy into mechanical
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Due to the inherent rigidity of hard materials, the adaptability and flexibility of
traditional robots are limited. Recently, soft robots became one of the most
attractive areas. The intrinsic compliance and adaptability of soft materials enable
soft robots to achieve unexpected functions. Dielectric elastomers (DE) can
exhibit large deformation, fast response, and high energy density under the
action of external electrical stimuli, becoming one of the most promising
materials in soft robots. Herein, the key points of DE actuators (DEAs) are first
introduced, including the working principle, DE materials, compliant electrodes,
and typical configurations. Then, the soft robots driven by DEAs are reviewed.
Some recent highlights are described and discussed in detail. Finally, the main
challenges are summarized for the real-world application of soft robots based on
DEAs.
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energy directly, the DE has been designed into various configu-
ration actuators, soft robots, etc.[31,32] In contrast, DEs can also be
used as energy harvesters to convert mechanical energy into
electrical energy.[35–37] On the contrary, the structure of DEA
is similar to the capacitor, and the deformation will lead to
change in the capacitance value, so it can also be used as a
flexible sensor.[38,39]

2.2. DE Materials

As the most important component of DEAs, the properties of DE
materials have a crucial impact on the performance of DEAs.
To obtain better performance, the material is required to have
low modulus, low viscosity, high electrical breakdown strength,
and high dielectric constant.[40] In the past research, various
materials have been investigated experimentally, and the com-
monly used materials can be divided into three categories:
acrylics, silicones, and polyurethanes (PUs). Acrylic elastomers
(VHB 4910 and VHB 4905, 3M Company) are the most used
materials in experiments because they are commercially available
and inexpensive. It can produce larger voltage-induced strain,

such as linear strain over 380%[1] and area strain over 2200%.[22]

However, the viscoelastic nonlinearities in acrylic elastomers
seriously affect the performance of DEAs, especially the response
time.[41,42] Silicone elastomers exhibit modest actuation strain
compared with acrylic elastomers. Due to the lower dielectric
constant, it requires a higher voltage to achieve larger strain.
However, the much lower viscoelasticity allows silicone-based
DEAs to operate at high frequencies.[30,43] PUs can generally
provide larger output force. A lower electric field can drive
DEAs based on PUs due to its inherent higher dielectric
constant. However, the higher modulus results in relatively
small strain.

2.3. Compliant Electrodes

As another important component of DEAs, compliant electrodes
also affect the functionality of DEAs to a great extent. The electro-
des generally should have the properties of high compliance,
high conductivity, good stability, and strong adhesion to the
membrane. The most commonly used compliant electrodes in
DEAs include carbon grease, carbon powder, carbon nanotubes

Table 1. Comparison of different actuation methods.

Actuators Strain
[%]

Stress
[MPa]

Relative
speed

Work density
[kJ m�3]

Efficiency
[%]

References

SMAs 10 200 Slow 105 10 [33,191]

SMPs 400 4 Slow 2000 10 [30,192]

Ionic gels 40 0.3 Slow 60 30 [30]

DEAs 503 7.7 Fast 3400 90 [30,33,58,193]

Ionic polymer metal composite 40 3 Slow 5.5 1.5 [33]

Piezoelectric ceramic 0.2 110 Fast 100 90 [30,192]

Pneumatic actuators 50 1.16 Medium 500 49 [33,191,194,195]

Hydraulically amplified self-healing electrostatic actuators 170 0.3 Medium 64.4 21 [33]

Natural muscle 40 0.35 Medium 40 40 [30,33]

Figure 1. Working principle.
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(CNTs), and graphite.[30,44–48] Among these available choices,
carbon grease is the most widely used because it is cheap, highly
compliant, and easily accessible. However, the drawback of car-
bon grease is that the oil in carbon grease will dry after a long
time. Carbon powder and graphite are more suitable for multi-
layer stacked DEAs because they are easy to apply on the surface
of the membrane and they are very thin. However, the conduc-
tivity will be reduced due to the loss of contact between the pow-
ders under a higher strain. CNTs and silver nanowires (AgNWs)
have also been used as compliant electrodes in the design of
adaptive optical devices due to their high conductivity and highly
transparent.[49–51] Ionic conductors are also promising candi-
dates as compliant electrodes in the application, such as camou-
flage, optical devices, etc., due to the advantages of optical
transparency and self-healing.[52–57]

2.4. Configurations of Typical DEAs

In the field of DE, one of the main goals is to develop high-
performance DEAs. Based on the working principle, various
configurations of DEAs are designed for extensive applications,
such as planar,[58–66] multilayer stacked,[26,27,67–71] folded,[72,73]

rolled,[24,74–78] diamond,[79–81] bending,[82–86] zipping,[87]

balloon,[22,23,88–93] cone-shaped,[94–101] hinge,[102–105] rotary,[106–110]

and so on, as shown in Figure 2. The actuation performance of
some existing DEAs is shown in Table 2.

As shown in Figure 2a, the simplest structure of DEA is a
membrane coated with compliant electrodes on both surfaces.
Many kinds of DEAs use this kind of plane deformation to
achieve linear displacement. For example, Plante et al.[79] pre-
sented a diamond DEA. The prestretched DE membrane was
sandwiched between a pair of diamond-shaped structural
frames. The area expansion of the DE membrane is transformed
into a linear displacement of the diamond DEA. In contrast, the
deformation in the thickness direction of the DE membrane can
also be used. However, the deformation in the thickness direc-
tion of the single-layer membrane is too small to be utilized.
Therefore, a multilayer stacked DEA is developed to increase
the deformation in the thickness direction. Kovacs et al.[27,67]

presented a multilayer stacked DEA using the stress-free inter-
penetrating polymer network-modified acrylic membrane to
replace the prestretched acrylic membrane. The actuator weighs
about 4 g and is able to lift a weight of over 2 kg. However, the
fabrication would become more difficult as the number of layers
gradually increases, especially, the DEA is fabricated by hand in
the early stage. To solve this problem, Maas et al.[71] presented a
novel automated process to manufacture a multilayer stacked
DEA. This technology makes DEA possess homogeneous and
reproducible properties. Alternatively, folded DEA is proposed
with a simpler fabrication procedure.[72] In addition, Zhao
et al.[111] proposed a compact DEA by rolling a long multilayer
stacked DE sheet. It converts the biaxial expansion into linear
movement along the axial direction, while increasing the output
force. Within a volume less than 1 cm3, the actuator can produce
1 N blocked force and 1mm free displacement.

