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a b s t r a c t

Locomotion is an important ability of animals and bioinspired mobile robots. It is, however, challenging
for current soft mobile robots to achieve multimodal locomotion within a simple structure. Inspired
by caterpillars, we combine a two-degree-of-freedom (2-DOF) dielectric elastomer actuator (DEA) and
two flexible electroadhesives (EAs) to form the multimodal soft robot. The 2-DOF DEA was regarded as
the deformable body that can elongate, contract, and bend. The EAs, fabricated by a cost-effective cut-
transfer method, acted as two feet that can provide required and sufficient frictions whilst moving on
different surfaces. Both the DEA and EA were experimentally characterized. As a result, we developed
a caterpillar inspired soft robot capable of multimodal turning, crawling, and climbing. The robot was
able to crawl at a speed of 2.38 mm/s, achieve two turning modes, climb at a speed of 2.30 mm/s,
and can still function after 10000 operation cycles. The robot was further demonstrated to carry a
micro camera for inspection tasks in a narrow tunnel, and it may be possible to deploy the robot on
satellites for detection uses. This study provides a new insight for the design of bioinspired soft robots
with multimodal locomotion capabilities.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Locomotion is essential for the survival of natural creatures
such as caterpillars and inchworms) so that they can crawl on
hallenging natural surfaces (such as branches and leaves) to find
ood and avoid enemies. Designing robots with such locomotion
apabilities has always been a key challenge. Traditional robots
an imitate the locomotion of natural creatures, but their struc-
ures and driving modes are relatively complex. Their flexibility
nd adaptability are also limited because most of them are made
f rigid materials. Recently, soft robots, like natural creatures,
ade of all-soft or soft-rigid materials, have been extensively
tudied and exploited due to their excellent abilities, including
nherent flexibility, agility, large and continuum deformation,
nd infinite degrees of freedom [1–5]. This makes them more
romising to replicate these appealing locomotion capabilities.
Various kinds of soft robots with different actuation technolo-

ies and locomotion mechanisms have been developed.
neumatic actuation has been the most common driving tech-
ology [6,7]. Other stimuli response smart materials have also
een employed to develop soft robots, such as shape memory
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alloys (SMA) [8,9], shape memory polymers (SMP) [10,11], di-
electric elastomers (DEs) [12,13], ionic polymer metal composites
(IPMC) [14], liquid crystalline elastomers (LCE) [15,16], hydro-
gels [17,18], etc. Thanks to their inherent soft, large deformation,
fast response, and high energy density, dielectric elastomer ac-
tuators (DEAs) are promising actuators for soft robots and have
been employed in many kinds of soft mobile robots [19–29]. Most
of the existing studies generally focused on imitating the forward
motion of natural creatures, as shown in Table 1.

For the insect-sized soft robot with three legs, it can move
forward and turn by controlling the motion of different legs [30].
Inspired by inchworms, another insect-scale soft robot has been
developed [31]. When the voltage is applied to different actuation
regions, the robot can bend/expand or twist its body so that it
can run or turn. However, the two insect-scale soft robots can
only achieve forward and turning locomotion because their feet
can only provide anisotropic friction. Electroadhesive (EA) can
adhere to the surface of various objects by applying voltage. This
ability can provide friction in any direction as needed. Using EAs
as the feet, the mobile robots move in different directions, but
only in the plane [27–29]. Inspired by inchworms, an untethered
soft robot that can achieve autonomous reciprocated locomotion
was developed [4]. The tethered version can turn by applying a

voltage to different electrode areas of DEA. Nevertheless, it cannot
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http://www.elsevier.com/locate/eml
http://www.elsevier.com/locate/eml
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eml.2022.101720&domain=pdf
mailto:liulw@hit.edu.cn
mailto:lengjs@hit.edu.cn
https://doi.org/10.1016/j.eml.2022.101720


Y. Guo, J. Guo, L. Liu et al. Extreme Mechanics Letters 53 (2022) 101720

a
a
f
s
c
t
D
t
m
g
a
a
t

2

2

m
T
h
s
o
i
t
f
t

Fig. 1. Caterpillar inspired soft robot. (a) Multimodal locomotion of caterpillars. (b) Prototype of the soft robot. (c) Bioinspired multimodal locomotion of the soft
robot. In the reference state, no voltage is applied to the soft robot. In the elongation state, voltage is applied to both sides of the DEA and the lower side EA of the
soft robot. In the turning state, voltage is applied to the right side of the DEA and the lower side EA of the soft robot. In the climbing state, voltage is applied to
the lower or upper side EA.
climb the wall like an inchworm. Similarly, a soft robot that can
climb various walls has also been developed [32]. However, it
has to assemble two robots in parallel to be able to turn, which
increased the complexity of the structure and control strategy.

