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Soft underwater swimming robots driven by smart materials show unique advantages in ocean exploration, such as
low noise, high flexibility and good environmental interaction ability. The dielectric elastomer (DE), as a new kind of soft
intelligent material, has the characteristics of a low elastic modulus, large deformation range, high energy density and fast
response speed. DE actuator (DEA) drive systems use the deformation characteristics of dielectric materials to drive the
mechanical system, which has become a research hotspot in the field of soft robots. In this paper, a tubular actuator based
on DEs is designed and its performance is studied. Firstly, the structure and driving process of a DEA are described, and
a tubular DEA is designed. Studying the elongation ratio of the DEA pre-stretching shows that when the axial elongation
ratio is 3 times and the circumferential elongation ratio is 4 times, the maximum deformation effect can be obtained under
voltage excitation. At a voltage of 6.0 kV, a single pipe section DEA achieves a bending angle of 25.9◦ and a driving
force of 73.8 mN. Secondly, the effect of the DEA series on the bending angle and response characteristics is studied. The
experimental results show that the maximum bending angle of the three joint actuators in series can reach 59.3◦ under
6.0 kV voltage, which significantly improves the overall bending performance. In addition, the truncation frequency of
the drive module after the series is increased to 0.62 Hz, showing better frequency response capability. The excellent
performance of the pipe joint actuator in its bending angle, response characteristic and driving force is verified.

Keywords: dielectric elastomer (DE), tubular actuator, series, soft robot
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DOI: 10.1088/1674-1056/add007 CSTR: 32038.14.CPB.add007

1. Introduction

The demand for underwater robots in marine biolog-
ical and ecological investigations, seabed exploration, and
the maintenance and inspection of aquatic equipment has in-
creased. With advancements in science and technology, un-
derwater swimming robots have attracted considerable atten-
tion from researchers.[1,2] At present, most underwater robots
adopt spiral propulsion mechanisms. Highly precise control
and fast swimming speeds can be achieved for rigid robot
fishes driven by motors. However, because the screws ro-
tate underwater, these robots face many challenges, such as
high noise, large structures and inefficiency. Moreover, vari-
ous problems affect the environment, such as interactions with
marine life. Most fish-type robots reproduce the swimming
movements of fish through motors and cranks, which are char-
acterized by high body stiffness. It is difficult to reproduce the
original soft movements of organisms, and the propulsion per-
formance of organisms may not be sufficiently reproduced.[3]

Previous works have attempted to address these issues by in-
troducing soft robots with actuators and structures constructed
based on flexible materials.[4] Bionic fish robots with excel-
lent propulsion speed and agility can also be developed to ad-
dress these issues. Soft robots made of flexible materials have

several advantages, such as silent driving mechanisms, simpli-
fied body structures, high flexibility and high environmental
adaptability.[5,6] In addition, soft robots can be used not only
for underwater inspection and environmental monitoring but
also as an experimental platform for studying the swimming
mechanisms of fish.[7,8]

The dielectric elastomer (DE) actuator (DEA) is a kind
of intelligent soft material with an electrical response func-
tion that is polarized at high voltages. A DEA typically has a
‘sandwich’ structure, consisting of a dielectric film and flexi-
ble electrodes that expand when stimulated by voltage. DEAs
have many advantages, such as lightweight structures, large
driving strain and fast response speeds. Although the exci-
tation voltage usually reaches thousands of volts, the current
is very small, which means that a small commercial battery
module can meet the long-term operation needs of the robot.
In addition, DEAs are suitable as driving materials for under-
water swimming robots because of their low noise, near-water
density and inherent transparency.

Pfeil attached a cylindrical DEA to an internal hold-
ing structure and designed a bionic worm-like crawling robot
based on a DEA.[9] Xing et al. designed a manipulator com-
posed of five DEA modules. Each module is composed of a
spatially closed tubular structure, which has a large deforma-
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tion ability.[10] Almanza et al. proposed a heart transplantation
treatment method based on a DE aorta and developed a cylin-
drical DEA to enhance the circulatory work of the heart by re-
ducing the deformation of the systolic aorta and increasing the
recompressive force of the diastolic aorta.[11] Liu et al. used
a Coralzon metal spring as the compliant electrode of a cylin-
drical DEA. With the axial elongation of the tubular DEA, the
flexible electrode of the metal spring kept conducting electric-
ity without increasing stiffness.[12] Martinez et al. proposed
an improved scheme for enhancing the aorta based on a DEA.
The actuator is a multi-layer tubular DEA acting on the inter-
nal pressure of the blood. When activated in sync with the
heart, the DEA provides energy and limits the load on the left
ventricle.[13] Wang et al. developed a self-sensing mechanism
for a DEA that does not require the use of an external device
to measure displacement.[14]