The prestretch has a significant impact on the performance of
DEA. For instance, it can suppress electromechanical instability
and increase actuation strain.[112] Huang et al.[75] introduced a

rolled DEA made of fiber-stiffened elastomer sheets. The actua-
tor can achieve strain of 28.6% without prestretch and the strain
increased to 35.8% with a prestretch of 40%. Moreover,
Pei et al.[76,113] added a compressed spring inside the rolled
DEA to maintain the axial prestretch of the membrane. The
spring rolls with 2-degree-of freedom (DOF) and 3-DOF are capa-
ble of bending as well as axial linear actuation by patterning two
or four circumferential electrodes.

When a DE membrane is mounted on a chamber of air, the
membrane will be inflated into a balloon. Under the coupling
effect of voltage and internal pressure, the DE balloon would
experience electromechanical instability or snap-through insta-
bility easily. A giant voltage-induced area strain of 1692% is
achieved with suitable parameters.[23] Due to this large deforma-
tion, the DE balloon is also used for large-volume fluid pump[93]

and trigger actuator.[92]

The cone actuator is named by its shape in which the DE
membrane is fixed on a rigid frame and subjected to bias force
perpendicular to its plane. When the membrane is subjected to a
voltage, it expands and tension within it is reduced, and the dis-
placement occurs in the direction of bias force. Rossiter et al.[94]

present an antagonistic structure of cone DEAs. The two circular
membranes are 3D printed and prestretched by the rigid rod in
the center. To maintain the deformation of DEA without contin-
uously applying voltage, Wang et al.[101] introduced a bistable
structure in a double-conical DEA. The buckling beam allows
DEA to switch not only between the two stable states of transla-
tion, but also between the two stable states of rotation. On the
other side, Hau et al.[96] demonstrated a high output force and
stroke DEA by combining stacked DE films. The prototype shows
outstanding performance with an output force of 100 N and a
stroke of 3 mm. Inspired by biological agonist–antagonist sys-
tems, Lochmatter et al.[102] proposed a DEA in the form of an
active hinge. It consists of a hinge support structure and
prestretched DE membrane attached to both sides. When the
membrane on the onside is subjected to a voltage, the stress
within it is reduced and the structure rotates to the opposite side.

Compared with traditional mechanical devices, the advantages
of soft actuators or soft robots are softness and large deforma-
tion. However, the rigid frame introduced to keep the film pre-
stretched is not conducive to the development of soft robots.
Kofod et al.[82] proposed self-organized DE minimum-energy
structures (DEMES). The prestretched DE membrane is attached
to a thin plastic frame and it will self-organize into a complex
structure with minimal energy when it is released from the pre-
stretch frame because the frame made of plastic such as
polyethylene terephthalate (PET) is flexible but not stretchable.
When the DE membrane is subjected to voltage, the stress
inside the membrane is redistributed, and the structure tends
to be flat.

In addition to the actuation function, DEAs can also sense the
change in capacitance during deformation, as described in
Section 2.1. Therefore, some DEAs with self-sensing capability
have been developed.[114–117] For instance, Landgraf et al.[117] pre-
sented a new method of superposition of driving and sensing
signals to realize the self-sensing function of DEAs. It has been
validated experimentally and is a promising approach to minia-
turize circuits.
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Table 2. Summary of typical DEA actuation indexes.

Types of DEAs Actuation index Reference

Planar actuator Linear strain 503% [58]

Linear strain 360% [59]

Linear strain 230% [60]

Linear strain 142% [152]

Linear strain 90.6% [63]

Linear strain 50% [196]

Linear strain �50% [65]

Linear strain 38% [184]

Linear strain 12% [61]

Areal strain 488% [66]

Areal strain 230% [197]

Multilayer stacked/folded actuator Linear strain 46% Lift a weight of over 2 kg Energy density 12.9 J kg�1; �500 cycles [27,67]

Linear strain 24% Linear pull force �70 N Energy density 19.8 J kg�1; �300 000 cycles [26]

Linear strain �15.5% [72]

Linear strain �10% Raise a load of 900 g [68]

Linear strain �4.6% Nature frequency �31 Hz [69]

Linear strain 3.5% Tensile force 10 N [71]

Rolled actuator Linear strain �200% [77]

Linear strain �70% [78]

Linear strain 35.8% [75]

Linear strain 25% Blocked force 0.44 N Power density 1.2 kW kg�1 [139]

Linear strain 15% [157]

Linear strain 15% Energy density: 1.13 J kg�1; bandwidth >400 Hz;
�600 000 cycles

[24]

Linear strain 9.75% Blocked force 1 N Energy density 0.275 J kg�1; �50 000 cycles [111]

Bending angle 90� Lateral force 0.7 N; blocked axial force 15 N [76]

Minimum energy structures Angle change 0�–90� [82]

Angle change ��70�–80� [84]

Displacement change �40–35mm Per action 0.1386 J [119]

Angle change 82.4� Blocked force 143mN [86]

Angle change 0�–52.8� [198]

Balloon actuator Areal strain 2200% Electromechanical energy conversion
density 1.13 J g�1

[22]

Areal strain 1692% [23]

Areal strain 1165% [199]

Areal strain 400% Force 0.15 N [200]

The apical displacement 6.3 mm [201]

Cone-shaped actuator Linear displacement 7.1 mm Power density 108.9 W kg�1 [202]

Linear displacement �4.5 mm [203]

Linear displacement 4.06 mm [97]

Linear displacement 3 mm Force 100 N 1.62 J cm�3 [96]

Linear displacement �0.16 mm Blocked force �0.31 N [94]

Rotation angle 9.6� [99]
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3. Application in Soft Robots

In recent years, soft robots have attracted more interest from
researchers due to their compliance and flexibility. The distinctive
performances of DEAs provide more opportunities for soft robots.
For example, the simple actuation mechanism makes it easier to
design more structures of soft robots. It also provides new options
for mimicking different natural creatures, which makes the soft
robots have better adaptability in uncertain environments. Based
on the various configurations of DEAs, researchers have designed
and developed a variety of soft robots. The following subsections
review DEAs in the application of soft grippers, walking/crawling

robots, jumping/flying robots, swimming robots, humanoid robots,
tunable lens, and tactile displays.