To achieve multimodal locomotion like a caterpillar within
simple structure, we developed a soft robot that consists of
two-degrees-of-freedom (2-DOF) DEA as the body and two

lexible EAs as the feet, as shown in Fig. 1(b). Based on the
implified locomotion mechanism of caterpillars, the soft robot
rawls or turns through the elongation/contraction or bending of
he deformable body while the feet provide stable friction. Both
EA and EA were characterized experimentally. We demonstrate
hat the soft robot could crawl on a plane (2.38 mm/s at 0.8 Hz;
ovie S1), achieve two turning modes (movie S2), and climb the
lass wall (movie S4). Finally, we demonstrate some potential
pplications, such as carrying a micro camera through the tunnel
nd crawling on the heat insulation multilayer components on
he surface of the satellite (movie S5).

. Materials and methods

.1. Design of the soft robot

Fig. 2 shows the design of the soft robot. The soft robot is
ainly composed of a DEA (robot body) and two EAs (robot feet).
he body and feet are connected by two 3D printed actuator
olders, as shown in Fig. 2(a). The DEA consists of compressed
pring, stretched DE membrane, and end caps. It has 2-degrees-
f-freedom (axial elongation/contraction and bidirectional bend-
ng), which allows the soft robot to move forward/backward and
urn (Fig. 1(c)). EAs were used as the feet to generate stable
riction. It consists of a dielectric layer (polyimide, PI), an elec-
rode layer (copper), and an isolation layer (polydimethylsiloxane,
2

Table 1
Comparison of soft robots driven by dielectric elastomer actuators.
Robot type Reciprocated

crawling
Turning Climbing Reference

Inchworm

No No No [19]
No No No [24]
No No No [25]
No Yes No [31]
Yes Yes No [4]
Yes Yes Yes [32]

Annelid No No No [26]

Legged Yes No No [21]
No Yes No [30]

Caterpillar No No No [20]
Yes Yes Yes This work

PDMS). The ability of EA to adhere to the surface of various
objects allows the soft robot to climb the wall (Fig. 1(c)).

Fig. 2(b) shows the control system of the soft robot. Each actu-
ation part was powered by an independent high-voltage amplifier
(EMCO A60P-5, XP Power). In order to discharge the actuator
safely, a resistor of 100 M� was connected in parallel with the
actuator. To control the on–off of the power supply for each
high-voltage amplifier, 4 MOSFETs were employed and controlled
by a microcontroller (Arduino UNO). Fig. 2(c) shows the control
strategy and Fig. 2(d) shows the crawling mechanism of the soft
robot. First, a voltage was applied to the hind foot, and the
adhesion force was generated to anchor the soft robot to the
ground. Then the voltage was applied to both sides of the DEA,
and the DEA was elongated to make the front foot move forward.
Finally, the front foot of the soft robot was anchored to the ground
by applying voltage. After the voltage applied to the hind foot

and DEA was removed, the DEA contracts and pulls the hind foot
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Fig. 2. Design of the soft robot. (a) The soft robot consists of a DEA (left) and two EAs (right). (b) Schematic diagram of the control system of the soft robot. (c)
chematic diagram of the control strategy of the soft robot. (d) Schematic diagram of the crawling mechanism, where red electrodes denote the application of a
igh voltage and black electrodes denote the ground.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
f this article.)
orward. In this way, the soft robot completes a forward cycle
nd moves ∆L. If the sequence of applying voltages to the front

and hind feet is opposite, the soft robot will move backward.
When the voltage applied to the electrodes on both sides of DEA
is different, DEA will bend and make the soft robot turn.