In this study, a tube joint actuator based on a DE was
successfully designed and manufactured. Based on the con-
stitutive properties of DE materials, a theoretical model under
the mechanoelectric coupling was constructed. The maximum
output torque of the software driver based on the principle of
minimum energy has a strict positive correlation with its bend-
ing angle under static equilibrium. The configuration of the
pipe joint actuator was innovatively proposed. It was verified
that the annular structure can effectively transform into three-
dimensional bending deformation under electric field excita-
tion. At the level of structural design, the regulation law of the
performance of the actuator by a predrawing process is dis-
cussed. The synergistic effects of the axial and circumferential
elongation ratio on the polarization and mechanical properties
of dielectric films were systematically investigated by design-
ing an orthogonal prestretching experimental platform. The
coupling test of the single pipe actuator was carried out to ver-
ify its nonlinear response characteristics. Further, the modular
series design verified the unique advantages of the series struc-
ture in extending the working frequency band.

2. DE driving principle

When a DE is used as an actuator in a soft robot fish, the
actuator acts as a parallel plate capacitor. The two surfaces
of the DE are coated with flexible electrodes. A voltage is ap-
plied between the two electrodes, and the opposite charges dis-
tributed on the surface electrodes on the two sides attract each
other, resulting in an attractive force, known as the Maxwell
force. The DEA is an actuator developed by Pelrine et al.[15]

Its structure is very simple and consists of flexible electrodes
made of DE materials. The DE driving principle is shown in
Fig. 1.

Elastic electrode

V V

Voltage ON

x

y

z

x

y

z

Dielectric elastomer

Maxwell stress

Fig. 1. DE driving principle.

Under Maxwell stress, the charges attract each other, and
the elastomer compresses vertically and stretches horizontally,
resulting in deformation. Compared with existing piezoelec-
tric actuators and electrostatic actuators, the DEA can deform
more. In addition, elastomer materials and flexible electrodes
can easily be obtained. Moreover, because of its simple struc-
ture, arbitrary structures can be made with DEAs.

DEs are different from ordinary elastomers because the
stress and deformation have a strong nonlinear relationship.
These materials are called superelastic materials, and their
elastic properties are expressed by the strain energy function
W ,

pi j =
∂W
∂ si j

, (1)

where p represents the stress and s represents the strain.
The stress tensor is used to represent the three-

dimensional stress and strain, and this tensor is shown in
Fig. 2.
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Fig. 2. Definition of the stress tensor.

The strain energy function W is a function of the Cauchy–
Green deformation tensor c, which is expressed as a function
of the invariants of strains I1, I2, and I3. The strain energy func-
tion W can be expressed using the Yeoh model as follows:[16]

W = c10(I1 −3)+ c20(I1 −3)2 + c30(I1 −3)3, (2)

where c10, c20, and c30 are experimentally obtained coeffi-
cients. I1 can be expressed using the stretch ratio λi (i = 1,
2, 3)

I1 = λ
2
1 +λ

2
2 +λ

2
3 . (3)
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The stretch ratio λi represents the length after deformation in
the direction of the principal axis divided by the length before
deformation

λ1 = 1+ si, (4)

where si represents the distortion.
When the DE is compressed, the overall volume remains

unchanged, and the relationship among the DE elongation ra-
tios can be expressed as follows:

λ
2
1 λ

2
2 λ

2
3 = 1. (5)

3. Driving principle
The driving process of the DE refers to the process of

mechanical motion resulting from the change in the volume of
the DE under the action of an electric field.[17] When a driving
voltage is applied to the DE, the DE can be regarded as a flexi-
ble variable capacitor. Since the positive and negative charges
attract each other, the electrodes on both sides of the DE base
film create Maxwell stress, which squeezes the DE base film.
Since the DE material has an incompressible volume, the DE
base film becomes thinner after being subjected to Maxwell
stress, resulting in an increase in the area of the DE.[18] When
the voltage is removed, the DE rapidly shrinks because of its
elastic properties and regains its original shape.