3.1. Soft Grippers

In the field of soft robots, grasping objects of different shapes
and types is one of the most challenging problems. DEA provides
a solution to this issue due to its inherent flexibility, and various
configurations of soft grippers based on DEAs have been devel-
oped, as shown in Figure 3. DEMES can self-organize from a flat
state into a complex out-of-plane structure, with light weight and
large deformation. Kofod et al.[118] developed a tulip-shaped soft

Table 2. Continued.

Types of DEAs Actuation index Reference

Others Linear displacement �8mm [204]

Linear displacement 300 μm [87]

Rotation angle �7.5� [109]

Speed 19 rpm Torque 0.031 mNm [108]

Speed 1500 rpm Accumulated several tens of millions of cycles [107]

Blocked torque 18 mNm Specific power 20.8 W kg�1 [106]

Rotation angle �24� Blocking force �0.5 N [102]

Figure 2. Configurations of typical DEA. a) Diamond DEA. Reproduced with permission.[79] Copyright 2007, Elsevier. b) Multi-layer stacked DEA.
Reproduced with permission.[27] Copyright 2009, Elsevier. c) Folded DEA. Reproduced with permission.[72] Copyright 2007, IOP Publishing.
d) Compact DEA. Reproduced with permission.[111] Copyright 2018, John Wiley and Sons. e) Rolled DEA. Reproduced with permission.[75] Copyright
2012, AIP Publishing. f ) Spring rolls. Reproduced with permission.[76] Copyright 2004, IOP Publishing. g) A DE balloon. Reproduced with permission.[23]

Copyright 2013, Elsevier. h) High force cone DEA. Reproduced with permission.[96] Copyright 2018, Elsevier. i) Active DEA hinge. Reproduced with per-
mission.[102] Copyright 2008, Elsevier. j) Minimum-energy structures. Reproduced with permission.[82] Copyright 2006, Springer Nature.
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gripper based on DEMES, as shown in Figure 3a. When the actu-
ator is subjected to voltage, the gripper opens to envelop the
object. When the voltage is turned off, the gripper contracts,
and the three claws hold the object to manipulation. To expand
the applicability of DEMES gripper, Araromi et al.[29] presented a
new design of DEMES with multisegments. The repetitive seg-
ments enable the gripper to grab objects of different sizes and
shapes. DEMES generally operate in a push–pull configuration,
which means that maintaining the open configuration requires
continuous energy consumption. Inspired by Venus flytrap,
Wang et al.[119] designed a soft gripper based on bistable
DEMES. The gripper consists of a PET frame mounted by
two prestretched DE membranes on both sides. When an
impulse voltage is applied, the gripper can quickly switch
(0.17 s) between two stable states, thus grasping or releasing

the object. Therefore, the energy consumption per grasping
action can be as low as 0.1386 J. Alternatively, Shian et al.[2] incor-
porated stiff fibers into DEA to induce the deformation of the soft
gripper. By adjusting the arrangement of the stiff fiber, the soft
gripper can produce wrapping or bending action to stimulate
gripping objects of different shapes.

Various methods have been adopted to reinforce the grasping
capability of soft grippers. For example, Shintake et al.[120] intro-
duced a soft gripper with electroadhesion. When voltage is
applied to DEA, the gripper is closed to grip the object. Then
voltage is applied to the electrode pattern of electroadhesion,
and an attractive force is generated between the target object
and the gripper to enhance the grasping force. In addition, the
researchers also combined variable-stiffness materials with DEA-
based grippers to enhance its performance. Shintake et al.[121]

Figure 3. Soft grippers. a) Tulip-shaped soft gripper. Reproduced with permission.[118] Copyright 2007, AIP Publishing. b) Bistable soft gripper.
Reproduced with permission.[119] Copyright 2018, Springer Nature. c) A soft gripper constrained by stiff fibers. Reproduced with permission.[2]

Copyright 2015, John Wiley and Sons. d) Soft gripper coupling with electroadhesion. Reproduced with permission.[120] Copyright 2015, John Wiley
and Sons. e) Reconfigurable soft gripper. Reproduced with permission.[122] Copyright 2020, John Wiley and Sons. f ) Hydraulic soft gripper driven
by DE balloon. Reproduced with permission.[123] Copyright 2018, IOP Publishing. g) Pneumatic soft gripper driven by DE pump. Reproduced with per-
mission.[25] Copyright 2019, John Wiley and Sons.
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designed a soft gripper with variable stiffness. The gripper is
composed of a DEA that generates a bending actuation and sili-
cone substrate embedded with low-melting-point alloy (LMPA).
The controllable stiffness is achieved by the phase change of
LMPA through joule heating. When LMPA is in the solid state,
the gripper can maintain its shape and obtain high holding force
due to high stiffness. When LMPA becomes liquid by joule heat-
ing, gripper can change its configuration under the action of volt-
age. Aksoy et al.[122] proposed a reconfigurable soft gripper
combining a DEA with two layers of SMP fibers and an array
of stretchable heaters. Selective joule heating can change the
local stiffness of the SMP fibers, and DEA can bend along a soft
axis, enabling the gripper to morph into multiple configurations,
as shown in Figure 3e. This property of variable stiffness will
further expand the applicability of the soft gripper.

In addition to the aforementioned soft grippers made directly
from DEAs, researchers also combine other technologies to
make DEA-driven soft grippers. Pneumatic actuator is also
widely used in the design of soft robots, thanks to its large defor-
mation and high output force. However, the heavy rigid hydrau-
lic source limits its compliance. Inspired by the bladders and
hydrostatic skeleton, Zhang et al.[123] proposed a soft hydraulic
gripper. A DE balloon was used as the soft hydraulic source
instead of the traditional rigid pump to drive the hydraulic

gripper made of hydrogel. Moreover, Cao et al.[25] presented a
pneumatic pump driven by a magnetically coupled DEA
(MCDEA). It can reach maximum output pressure of 30.5 mbar
and a flowrate of 0.9 Lmin�1 at resonance. The MCDEA pump
was successfully integrated into a soft gripper and grasped an
object weighing 68 g. This combination of the two technologies
will provide more opportunities for soft robots.