2.2. Materials and fabrication

The fabrication process of DEA is illustrated in Fig. 3(a) and
ould be described as follows. Step 1: The dielectric elastomer
embrane (VHB 4910, 3M Company) was pre-stretched biaxially
y 3 × 3 and attached to an acrylic frame. Step 2: Carbon
rease (846-80G, MG Chemicals) as the compliant electrode was
atterned in rectangular shape with a gap of about 2∼3 mm on

the one side of the pre-stretched membrane, and copper wire was
connected to each electrode for applying high voltage. Step 3: The
spring (0.7 mm (wire diameter) × 14 mm (outer diameter) ×

180 mm (free length)) was pre-compressed to 70 mm and fixed
with end caps at both ends. Step 4: The pre-compressed spring
and end caps were rolled over the dielectric elastomer membrane
to let the membrane wrap around the spring. There are six layers
of effective actuation here. Step 5: To prevent the membrane from
slipping off the end caps, heat shrinkable tubes were sleeved at
the end caps at both ends.

In this work, a novel low-cost fabrication method was pro-
posed to produce the EA, as shown in Fig. 3(b). The fabrication
process can be described as follows. Step 1: The EA was designed
in the shape of a comb with an effective area of 52.5 mm ×

35 mm. The width of the electrodes is 3 mm and the spacing
is 1 mm. Step2: The adhesive copper tape with a thickness of
55 µm was attached to a cutting mat. Then, the copper tape was
cut by a cutting machine (Silhouette cameo 4, Silhouette America,
Inc.) based on the designed geometry. Step 3 and 4: After the
redundant copper tape was removed, the EA left behind was
3

transferred to the 30 µm thick polyimide (PI) film with transfer
paper. The use of transfer paper ensures that the shape of the
EA does not change during the transfer process. Copper wires
were connected to the electrodes for applying high voltage. Step
5: The polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning)
was used as the dielectric material to prevent EA breakdown in
the air. It was mixed in a weight ratio of 1:10 and scraped on
the EA surface. Then, it was cured at 60 ◦C for 2 h. Finally, the
effective EA was cut out for testing.

For the soft robot, a connecting structure is also needed to
connect the body and feet. The structure was made easily by 3D
printing based on the designed model. Then, we can assemble
the various parts of the soft robot, as shown in Fig. 3(c). The
DEAs were fixed by connecting structures, and then VHB 4910
was used to bond the connecting structures and EAs together.
This ‘‘modular’’ approach also makes the replacement of damaged
parts of the soft robot more convenient.

2.3. Characterization method

Both the deformation and output force of DEA were charac-
terized. When testing the bending angle as a function of voltage,
one end of DEA was fixed by the actuator holder and the other
end is free, as shown in Fig. 4(a). A high-voltage amplifier (EMCO
Q80-5, XP Power) was used to drive DEA. The measurement steps
can be described as follows. Step 1: Initially, a step voltage was
applied to one side of the DEA. Step 2: After 4 s, the voltage
was removed and the next test was carried out after DEA returns
to the initial state. The whole process was recorded by video to
obtain the bending angle. The test voltage ranges from 4 kV to
6.5 kV with a step value of 0.5 kV, and each voltage was repeated
three times to obtain the average value. The same approach was
used to test the axial displacement, but the differences were that
the voltage was applied to both sides of DEA at the same time,
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Fig. 3. Fabrication of the soft robot. (a) Schematic diagram of the 2-DOF DEA fabrication. (b) Schematic diagram of the EA fabrication. (c) Assembly of the soft robot.
and the displacement was recorded by laser displacement sensor
(HG-C1050, Panasonic).

When testing the blocking force with the change of bending
ngle, one end of the DEA was fixed on the actuator holder and
he load cell (LDCAL-SD) was fixed vertically at the other end. A
ata acquisition equipment (USB 6002, NI) was used to record
ata. At the beginning, a step voltage was applied to one side
f DEA, and the voltage was removed after holding for 4 s. The
aximum force generated was used as the lateral blocking force.
he test was carried out every 10◦ until the lateral blocking force
as less than 0. For the axial blocking force of DEA with the
hange of axial displacement, one end of DEA was fixed on the
latform, and the other end was connected with the load cell. The
easurement obeys the following steps. Step 1: At the beginning,
step voltage was applied to both sides of the DEA. Step 2: After
s, the load cell fixed on the linear rail moved 1 mm at a constant
peed of 0.25 mm/s, then stops for 4 s. Step 3: This process was
epeated until the axial blocking force was less than 0. Each load
ondition was repeated three times to obtain the average value.
The electroadhesion forces in two directions were tested. As