When a voltage is applied to the electrodes on both sides
of the DE, the Maxwell stress p must be considered, which is
formulated as follows:[19]

−Apdz = dW, (6)

where A represents the cross-sectional area in the xy plane and
dW represents the work performed within a small interval dz.

The capacitance C can be expressed as follows:

C =
ε0εrA

z
. (7)

The electric energy Ue depends on the charge Q as follows:

Ue =
zQ2

2ε0εrA
, (8)

where ε represents the dielectric constant of the vacuum and
εr represents the dielectric constant of the insulator.

The change in the electric energy dUe is calculated as fol-
lows:

dUe =

(
Q
C

)
dQ+Ue

[(
1
z

)
dz+

(
1
A

)
dA

]
. (9)

If the charge remains unchanged, dQ = 0, and the following
formula is valid:

dUe =Ue

[(
1
z

)
dz−

(
1
A

)
dA

]
. (10)

The following formula holds if the volume of the elastomer
remains constant:

Adz+ zdA = 0, (11)

dW = 2Ue

(
1
z

)
dz =−2Ue

(
1
A

)
dA. (12)

According to Eqs. (6) and (12), we obtain

p =
2Ue

Az
. (13)

Ue can also be expressed as follows:

Ue =
1
2
ε0εrAz

(
V
z

)2

=
1
2
ε0εrAzE2, (14)

where E represents the electric field.
By substituting Eq. (14) into Eq. (13), we obtain

p = ε0εrE2 = ε0εr

(
V
z

)2

. (15)

4. Tubular DEA
4.1. Design of the tubular DEA

Although a good bending angle can be achieved with a
rolling DEA, when multiple layers need to be wound together,
the elastomer area must be large, and it is difficult to maintain
a uniform thickness in the prestretched state. Moreover, the
pattern electrodes must be correctly overlapped when wound.
In a tubular DEA — the smallest rolled DEA structure — only
one winding layer is included. The structure of the tubular
DEA is shown in Fig. 3.

CFRP

Frame
Dielectric elastomer

Electrode

Fig. 3. The structure of the tubular DEA.

The tubular DEA consists of circular frames for wind-
ing the elastomer and a central elastic plate connecting the
two frames; it is made by coating electrodes with carbon pow-
der on a prestressed elastomer and then winding the electrodes
around the circular frame. The CFRP, which is rigid and flex-
ible, is chosen as the central elastic plate to maintain the com-
pressive stress and increase bending in the horizontal direc-
tion.
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4.2. DEA performance with prestretching

Prestretching can improve the performance of the actu-
ator, especially when prestretching the actuator along the x-
and y-axes with different stretch ratios, and larger deforma-
tions can be generated in the direction with smaller elonga-
tion ratios.[20] In this study, the elongation ratios of the DEs
in the x-axis direction were 2:3, 2:4, and 2:5, and the elonga-
tion ratios of the DEs in the y-axis direction were 3:4 and 3:5.
The drive of DEA requires high voltages above 1 kV, so high-
voltage amplifiers are used. The high-voltage amplifier is a
PS500 from Stanford Research Systems. A sinusoidal voltage
with an amplitude of 3–5 kV and a frequency of 0.1 Hz was ap-
plied to the actuator. The initial electrode widths along the x-
and y-axes and the maximum voltage were measured accord-
ing to the image of the moving actuator, and the deformation
was calculated according to the elongation. The relationships
between the voltage applied via the asymmetric prestretching
process and the deformation in each axial direction are shown
in Fig. 4.
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Fig. 4. Relationships between the voltage applied via the asymmetric
prestretching process and the deformation in each axial direction.

For each stretch ratio, the distortion in the x-axis direc-
tion, with a smaller stretch ratio, was always greater than that
in the y-axis direction. The distortion was greatest when the
elongation ratio was 3:5. A similar elongation ratio of 3:4 was
also considered in the asymmetric prestretching process. In
all cases, the deformation was greater in the x-axis direction.
At the same elongation ratio, the result with the greatest dis-
tortion demonstrates the effect of resilience because resilience
hinders the driving process. When making a tubular DEA, to
increase the bending angle, the deformation in the axial direc-
tion should be increased; thus, a 3:4 axial to circumferential
elongation ratio was chosen.