3.2. Walking/Crawling Robots

In the early works of DEAs in the application of soft robots, Eckerle
et al.[124] developed the first biomimetic walking robot driven by
DEA, named FLEX. It has six legs, and each leg has two degrees
of freedom. However, the walking speed is too slow. Later, an
improved FLEX2was developed by the same group, and the walking
speed reached 3.5 cm s�1.[125] Although the performance of DEA-
driven Flex and Flex2 is not good, it is still a huge progress in
the development of DEA, which proves that DEA can be used in
robots. Further, Pei et al.[76,126] developed two kinds of six-legged
robots based on the spring roll actuator. Skitter was built with
six single-degree-freedom spring roll actuators, and a peak speed
of close to 7 cm s�1 was achieved. As shown in Figure 4a,
MERobot was designed with six 2-DOF spring roll actuators as legs.
Themaximumwalking speed of 13.6 cm s�1 is achieved at 7Hz. In

Figure 4. Walking/crawling robots a) MERbot. Reproduced with permission.[76] Copyright 2004, IOP Publishing. b) Hexapod walking robot. Reproduced
with permission.[127] Copyright 2017, Elsevier. c) Untethered soft robot. Reproduced with permission.[128] Copyright 2018, Elsevier. d) Soft crawling robot.
Reproduced with permission.[74] Copyright 2019, Mary Ann Liebert, Inc. e) Untethered soft robotic insect. Reproduced with permission.[131] Copyright
2019, The American Association for the Advancement of Science. f ) Hopping�running robot. Reproduced with permission.[132] Copyright 2019, The
American Association for the Advancement of Science. g) A robot with integrated artificial nervous system. Reproduced with permission.[134] Copyright
2018, IOP Publishing.
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recent works, Nguyen et al.[127] presented a hexapod walking robot
driven by another kind of multi-degree-of-freedom DEA. The cone
DEA of antagonistic configuration can generate 3-DOF by dividing
the electrode into four independent regions. By imitating the ani-
mal’s walking posture, the walking robot can achieve an average
speed of 3 cm s�1. Unlike these legged robots, researchers have also
developed a variety of crawling robots inspired by natural creatures.
Inspired by inchworms, Cao et al.[128] introduced an untethered soft
robot that consists of a DEMES body and two electroadhesion feet.
With the strong electroadhesion, the robot can move forward or
backward stably under the action of electronic components inte-
grated into the feet. Similarly, Gu et al.[129] developed a tethered soft
robot that can climb various walls. Based on the spring roll bending
actuator, Li et al.[74] developed a soft crawling robot. At each end of
the actuator, there are two bundles of oriented plastic fibers to pro-
vide fraction. At a frequency of 20Hz, the robot can reach a speed of
26.3mms�1. In nature, insects are remarkably agile and robust.
Researchers are also working on insect-scale soft robots. For exam-
ple, Li et al.[130] developed an insect-scale soft robot. Because of its
soft body made of silicone, it can survive the pressure of 30 000
times its weight. Generally, the voltage for driving DEAS is as high
as several kilovolts. How tomake a DEA-based soft robot driven by a
voltage of less than 1000 V has always been a concern of research-
ers. Ji et al.[131] introduced a low-voltage-stackedDEAwith a working
voltage of less than 450 V and used it to propel an untethered soft
robotic insect with a length of about 40mm. The moving speed of
the robot under no load is up to 30mms�1. Zhao et al.[132] proposed
a hopping–running robot with high speed based on the DEMES.
Inspired by rabbit, two DEMES joints were used as the foreleg
and hind leg, respectively. With lightweight of 6.5 g, the robot
can reach a speed of 51.83 cm s�1 (6.10 body lengths/second).
Different from these soft robots controlled by traditional hard elec-
tronic components, Henke et al.[133,134] designed a soft robot with an
integrated artificial nervous system. By providing external DC volt-
age, the deformation of DEA will change the state of DE switch and

vice versa. The alternating in-plane deformation ofmultiple DEAs is
transformed into a caterpillar-like crawling motion. This work high-
lights that the soft robot with this kind of artificial nervous system
can automatically generate all the signals for the requirement of
DEAs. The performance and characteristics of walking/crawling
robots are summarized in Table 3.

3.3. Jumping/Flying Robots

Jumping is a common locomotion type in nature because it is
fast and efficient. In the early works, Pei et al.[135] developed a
hopping robot using DEA. The hopping robot is very simple
and lightweight. Three DEAs in flat configuration were used
to actuate the three legs of the hopping robot, respectively.
The size of the hopping robot is �5.5 cm� 5.5 cm� 1.5 cm.
When voltage is applied, DEAs achieve out-of-plane motion,
causing the robot to jump. It can jump �2 cm (1.33 times its
body height). Inspired by click-beetles and simple biomechanical
models, Dudutat et al.[136] designed a jumping robot. The jump-
ing robot is composed of a prestretched DE membrane and stiff
strip. When DEA is subjected to voltage, the jumping robot is in a
flat state. Once the voltage is removed, it will immediately return
to the bent state, leading to jump motions (5 cm, a full
body length).

DEA has also been used in the exploration of flying robots
based on the bioinspired flapping mechanism. In the early
efforts, Pelrine et al.[125] designed a thorax-type flapping robot
based on the stacked DEA. In a recent work, Lau et al.[137]

developed a bioinspired flapping-wing robot. A rolled DEA
was assembled into a lightweight shell made of carbon fiber-
reinforced polymer (CFRP) to maintain prestretch and increase
overall work density. Although the theoretical working density of
30.9% is achieved, the wing can only produce a stroke of 5�–10�

when using BJB-TC5005 membrane. Zhao et al.[138] tested a
DEMES rotary joint and applied it into a flapping wing. At the

Table 3. Summary of walking/crawling robots.