hown in Fig. 4(b), the EA placed on the glass substrate was con-
ected to the load cell. The measurement steps can be described
s follows. Step 1: At the beginning, the load cell was pulled by
he linear rail to move 5 mm at a constant speed of 0.1 mm/s
o test the initial static friction of the EA. Step 2: After stopping,
step voltage was applied to EA, hold for 5 s, and then move
mm at the same speed of 0.1 mm/s. The maximum force in

his process minus the initial static friction force was set as the
hear adhesive force of EA. All the tests were conducted at room
emperature of 24.3 ± 0.1 ◦C and humidity of 49 ± 2%. The test
oltage ranges from 2 kV to 3.5 kV with a step value of 0.5 kV.
he tests were repeated three times for each voltage to obtain the
verage value and each test was separated by 5 min to allow the
A to be fully discharged.

. Results and discussions

.1. Actuation performance of the DEA and EA

First, we characterized the effect of the applied voltage on
he performance of 2-DOF DEA. In the absence of voltage, DEA
4

Fig. 4. Characterization platforms for the soft robot. (a) Schematic diagram of
displacement, bending angle, and force test of the DEA. (b) Schematic diagram
of shear adhesive force test of the EA.

is straight and has an initial length. When a voltage is applied to
one side of the DEA, that side will elongate and the other side
will remain unchanged, causing the DEA to bend to the opposite
side and vice versa. If both sides of the DEA are powered on
simultaneously, the DEA will elongate along the axial direction.
When the voltage is removed, DEA returns to its initial state. Such
deformations enable the soft robot to crawl and turn. As shown
in Fig. 5(a), with the increase of voltage, the axial displacement
and bending angle increase gradually. When the voltage is 6.5
kV, the axial displacement and bending are 16.5 mm and 108◦

respectively. It is also noted that the bending angles on both sides
are slightly different, which should be caused by manual errors.

When the soft robot crawls, it needs to overcome the friction
between its feet and the substrate to elongate and contract its
body. In addition, it also needs to overcome gravity when climb-
ing the wall. The output force of DEA has a crucial influence
on crawling. Fig. 5(b) and (c) show the variation of axial force
with axial displacement and lateral force with bending angle at
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Fig. 5. Performance of the DEA. (a) The axial displacement and bending angle of the DEA under different voltages. (b) The axial force under different axial
displacements. (c) The lateral force under different bending angles.
Fig. 6. The shear adhesive force in x and y directions under different voltages.

.5 kV respectively. With the increase of the deformation (axial
isplacement or bending angle) of the DEA, the blocking force
axial force or lateral force) of the DEA decreases monotonically.
he restoring force shows the opposite trend.
When the voltage is applied to the EA placed on the dielectric

ubstrate, the charges accumulated on the electrode and the
harges generated on the substrate due to dielectric polarization
ttract each other, resulting in electrostatic forces. This provides
he necessary friction for the locomotion of the soft robot. Fig. 6
hows the change of shear adhesive force of EA with voltage. With
he increase of voltage, the shear adhesive force of EA increases
radually, and the difference between the two directions is also
ncreasing. When the voltage is 3.5 kV, the shear adhesive force
n x-direction reaches 3.9 N. Meanwhile, it should be pointed
ut that the shear adhesive force in y-direction has exceeded the
ange of the load cell, so this is not an accurate value.

.2. Crawling results

Fig. 7 shows the crawling results of the soft robot. Fig. 7(a)
hows the process of the soft robot moving forward at a frequency
f 0.8 Hz. The actual voltage of each driving part when the
oft robot moves forward at a frequency of 0.2 Hz is shown in
ig. 7(b). The capacitances of DEA and EA are 32.7 pF and 6.8
F, respectively. Therefore, the electrical energy can be estimated
5

by U = C × V 2/2 based on the measured capacitances and
voltages. The total electrical energy consumption for each cycle
of the soft robot is 1.02 mJ. It also shows the control strategy
in detail. When the voltage applied to EA was removed, the
electrostatic force decreases rapidly. In order to achieve more
stable crawling, especially to prevent falling off when climbing
the wall, the voltages applied to the front and hind feet overlap
for one-fifth of half a cycle.