4.3. Rigidity of the elastic plates

When a tubular DEA is constructed, the rigidity of the
CFRP central elastic plate is a very important parameter.
Therefore, the length, width and thickness of the CFRP were
studied.

First, regarding the CFRP thickness, when the thickness
t was 0.1 mm, the rigidity was insufficient, and the compo-
nent was flattened because of the resilience of the material.

When the thickness t was 0.3 mm, the rigidity of the mate-
rial was high, and a sufficient bending angle could not be ob-
tained. Therefore, the thickness of the CFRP was chosen to be
t = 0.2 mm.

When the length l of the CFRP was short, the displace-
ment and deformation of the tubular DEA were small. When
the length l of the CFRP was long, a depression was observed
in the center of the DE film, which affects the prestretching
effect. Therefore, to prevent depressions in the DE material,
various combinations of the length l and width w of the CFRP
were investigated. The bending angle for each CFRP parame-
ter combination at each voltage is shown in Fig. 5.
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Fig. 5. Bending angle for each CFRP parameter combination with in-
creasing voltage.

A sinusoidal voltage with an amplitude of 5.0 kV, 5.5 kV,
or 6.0 kV, a frequency of 0.1 Hz and a phase difference of 180◦

were applied to the tubular DEA, and the bending angle of the
actuator was measured.

A comparison of the results of actuators 9×30 and 9×35
reveals that the maximum bending angle was achieved with a
CFRP with a length of 30 mm. In terms of the CFRP width,
when the CFRP width was 10 mm, the maximum bending an-
gle of the actuator was reached, and when the CFRP width
was 9 mm or 11 mm, the bending angle of the actuator was
reduced. Owing to the slight distortion of the DE due to the
prestretching process, the left and right sides of the tubular
actuator were not perfectly symmetrical. When the rigidity
of the CFRP was low, the initial bending angle of the actu-
ator was high owing to distortion effects. In contrast, when
the CFRP stiffness was large, it was difficult to distort and de-
form the DE, reducing the initial bending angle of the actuator.
Therefore, to reduce the initial bending angle of the actuator
and improve the bending performance, the width of the CFRP
was selected as 10 mm.

4.4. Circular frame

As the support structure of the tubular DEA, the size and
shape of the circular frame also have an influence on the per-
formance of the actuator. From the perspective of biological
imitation, the diameter of the circular frame is 30 mm, which
is equal to the diameter of the ordinary electric eel; the thick-
ness of the circular frame is 3 mm, which is sufficiently thick
to attach the medium-size elastomer material. Figure 6 shows
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the CFRP parameters of the final DEA and circular frame. The
size of the DEA is shown in Table 1. The final tubular DEA is
shown in Fig. 7.

Table 1. Size of the pipe section of the DEA. l represents the length of
the CFRP; w represents the width of the CFRP; t represents the thick-
ness of the CFRP; d represents the diameter of the circular frame, and s
represents the thickness of the circular frame.

Axial Tangential l w t d s
prestretch prestretch (mm) (mm) (mm) (mm) (mm)

Extension Extension
30 10 0.2 30 3

ratio four ratio three

w

d

s

CFRP Frame

t

l

Fig. 6. Schematic diagram of the pipe section of the actuator.

Fig. 7. The tubular DEA.

4.5. Performance evaluation of the tubular DEA

To study the driving characteristics of the tubular DEA,
the bending angle, response characteristics, generating force
and other aspects were experimentally investigated.

4.5.1. Measurement of the bending angle

To study the output of the tubular DEA, the relationship
between the applied voltage and the bending angle of the tubu-
lar DEA was studied. A sinusoidal voltage with an amplitude
of 1.0–6.0 kV, a frequency of 0.05 Hz and a phase difference
of 180◦ was applied to the tubular DEA, and the bending angle
of the actuator was measured. The maximum bending angle of
the tubular DEA with increasing applied voltage is shown in
Fig. 8.
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Fig. 8. Maximum bending angle of the tubular DEA with increasing ap-
plied voltage.
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Fig. 9. The change in the bending angle of the tubular DEA over time at
an applied voltage of 6.0 kV.

The relationship between the bending angle of the tubular
DEA and the applied voltage is not linear and instead follows
a parabolic trend. If the DE is not considered overloaded, the
bending angle is expected to increase sharply with increasing
applied voltage. When the voltage is 6.0 kV, the bending angle
of the tubular DEA is 25.9◦. The change in the bending angle
of the tubular DEA over time at an applied voltage of 6.0 kV
is shown in Fig. 9.