Speed Size and weight Operation situation Untethered Reference

35mm s�1 Yes [125]

136mm s�1 180mm� 180 mm� 100 mm; 292 g 5.5 kV, 7 Hz No [76]

70 mm s�1 200 mm� 150 mm; 220 g Yes [126]

30 mm s�1 150 mm� 106mm� 48 mm; 35 g 3.5 kV, 2 Hz No [127]

52 mm s�1 150 mm� 54mm� 55mm; 20 g 3.5 kV, 7 Hz No [205]

4.16 mm s�1 Ramping voltage to 6 kV Yes [128]

Wall-climbing 63.43 mm s�1; horizontal planes 88.46mms�1 6 kV, 16 Hz No [129]

6 kV, 23 Hz

26.3 mm s�1 6 kV, 20 Hz No [74]

161 mm s�1 5 g 9 kV, 16 Hz No [130]

Tethered 30mm s�1; untethered 12mm s�1 40 mm; tethered 0.19 g, untethered 0.97 g 450 V, 450 Hz Yes [131]

518.3 mm s�1 85 mm� 48mm� 60mm; 6.5 g 5.5 kV, 17 Hz No [132]

5.75 mm s�1 3 kV No [206]

2.86 mm s�1 7.5 kV, 0.5 Hz No [63]

1.1 mm s�1 17 kV, 0.3 Hz No [207]

5.3 mm s�1 170mm; 10.3 g 2 kV, 2 Hz No [208]
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frequency of 5 Hz, each joint can achieve more than 60� defor-
mation. However, these prototypes only demonstrate this kind of
flight mechanism and cannot actually fly. Recently, Chen et al.[24]

presented a flying robot driven by multilayered DEAs, as
shown in Figure 5f. The weight and resonance frequencies
are 100mg and 500Hz, respectively. The use of soft
actuators makes the flying robot have the advantages of inflight
self-sensing and robustness to collisions. This work also
highlights that soft actuators can be used to achieve controllable
flight because it can provide sufficient bandwidth and power
density. Further, Chen et al.[139] demonstrated the novel flying
capabilities of the improved flying robot, such as hovering flight,
high ascending speed (70 cm s�1), in-flight collision recovery,
and somersault. These insect-like flight capabilities have not
been achieved by a rigid-powered microaerial vehicle.

Alternatively, Jordi et al.[140] presented a fish-like airship which
was propelled by the planar DEA. It can move forward in the air
at a speed of 0.45m s�1. Shintake et al.[104] developed a foldable
antagonistic actuator and embedded it in a microair vehicle as
elevon. The angular displacement and torque of the actuator
can reach � 26� and 2720mNmm, respectively. It was success-
fully demonstrated to provide stable flight control.

3.4. Swimming Robots

Recently, the development of biomimetic swimming robots
has become more attractive due to the density of DEs close
to that of water. Many kinds of swimming robots driven by
DEA have been developed, as shown in Figure 6. Inspired

by jellyfish, Godaba et al.[141] designed a swimming robot that
consists of an air chamber covered by a DE membrane and a
bell. When DEA is subjected to voltage, DE membrane is
inflated, leading to the increase in buoyancy. Meanwhile,
the water inside the bell is ejected, promoting the robot to
move upward. Yang et al.[142] presented a swimming robot
mimicking cuttlefish. The cone DEA was used as the jet actu-
ated structure. Different from the preset control strategy of the
previous swimming robot, the control strategy of this swim-
ming robot is optimized by reinforcement learning.
Through reinforcement learning, swimming speed increased
by 91%, up to 21 mm s�1 (0.38 body length/second). Liu
et al.[143] also designed a swimming robot with a fully inte-
grated onboard system based on the buoyant force mecha-
nism. A pressure sensor is used for feedback in closed-loop
control, and the robot can move to and stabilize at a specified
depth. Further, Cheng et al.[144] developed an untethered soft
robotic jellyfish with high mobility. The maximum speed the
robot can reach is around 0.5 cm s�1. If the robot is not embed-
ded with a power source, the peak speed can up to 1 cm s�1.
Shintake et al.[145] introduced two kinds of biomimetic swim-
ming robots. A jellyfish and a fish were fabricated by laminat-
ing silicone layers to ensure the robots can operate reliably in
water. Berlinger et al.[146] designed an autonomous underwa-
ter vehicle (AUV) driven by a fin-like DEA. All the electronic
components were put into a 3D-printed body. The thrust force
of the fin can be easily adjusted by controlling the number of
actuation layers, and the AUV can swim at a speed of 0.55 body
lengths per second under the highest thrust force. In another

Figure 5. Jumping/flying robots. a) Hopping robots. Reproduced with permission.[135] Copyright 2004, SPIE. b) Jumping robots. Reproduced with per-
mission.[136] Copyright 2019, IOP Publishing. c) Flapping-wing robots. Reproduced with permission.[137] Copyright 2014, IOP Publishing. d) Fish-like
airship. Reproduced with permission.[140] Copyright 2010, IOP Publishing. e) DEMES rotary joint-based flapping wing. Reproduced with permission.[138]

Copyright 2015, Springer Nature. f ) Flying robot. Reproduced with permission.[24] Copyright 2019, Springer Nature.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2021, 2000282 2000282 (9 of 18) © 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

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


work, Tang et al.[147] proposed a frog-inspired robot. The leg
and feet of the robot were fabricated using a two-segmented
DEMES. By imitating the real frog movement, the robot can
swim at a speed of 19 mm s�1. Inspired by Mobula, Li
et al.[148] developed a soft fish driven by DEA. Transparent con-
ductive hydrogel and the surrounding water were used as the
positive electrode and electric ground, respectively, enabling
the fish to sail in stealth sailing. With the integrated onboard
system, the speed of the fish reached 6.4 cm s�1 (0.69 body
length/second). Recently, the same group developed an
untethered soft robot for deep-sea exploration.[149] The robot
successfully achieved a flapping angle of 6.3� when the AC
voltage was 9 kV at 0.5 Hz at a depth of 10 900 m in the
Mariana Trench (11.33� N, 142.19� E). Actuated by AC voltage
of 8 kV at 1 Hz, it can also swim freely at a speed of 5.19 cm s�1

(0.45 body length/second) at a depth of 3224 m in the South
China Sea (18.23� N, 114.13� E). It proves that the soft robot
has the potential to be applied in extreme environments.
Christianson et al.[150] presented a swimming robot inspired
by leptocephali. The robot is frameless, and both electrodes
were fluids. It makes the swimming robot translucent (trans-
mittance of 94%). The robot moves forward by undulatory
swimming, and the maximum speed is 1.9 mm s�1. The per-
formance and characteristics of swimming robots are com-
pared in Table 4.