The crawling speed of the soft robot at different frequencies is
shown in Fig. 7(c). At 0.8 Hz, its crawling speed reaches the maxi-
mum value of 2.38 mm/s, corresponding to 0.022 body length per
second (BL/s), but this is not the maximum crawling speed it can
achieve. In order to ensure the safety of DEA and high voltage
amplifier, the voltage was limited to 5.5 kV. DEA has better
performance at higher voltage, as shown in Fig. 5(a). In addition,
the control system also limits the soft robot to work at higher
frequencies. As shown in Fig. 8(b), the change of applied voltage
at 0.8 Hz. Due to the shortening of the time of each cycle, the
discharge is not sufficient, thus the DEA cannot fully recover. The
existence of residual charge makes the electrostatic force further
hinder the deformation of DEA. Therefore, the deformation of DEA
in each cycle is reduced.

Lifetime is a key parameter of soft robots. In the crawling
experiment, the lifetime of the soft robot was tested. The soft
robot crawled continuously for more than 2 h in one test. It
remained functional after more than 10000 operation cycles.

3.3. Turning results

Natural creatures such as caterpillars and inchworms can turn
by bending their bodies, which is a key ability for survival. Cur-
rently, few soft robots based on DEAs have the ability to turn, as
shown in Table 1. The soft robot in this work can achieve two
turning modes due to the 2-DOF characteristics of DEA, as shown
in Fig. 8. As described in Section 2.1, each actuation part of the
soft robot was driven by an independent high voltage amplifier,
so the voltage can be adjusted independently. When different
voltages are applied to the electrodes on both sides of the DEA
(Fig. 8(b)), due to the different elongation on both sides, the DEA
will bend while elongating, so that it can turn when crawling
forward (see Fig. 8(a) and movie S2). In addition, the ability to
adjust the voltage independently has another advantage. Due to
the manual error, the elongation on both sides of some DEA is
different under the same voltage. Therefore, the influence caused
by this part can be eliminated by adjusting the voltage, so that the
soft robot can crawl in a straight line. Fig. 8(c) shows the turning
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Fig. 7. Crawling results of the soft robot (See movie S1). (a) Crawling process of the soft robot at 0.8 Hz. (b) The actual voltage applied to the robot in the forward
crawling experiment. (c) The movement speed of the robot at different frequencies.

Fig. 8. Turning results of the soft robot (See movie S2). (a) Turn mode 1. (b) The actual voltage applied to the robot in the turning experiment. (c) The turning
speed at different frequencies. (d) Turn mode 2.

6
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m

Fig. 9. The caterpillar inspired looking-around locomotion (See movie S3). (a) A caterpillar on the leaf looks around. (b) The soft robot looks forward through the
icro camera. (c) The soft robot looks to the right by bending its body. (d) The soft robot looks to the left by bending its body.
Fig. 10. Climbing a glass wall (See movie S4). (a) Side view of the glass wall climbing. (b) Front view of the glass wall climbing at 0.8 Hz.
speed of the soft robot at different frequencies and the maximum
turning speed is 1.1◦/s at 0.8 Hz.

Fig. 8(d) shows another turning mode, which will have more
advantages in the narrow space. When the hind foot anchored
to the ground by applying voltage, only one side of the DEA
is electrified to make the DEA bend at a large angle. Then, the
front foot anchored to the ground by applying voltage, and the
voltages applied to the hind foot and the body were removed
to make the body straight again, completing a turning process.
Since the lateral force of DEA is relatively small (Fig. 5(b)) and the
electrostatic force of EA needs a long time to be eliminated, it is
difficult for the soft robot to return to the straight state after the
voltages were removed. Therefore, it is possible to apply voltage
to the other side of the DEA while removing the voltages applied
to the hind foot and one side of the body to make the body of the
soft robot straighten quickly or bend in the opposite direction. By
repeating the above control strategy, the soft robot can turn in a
small space (see movie S2).

In addition, this way of bending the body also allows the soft
robot to imitate the looking-around locomotion of caterpillars
(see movie S3). As shown in Fig. 9, a micro camera (HBV - 1319,
Huiber Vision Technology Co. LTD.) was fixed on the robot to act
as its eye. When the hind foot anchored to the ground, the soft
7

robot can inspect the surroundings by bending the body (Fig. 9(c)
and (d)), just like a caterpillar looking around (Fig. 9(a)).