The tubular DEA bends asymmetrically from left to right,
and the initial bending angle is approximately −5◦. This may
be due to manufacturing error, resulting in the initial bending
angle of the actuator not being 0◦.

4.5.2. Response characteristics

To study the response characteristics of the tubular DEA
to the frequency of the voltage, a sinusoidal voltage with an
amplitude of 6.0 kV and a phase difference of 180◦ was ap-
plied to the tubular DEA, and the bending angle of the actuator
was measured. The frequencies of the sinusoidal voltage were
0.05 Hz, 0.1 Hz, 0.3 Hz, 0.5 Hz, 1.0 Hz, 2.0 Hz, 3.0 Hz, 4.0 Hz
and 5.0 Hz. Figure 10 shows the bending angle of the actuator
at each frequency. The gain at each frequency was calculated
using the bending angle at 0.05 Hz as a reference. The gain
characteristics of the tubular DEA are shown in Fig. 11.

The truncation frequency of the gain of −3 dB is approx-
imately 0.43 Hz, which indicates that the pipe DEA has good
response performance at low frequency. Therefore, the gain
of the tubular DEA decreases with increasing frequency. Ow-
ing to the attenuation of the CFRP and the viscoelasticity of
the elastomer material, the tubular DEA is impacted more by
viscoelasticity than other types of actuators.
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Fig. 10. Relation between the bending angle of the tubular DEA and the
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Fig. 11. Gain characteristics of the tubular DEA.

4.5.3. Driving force

Next, the driving force of the tubular DEA was measured.
One end of the frame was fixed, the force measuring element
was placed at the other end of the frame, and a voltage was
applied to one of the electrodes. A sinusoidal voltage with an
amplitude of 6.0 kV and a frequency of 0.1 Hz was then ap-
plied. A schematic diagram of the driving force measurement
process is shown in Fig. 12.

z

y

Fixed
Force

Load cell (Fixed)

x

Fig. 12. Schematic diagram of the driving force measurement process.

The driving force of the tubular DEA was 73.8 mN. When
the underwater robot is actually driven, this driving force is
the force applied to the fluid by the robot. If the driving force
is small, the robot cannot be driven to swim because of fluid
resistance. Therefore, the driving force is used to propel the
underwater vehicle forward.

5. Tubular driving module
The design, production and performance of the tubular

driving module were studied using the tubular DEA produced

in the previous section.

5.1. Design of the connection mechanism

The tubular DEA described in the previous section has
good bending performance, but the performance is reduced at
high frequencies. Therefore, we compensate for this reduced
performance by combining multiple tubular DEAs in series
in the driving module. In addition, considering the environ-
ment of the underwater robot, the driving modules are con-
trolled separately. In particular, the fish robot can imitate spe-
cial movements, such as generating traveling waves and sharp
turning movements, via a dislocation driving module.

First, in the tubular DEA, the sides of the circular frame
are covered with the DE material; thus, the driving module can
be installed only on the top or bottom of the circular frame.
When used as an underwater robot, weight affects the propul-
sion effect, so lightweight materials are needed. In addition,
the elastomer materials can be damaged if an overly large volt-
age is applied. In the driving module, the best approach is to
replace only the damaged parts. Therefore, a tandem mech-
anism is created by mounting a removable male and female
structure on the circular frame. The structure of the concate-
nated tubular driving module is shown in Fig. 13.
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Fig. 13. The structure of the serial tubular driving module.

5.2. Evaluation of the performance of the tubular driving
module

The end frame is fixed in the horizontal bending state, and
the inclination of the frame is calculated according to the x
and y coordinates of each section. The bending angle is calcu-
lated according to the relative angle. The series tubular driving
module is shown in Fig. 14.

Fig. 14. Series tubular driving module.
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5.2.1. Measurement of the bending angle

A sinusoidal voltage with an amplitude of 1.0–6.0 kV, a
frequency of 0.05 Hz and a phase difference of 180◦ is ap-
plied to the tubular driving module, and the bending angle of
the module is measured. Figure 15 shows the bending angle
of the series tubular driving module with increasing applied
voltage.
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Fig. 15. The bending angle of the series tubular driving module with
increasing applied voltage.