3.5. Humanoid Robots

Making a humanoid robot is one of the most challenging issues
in robot researches. As one of the most promising materials due

to the similar capability of natural muscle, such as actuation
strain, actuation density, and response time, various humanoid
robots have been designed and tested based on DEAs, as shown
in Figure 7.

In the early stage, Kovacs et al.[151] developed an arm-wrestling
robot. Based on the mechanism of human agonist–antagonist
muscle, more than 250 rolled DEAs were arranged in two groups.
Although the robot lost in the arm-wrestling contest, it still shows
the potential of DE as artificial muscle. Later, Lu et al.[152] devel-
oped a bioinspired artificial arm based on a linear DEA. With the
help of suitable stiff fibers arranged in the horizontal direction to
maintain large prestretch, the linear DEA can achieve strain up to
142%, allowing it to imitate slender natural muscle. The forearm
of the artificial arm can rotate 70� relative to the upper arm when
voltage is applied to the linear DEA. Duduta et al.[26] also dem-
onstrated the muscle-like actuation of stacked DEA in an artificial
arm.

In contrast, researchers have made several efforts to
mimic human facial expressions using DEAs. Wang and
coworkers[153,154] used DEAs to drive a robotic skull. Two
DEAs were used to connect the upper and lower jaws.
Using feedforward control, it can mimic jaw movement very
well. In addition, some efforts have also been spent to imitate
human eyeball movements. Carpi et al.[155] used two stacked
DEAs arranged in the configuration of agonist–antagonist to
imitate the rectus-type human ocular muscles. The eyeball
can reach the maximum rotation of �25�. Alternatively, Liu
et al.[156] demonstrated the eye movement with an inflated
DEA. Compared with the uninflated one, the inflated
DEA can produce a larger rotation angle. In another recent

Figure 6. Swimming robots. a) A swimming robot mimicking cuttlefish. Reproduced with permission.[142] Copyright 2018, Springer Nature. b) A swim-
ming robot based on the buoyant force mechanism. Reproduced with permission.[143] Copyright 2017, ASME. c) An untethered soft robotic jellyfish.
Reproduced with permission.[144] Copyright 2019, IOP Publishing. d) Deep-sea soft robot. Reproduced with permission.[149] Copyright 2021, Springer
Nature. e) A swimming robot inspired by leptocephali. Reproduced with permission.[150] Copyright 2018, The American Association for the Advancement
of Science.
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work, Li et al.[157] combined three spring roll DEAs together to
realize vertical, horizontal, and circular motions. By
controlling the voltage of the three spring roll DEAs, the eye-
ball can track desired trajectories effectively. These works will
contribute to the development of bioinspired humanoid
robots.

3.6. Tunable Lens for Soft Robots

In addition to basic motion functions, the visual system is also
an important part of robotic systems. Tunable lens based on
DEA is a promising technology for visual systems, thanks to its
simple structure. It can tune the focal length by changing the

shape of the lens or the refractive index of the optical medium,
instead of adjusting the distance like traditional focus tunable
lens structures. Inspired by the architecture of the ciliary mus-
cle and crystalline lens of the human eye, Carpi et al.[158]

designed an electrically tunable lens that consists of a ring-
shaped DEA and a fluid-filled lens, as shown in Figure 8a.
When applied a voltage, the annular DEA deforms the lens,
leading to the change of focal length. Ghilardi et al.[159]

replaced the fluid-filled elastomeric lens with a soft silicone
lens and divided the surrounding actuating region into four
parts. By applying different voltage combinations to the
DEA, the lens can deform in a specific direction so as to adjust
the defocus or astigmatism. Shian et al.[160] present a new

Figure 7. a) Arm-wrestling robot. Reproduced with permission.[151] Copyright 2007, IOP Publishing. b) Artificial arm. Reproduced with permission.[152]

Copyright 2016, Elsevier. c) DEA-driven jaw. Reproduced with permission.[154] Copyright 2016, Elsevier. d) Stacked DEA-driven eyeball. Reproduced with
permission.[155] Copyright 2007, IOP Publishing.

Table 4. Summary of swimming robots.

Speed Thrust Size and weight Operation situation Untethered Reference

�11 mm s�1 0.15 N 2.56 N 5 kV No [141]

21mm s�1 Diameter 95 mm, height 55 mm; 126 g. 6.8 kV Yes [142]

3.5 cm s�1 Diameter 60 mm, height 100 mm; 0.45 kg 10 kV Yes [143]

Tethered 10 mm s�1, untethered 5mm s�1 0.00012 N 9 kV, 1.6 Hz Yes [144]

Fish �8mm s�1 Fish 0.5 mN Fish 120 mm; 3.8 g Fish 3 kV, 3 Hz No [145]

Jellyfish �1.5 mm s�1 Jellyfish 0.25 mN Jellyfish diameter 61 mm; 2.6 g Jellyfish 3 kV, 2 Hz

55mm s�1 25 mN 100mm� 60mm� 30mm; 115 g 2 kV, 2.2 Hz Yes [146]

19mm s�1 0.078 N 108 g 5 kV, 0.25 Hz No [147]

64 mm s�1 Body length 93mm, 90.3 g 9 kV, 5 Hz Yes [148]

51.9 mm s�1 Long 22 cm, wingspan 28 cm 8 kV, 1 Hz Yes [149]

1.9 mm s�1 42� 7 mN 220mm� 50mm� 15 mm, 25.1 g 7.5 kV, 0.33 Hz No [150]

37.2 mm s�1 Length 150 mm, thickness 0.75 mm; 4.4 g 5 kV, 0.75 Hz No [209]

33 mm s�1 0.076 m� 0.072 m� 0.056m, 54 g 5 kV, 15 Hz No [210]
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structure of adaptive lens. The lens consists of a frame
mounted both sides by an active DE membrane and a passive
membrane, respectively, and a clear liquid filled the lens cav-
ity. The focal length can change over 100% with response time
less than 1 s. Recently, Li et al.[161] proposed a new mode of
human–machine interface. To mimic the working mecha-
nisms of human eyes, a fluid-filled lens was assembled into
a cone DEA in the antagonistic configuration with multiple
degrees of freedom. The deformation and motion of the
fluid-filled lens were controlled by the electrooculographic sig-
nals generated by the eye movements.