3.4. Climbing results

Wall climbing has always been a challenge for soft robots,
although it is common for natural creatures. In this work, the soft
robot has the ability to climb the wall because EAs are employed
as the feet. The climbing mechanism is the same as that in-plane
crawling. The total mass of the soft robot is about 12 g. For stable
climbing, the voltage applied to the feet was increased from 2
kV to 2.5 kV to avoid sliding. Fig. 10 shows the climbing result of
the soft robot. For the soft robot, the maximum speed of climbing
the glass wall is almost the same as that of crawling in the plane,
reaching 2.3 mm/s (0.021 BL/s).

Table 2 shows the performance comparison of soft robots
driven by dielectric elastomer actuators. The symbol of/ in the
table indicates that the soft robot did not have this locomotion
mode, and N/A indicates that no specific value was reported.
Although our soft robot has almost no advantage in crawling
speed compared with other soft robots, it can achieve turning
and climbing locomotion modes, which cannot be realized by
many other soft robots. In addition, our soft robot also has a more
compact structure compared with the soft robot in literature [32].
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Fig. 11. Applications of the soft robot (See movie S5). (a) Schematic illustration of the inspection function in a confined horizontal tunnel. (b) Front view and video
ecording process of the soft robot. (c) Schematic illustration of the soft robot on a satellite and front view of the robot crawling on a heat insulation multilayer
omponent.
Table 2
Comparison of locomotion speed of soft robots driven by dielectric elastomer actuators.
Robot type Crawling speed (BL/s) Turning speed (◦/s) Climbing speed (BL/s) Reference

Inchworm

1.03 / / [24]
0.022 / / [25]
2.75 N/A / [31]
0.02 N/A / [4]
1.04 62.79 (two DEA units were used) 0.75 [32]

Annelid 0.031 / / [26]

Legged 0.2 / / [21]
0.3 30 (three DEA units were used) / [30]

Caterpillar 0.022 1.1 (only one DEA was used) 0.021 This work
3.5. Applications of the soft robot

Here, we demonstrate some potential applications of this soft
obot. As shown in Fig. 11(a), a micro camera was fixed on the
obot, so that it can record the video while crawling. When
rossing the confined horizontal tunnel (length, 140 mm; width,
15 mm; height, 85 mm), the image and letters ‘‘HIT CSMS’’ on
8

the top wall of the tunnel were recorded (Fig. 11(b) and movie
S5).

In addition, the soft robot also has the potential for exploration
and inspection. EA can adhere to the surface of many materials
when voltage is applied. Heat insulation multilayer components
are commonly used in spacecraft, such as satellites and space
stations to keep the temperature within a certain range. Fig. 11(c)
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emonstrated the crawling capabilities of the soft robot on the
eat insulation multilayer components (see movie S5).

. Conclusions

In summary, we have developed a caterpillar inspired soft
obot with a 2-DOF DEA as the deformable body and 2 flexible
As as the feet. The DEA can be used to elongate 16.5 mm along
he axial direction or bend 108◦ to both sides when the voltage
as 6.5 kV. The EA can be used to generate 3.9 N shear adhesive

orce when the voltage was 3.5 kV. The soft robot capable of
ultimodal locomotion, including crawling (2.38 mm/s at 0.8 Hz),

urning (1.1◦/s at 0.8 Hz), and climbing walls (maximum speed
f 2.3 mm/s at 0.8 Hz), has been demonstrated. Over 10000
peration cycles were obtained. In addition, the soft robot carried
micro camera and walked through the horizontal tunnel and can
e used to crawl on the heat insulation multilayer components.
Although the soft robot has achieved a variety of locomotion

odes, there are still many challenges for practical applications.
or example, the soft robot can only crawl in a plane. We will
xplore the possibility of using a 3-DOF DEA as the body of the
oft robot. In this way, the body of the soft robot can bend in
ultiple directions to adapt to the more complex curved surfaces,
nd even crawl from a horizontal plane to a vertical wall. It can
lso lift its head like a natural creature to observe its surround-
ngs. This will greatly expand the application of the soft robot. In
ddition, we will increase the output force of the DEA and EA so
hat the soft robot can carry more loads. Therefore, an untethered
ersion of the soft robot can be achieved.
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