The relationship between the applied voltage and the
bending angle is similar to that of the single tubular DEA, fol-
lowing a parabolic trend. With increasing voltage, the bending
angle increases sharply. When the loading voltage is 6.0 kV,
the maximum bending angle of the tubular driving module is
59.3◦. The average bending angle of a single module is 19.8◦,
which is 76% of the bending angle of a single tubular DEA.

Then, the bending angle of each tubular driving module
over time was measured at an applied voltage of 6 kV. The
bending angle of each driving module changes over time, as
shown in Fig. 16.
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Fig. 16. Change in the bending angle of each driving module over time.

The bending angle of the third driving module is smaller,
with a value of only 13.5◦. If the third driving module is re-
moved, the average bending angle of the remaining two driv-
ing modules is 22.9◦, which is 88% of the bending angle of the
single tubular DEA. The reason for the approximately 10% re-
duction is that the driving module is not strictly static and is
actually subjected to inertial forces because the driving voltage
frequency is 0.05 Hz.

5.2.2. Response characteristics

To study the response characteristics of the driving mod-
ule to frequency, a sinusoidal voltage with an amplitude of
6.0 kV and a phase difference of 180◦ was applied to the tubu-
lar driving module, and the bending angle was measured. The
frequencies of the sinusoidal voltage were 0.05 Hz, 0.3 Hz,
0.5 Hz, 1.0 Hz, 2.0 Hz, 3.0 Hz, 4.0 Hz and 5.0 Hz. The rela-
tionship between the bending angle of the driving module and
the driving frequency is shown in Fig. 17.

In addition, the gain at each frequency was calculated on
the basis of the bending angle relative to that at a frequency
of 0.05 Hz. The gain characteristics of the driving module are
shown in Fig. 18.

Frequency (Hz) 

B
e
n
d
in

g
 a

n
g
le

 (
Ο
) 70

60
50
40
30
20
10
0
10-2 10-1 100 101

Fig. 17. Relationship between the bending angle of the driving module
and the driving frequency.
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Fig. 18. Gain characteristics of the driving module.

The truncation frequency at a gain of −3 dB is approxi-
mately 0.62 Hz, which is 0.19 Hz higher than that of the sin-
gle tubular DEA. Although the response is slightly better than
that of the single tubular DEA, the change trend is basically
the same. Therefore, as long as the problems associated with
the initial bending angle of the tubular DEA can be overcome,
the bending angle can be increased by using tubular DEAs in
series to drive the motion of underwater robots.

6. Conclusion
In this study, a tubular actuator based on a DE has been

successfully designed and manufactured, and its performance
has been explored. Through detailed structural design and ex-
perimental verification, we draw the following main conclu-
sions.

(i) Actuator design and performance optimization The
tubular dielectric-elastomer actuator designed in this study
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shows good bending deformation ability. By optimizing the
elongation ratio of prestretching, the actuator can obtain the
maximum deformation effect under voltage excitation when
the axial elongation ratio is 3 times and the circumferential
elongation ratio is 4 times. At a voltage of 6.0 kV, a single
pipe section DEA achieves a bending angle of 25.9◦, showing
excellent performance.

(ii) Drive module in series to enhance performance To
further improve the performance of the actuator, we designed
a tubular drive module, and through a series of multiple mod-
ules accounted for the problem of performance decline at high
frequency. The experimental results show that the maximum
bending angle of the three tandem tube actuators reaches 59.3◦

under 6.0 kV, which is significantly higher than that of a sin-
gle actuator. This shows that the series strategy effectively
improves the overall bending performance of the actuator.

(iii) Response characteristics and driving force anal-
ysis In terms of response characteristics, the truncation fre-
quency of a single tube type DEA is 0.43 Hz, while the trunca-
tion frequency of the drive module after the series is increased
to 0.62 Hz, showing better frequency response capability. In
addition, the driving force generated by the tubular DEA at
6.0 kV reached 73.8 mN, which was enough to be used as
the driving force of the underwater robot to push the fluid to
achieve effective swimming.

In summary, the DE tubular actuator and its drive module
designed in this study have excellent performance in terms of
bending angle, response characteristics and driving force, and
have broad application prospects. In the future, we will further
optimize the structure and materials of the actuator, explore
its practical application in soft robots, underwater exploration
and other fields, and contribute to the development of smart
material drive technology.
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