3.7. Tactile Displays for Soft Robots

Tactile perception could make the interaction between robots
and unstructured environments or humans safer. DEA-based
tactile displays have been studied for many years. Koo
et al.[162] proposed the first tactile display based on DEAs.
The device is in the configuration of 4� 5 actuator array.
With a 3.5 kV input voltage, the actuator can achieve a maximum
displacement of 471 μm, which is sufficient as a tactile display
device. Later, the same research group proposed a liquid cou-
pling tactile display,[163] as shown in Figure 9a. Between the
actuator and the touch spot, liquid coupling was used as the
force transmission to ensure the operation safety for users.
The tactile display can achieve a force of over 40 mN to simulate
the figure tip. At the frequency of 3�10 Hz, the displacements
were about 240–120 μm, which meet the requirements of fre-
quency for simulating the Meissner corpuscles as well as the
Merkel cells. Alternatively, Matysek et al.[164] designed a tactile
display using multilayer DEA. The tactile display consists of a
3� 3 actuator matrix, and each actuator has a size of 5 mm� 5
mm. The interactive information between users and tactile dis-
play can be easily obtained by measuring the actual capacitance
and realize tactile feedback. Based on the evidence that humans
are very sensitive to the distributions of shear force, Knoop
et al.[165] proposed a new shear tactile display. When a voltage
is applied, this device converts the in-plane movement of
DEAs into the lateral motion of tactile elements directly to apply

shear forces to skin. Marette et al.[166] designed a flexible haptic
display operating at 1 kV. The haptic display consists of a 4� 4
matrix independent DEA and flexible high-voltage thin-film
transistors (HVTFTs). The state of each DEA can be indepen-
dently switched by applying a gate voltage of 30 V on its associ-
ated HVTFT. Recently, more remarkable achievements have
been made on tactile display. Yun et al.[167] developed a soft
and transparent visuo–haptic interface composed of DE micro-
actuator (DEMA) arrays and a touch-sensitive visual display.
DEMA was designed into multiple 3D structures for program-
mable control, and AgNWs were used as compliant electrodes to
ensure high transmittance (up to 90%). Thanks to the 3D struc-
ture, DEMA deforms in the vertical direction and outputs suffi-
cient normal force (up to 130 mN at a voltage of 20 MVm�1 and
a frequency of 240 Hz). DEMA also exhibits fast response and
high durability, so that it can be used in the human tactile inter-
face. Ji et al.[168] developed an untethered feel-through haptics.
Thanks to the extremely thin thickness of the active layers, the
weight of the multilayer DEA can be ignored and the multilayer
DEA can be driven by sub-500 V voltage. With compact light-
weight (1.3 g) on-board electronics, the device can generate rich
vibrotactile feedback at frequencies from 1 to 500 Hz. Zhao
et al.[169] proposed a wearable haptic communication device that
consists of a linear DEA array. The linear DEA transmits infor-
mation by deforming skin at a broad bandwidth (10–200 Hz).
Human testing has shown that the actuation can be easily per-
ceived on the forearm.

4. Challenges and Perspectives

Various applications of DEAs in soft robots have been intro-
duced in this article. From these discussions, we can infer that
DEA is very promising for soft robots. Although researchers
have made extensive efforts and achieved remarkable results
in the past decade, there are still many challenges for the
real-world applications of DEAs. In this section, we will review
the main challenges of DEAs and their applications for future
work.

Figure 8. a) Fluid-filled elastomeric lens. Reproduced with permission.[158] Copyright 2011, JohnWiley and Sons. b) Tunable optical lens. Reproduced with
permission.[159] Copyright 2019, Springer Nature. c) Adaptive lens. Reproduced with permission.[160] Copyright 2013, OSA Publishing.
d) Human�machine interface. Reproduced with permission.[161] Copyright 2019, John Wiley and Sons.
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4.1. Design

The biological evolutionary law of the survival of the fittest
provides a better direction for the development of soft robots.
The body structure of natural creatures evolved to adapt to the
environment could provide invaluable insights for the design
of DEAs and soft robots, especially for those working in extreme
environments. From the previous discussion, it can be seen that
many swimming robots are untethered, while walking/crawling
robots are generally tethered. This is due to the trade-offs made
by researchers among many parameters. For instance, additional
constraints, such as the weight and size of the power system,
must be considered when designing crawling or flying robots
due to the lower output force of the actuator. However, the addi-
tional weight is not a major problem in the swimming robot,
because the weight can be balanced by buoyancy. Thus, good
trade-offs should be made to obtain the best performance for soft
robots depending on the application.

To achieve the autonomous operation of robots, a sensing sys-
tem is needed. The traditional sensing system is rigid, which is
not applicable for soft robots with large deformation. Even the
flexible sensor will cause constraints to the soft robots. As dis-
cussed in Section 2.4, DEA has the self-sensing capability.
However, the related research is still insufficient. It will be an
interesting direction to design DEAs and soft robots with
self-sensing functions.

4.2. Operating Voltage

Generally, the voltage used to drive DEAs is up to several kilo-
volts. This greatly limits the application of DEAs, especially in
wearable devices, although the required current is very low (less

than 1mA). To reduce the driving voltage, the most effective
method is to decrease the thickness of DE membrane. In experi-
ments, DE membrane (VHB4910 or VHB4905) is often pre-
stretched to reduce the thickness. The prestretch allows DEAs
to produce larger voltage-induced deformation, while also sup-
presses the occurrence of electromechanical instability.
However, the prestretch of the DE membrane requires a rigid
frame to be maintained, which limits the flexibility of DEA.
The viscoelasticity of the VHB also significantly affects the
response time of DEA. To overcome these limitations, many
researchers use silicone such as Sylgard 184, Ecoflex 0030,
etc., to make DE membrane. These kinds of elastomers exhibit
hyperelasticity and can work at a very high frequency, thanks to
their low viscoelasticity. Based on the pad-printing technique, a
3 μm-thick DE membrane was produced. It can achieve a lateral
strain of 7.5% at a voltage of 245 V.[170] The stacked DEA is pop-
ular as it does not require prestretch. By spin coating, Zhao
et al.[111] designed a compact DEA with multilayer stacked sheets
(25 μm per layer). It can be operated at 200Hz. These fabrication
technologies make it possible to manufacture low-voltage DEAs,
which is great progress in developing DEA-based soft robots.
Next, researchers should make more efforts to make low-voltage
DEAs through the use of new kinds of DE materials.

4.3. Control

Such a high voltage to drive DEA is usually provided by an exter-
nal high-voltage amplifier, which also means that DEA or its
application is tethered. This is often a disadvantage that prevents
it from operating independently, such as crawling robots and fly-
ing robots. Making a small, lightweight circuit board that can be
integrated into a soft robot to enable it to move autonomously is

Figure 9. a) Liquid coupling tactile display. Reproduced with permission.[163] Copyright 2014, Elsevier. b) Shear tactile display. Reproduced with per-
mission.[165] Copyright 2014, SPIE. c) Flexible haptic display. Reproduced with permission.[166] Copyright 2017, John Wiley and Sons. d) Untethered feel-
through haptics. Reproduced with permission.[168] Copyright 2020, John Wiley and Sons.
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an urgent issue that researchers have to consider. It should be
noted that small voltage amplifiers (EMCO products) powered by
low voltage battery have also been used to drive untethered robots
recently. For example, the small voltage amplifiers (A Series,
EMCO) used in literature[146,171,172] have a maximum size of
6.35mm� 11.43mm� 33.78mm and a maximum weight of
8.49 g and enable it to be integrated into a circuit board. The out-
put high voltage is up to 6 kV. However, the low bandwidth can
only allow DEA to operate at a lower frequency. In contrast, the
composition of high-voltage electronic components is much more
complicated than that of low voltage. Once many DEAs indepen-
dently are controlled, high-voltage control components such as
relays will significantly increase the weight and volume, and
the voltage applied to each DEA cannot be adjusted indepen-
dently. If multiple small voltage amplifiers are used, the cost will
be very high. Therefore, the development of low-voltage-driven
DEA is still the main task in the field of DEs. It should also be
noted that the artificial nervous system used to replace the con-
ventional hard control components can also be directly assembled
into a soft robot, as mentioned previously.[133] This kind of control
system provides a new solution for the development of soft robots.

In addition, the control strategy is also a huge challenge for
DEA-based soft robots due to the nonlinear deformation, visco-
elastic hysteresis, electromechanical instability, etc. In recent
years, researchers have done some work to address this challenge
and feedforward control is proved to be a promising
approach.[42,153,173,174] Zou et al.[42] have proved that DEAs can
be finely controlled by a feedforward control approach. To mimic
human jaw movement, Gupta et al.[153] developed a feedforward
controller based on the nonlinear dynamic model. In addition,
feedback control,[175,176] reinforcement learning,[142] etc. also
were used in the control strategy. However, unlike traditional
rigid robots, soft robots have more degrees of freedom and soft
robots with different structures have different forms of nonline-
arity. Most of the existing control theories are not applicable to
DEA-based soft robots. Hence, more efforts are still needed in
the control theory of soft robots.

4.4. Reliability

Reliable actuation without undergoing failure, such as electrome-
chanical instability or dielectric breakdown, is necessary for the
commercial application of DEA-driven soft robots. First, the
materials used in DEAs must have stable performance. Due
to the existence of viscoelasticity, VHB will exhibit viscoelastic
relaxation under the action of prestretch, and the contraction
force in the membrane will decrease after complete relaxation.
Silicone rubber is a good choice due to its more reliable perfor-
mance. However, its smaller voltage-induced strain is a factor
that has to be considered when using this material to make
DEAs. In contrast, compliant electrodes are also very important
factors. The most commonly used carbon grease has a short life-
time and will dry for a long time.[177] It is also difficult to integrate
DEAs using carbon grease with other structures due to its good
fluidity. Alternatively, carbon black and CNTs are often directly
used in multilayer stacked DEAs. They can also be mixed into
silicone matrix and pad printed on the surface of DE membrane
for curing.[107] In addition, Araromi et al.[39] proposed a new

approach for the compliant electrodes with high-resolution pat-
terns and robust adhesion. The PDMS–carbon compliant electro-
des were patterned by laser ablation and boned with PDMS
membrane by oxygen plasma activation. These compliant electro-
des and fabrication methods provide robust adhesion between
the compliant electrodes and the DE membrane, which improve
the stability of DEA.

The lifetime is a key parameter of DEA, and it is necessary to
study fatigue properties, because most DEAs work under cyclic
voltage loading. Some reported lifetimes of DEA are shown in
Table 2. In previous research, Rosset et al.[107] demonstrated a
DEA-driven motor, which has accumulated several tens of
millions of cycles in two years and can still work perfectly.
The rolling robot based on this kind of motor travelled a distance
of 25.8 km (61% of the total marathon distance). Although the
DEA used in the flying robot has a lifetime of over 600 000 cycles,
it still has to be improved.[24] After all, the working frequency
reaches several hundred hertz. In a recent work, it has been
shown that the choice of compliant electrode and the application
method has a significant effect on the high-cycle electromechan-
ical aging of DEA.[172] However, these studies only tested the life-
time of DEAs and did not study the degradation mechanism.
In future work, it is necessary to further study the degradation
mechanism of DEAs to improve stability and durability.

5. Conclusion

In this work, some highlights of research in DEAs are reviewed.
First, the working principle and the typical configuration of
DEAs are described. Then various applications of DEAs are clas-
sified and discussed, including soft grippers, walking/crawling
robots, jumping/flying, swimming robots, humanoid robots,
tunable lens, and tactile displays. In addition, there are also some
potential applications that are not described in detail here, such as
micropumps,[178–180] vibration devices,[181] loudspeakers,[182,183]

cell manipulation in biology,[184–186] dynamic liquid droplet
manipulation,[187] etc. Beyond the application as actuators, DEs
can also be used as energy harvesters and sensors.[36–39,188–190]

From these discussions, we can infer that DEA has great potential
in the application of soft robots, especially with biologically
inspired features. There are still many challenges for DEAs to
be used in the real world, although some efforts have been made
to address them. Future works should focus on these challenges
and truly leverage the advantages of DEAs for soft robots.
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