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Soft robots are exceptionally suited to exploring complex environments, including amphibious navigations,
due to their flexible and adaptive characteristics. However, achieving efficient actuation and multimodal
locomotion or transition in amphibious environments for soft robots is challenging. In this paper, we
present a multimodal amphibious robot with radial symmetry configuration and 3 different locomotion
modes (crawling on land and underwater, swimming in water). The robot consists of 3 soft electrohydraulic
flippers, which can be independently or synergistically actuated to rotate or oscillate in both air and water
and generate the propulsion for amphibious locomotion. Theoretical analysis and experimental tests
have verified the remarkable amphibious actuation performance of the soft electrohydraulic flippers with
effective electrode encapsulation process. Optimal actuation frequencies are also obtained for maximizing
the efficiency of the robot’s movements in different mediums. Based on the 3 powerful soft electrohydraulic
flippers with radial symmetry distribution, the robot can smoothly transition from crawling on land to
crawling underwater, and swim up from the bottom to the surface of water, without reconfiguration of the
robot. This work demonstrates the first amphibious soft robot based on electrohydraulic actuators with
multimodal locomotion transition in an amphibious environment and may open up more possibilities for
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the development of multimodal soft robots.

Introduction

The capacity of soft robots to navigate intricate, unstructured
environments has been acknowledged [1-3], largely due to
their compliant bodies and high degree of freedom. From the
minutiae of the human intestine [4-6] to the challenging topog-
raphies of the natural world [7-9], soft robots have demonstrated
considerable potential for exploration. In such applications, it is
inevitable that the robot will encounter situations that change
the environmental medium. For example, when the robots
enter water from land [10-12] or float up to surfaces from water
[13,14], they will exhibit different actuation characteristics in
aquatic and non-aquatic environments, as well as the different
contact conditions with solid surfaces, which can result in
altered or even degraded performance. Therefore, the question
of how to achieve efficient actuation of soft robots in multiple
media is such an interesting and meaningful topic.

At present, a number of different approaches have been
taken to the actuating of soft robots, including the use of pneu-
matics [15,16], shape memory alloys [17,18], magnetic matters
[19,20], and other smart materials, such as light-sensitive
[21,22], heat-sensitive [23-25], and humidity-sensitive [26,27]
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materials. In environments characterized by instability, the use
of smart materials to drive soft robots presents inherent chal-
lenges, as the ambient temperature, humidity, light conditions,
and even media are all uncertain factors that may change over
time, which makes it difficult to control the behavior of smart
materials [28]. In comparison, pneumatic, shape memory alloy,
and magnetic actuations are more robust and facilitate a greater
range of motion modes due to their highly designable struc-
tures. To illustrate, pneumatic actuators are capable of rolling,
crawling, and jumping on land [29,30], as well as swimming
and paddling in water [31,32]. The use of buoyancy enables the
pneumatic actuator to achieve rapid uplift in the water, thereby
facilitating highly maneuverable movement. However, the
buoyancy effect also results in instability in the horizontal posi-
tion of the robot in the water while inflating and deflating,
which is typically an undesired outcome. The use of shape
memory alloys has been employed to adapt the local configura-
tion of soft robots [33] in order to facilitate their ability to deal
with changes in the surrounding environment. However, such
approaches are constrained by the efficiency of energy utiliza-
tion and the frequency of actuation. Magnetic-actuated soft
robots represent an optimal solution for the inspection of
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small-scale environments. They are designed to be sufficiently
compact to achieve crawling [6,34], tumbling [35,36], and other
motions [37,38] in the presence of a magnetic field. Furthermore,
the magnetic field can be readily adjusted, enabling the soft
robots to cope with a vast range of media and contact surfaces.
Nevertheless, the apparatus necessary to generate the mag-
netic field markedly constrains the deployment of magnetic-
actuated robots on larger scales, and exploring in open natural
environments is clearly unsuitable.

The use of electrostatic actuation allows for the creation of
an efficient and stable actuator for use in multimodal amphibi-
ous soft robots. Typical electrostatic actuators include dielectric
elastomers [39-41], which are designed to stretch and bend
by squeezing an elastic membrane with the attraction of elec-
trodes. These actuators have relatively low energy consumption
because the actuation process is similar to the charging and
discharging of a capacitor. By encapsulating the electrodes, they
are also allowed to function in aqueous environments [42-44],
enabling the intricately designed robots to swim. Some robots
based on dielectric elastomers also realize the crossing between
different mediums. They use multilayer sandwich actuator [45,46]
or cylindrical linear actuator [47] to make the robot capable
of moving on land as well in water, which ensures the rapid
switching of exploring environments. In order to deal with the
interference caused by the switching from external factors like
the surface tension of the liquid and the viscosity coefficient of
different mediums, there are 2 common methods: the first is to
change the drive frequency [47], as dielectric elastomers show
optimal frequencies in different mediums; another method is
to change the movement mode [46], for example, when enter-
ing the water, rowing or swimming instead of crawling tends

A Multimodal amphibious robot

Soft electrohydraulic flipper

to have better efficiency. In recent years, another type of elec-
trostatic actuator, known as the hydraulically amplified self-
healing electrostatic (HASEL) actuator [48,49], has attracted
considerable interest. This alternative design replaces the solid
dielectric of the dielectric elastomer with liquid dielectric,
thereby converting the squeezing of the electrodes into hydrau-
lic pressure [50,51]. In comparison to dielectric elastomers,
electrohydraulic actuators exhibit a greater driving force and
amplitude of motion, rendering them more suitable for use as
thrusters [52]. A variety of configurations have been developed
for existing electrohydraulic actuators, enabling them to achieve
tumbling, jumping, and crawling on land [53,54], as well as
fluttering [55] and swimming [56,57] in water. These robots
have demonstrated the ability to perform efficient motions in
different medium. However, the transformation of these modes
requires adjustments to the overall structure of the robot, which
creates discontinuities in the motions. In light of the capabilities
of amphibians, we consider optimizing the structure of the
electrohydraulic actuator so that it can seamlessly traverse dif-
ferent medium without altering its overall configuration. This
approach aims to enable locomotion on land and in water in
multiple modes.

The objective of this proposal is to develop a multimodal
amphibious robot driven by soft electrohydraulic flippers, with
a basic bend-type actuator to enable the robot to crawl from
land to water, as well as swim in water, which are illustrated in
Fig. 1. In contrast to previous electrohydraulic-actuated robots,
this design not only enables the robot to operate on land effi-
ciently but also adapts it to underwater environments. The dif-
ferent working mechanisms of the actuator on land and in water
are analyzed by adopting the method of single-sided electrode
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Fig. 1. The multimodal amphibious robot driven by electrohydraulic actuators. (A) Construction of the amphibious robot, the soft electrohydraulic flipper, and the encapsulated
electrohydraulic actuator. (B) Process of the robot crawling from land to water. (C) Process of the robot crawling underwater and swimming in water.
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encapsulation, which realized the amphibious movement of
the actuator in principle. Furthermore, this work explored a
multimode movement mechanism and designed a correspond-
ing unique flipper structure, taking into account the distinct
environmental characteristics of both mediums, and allowing
the robot to generate sufficient friction on land while simulta-
neously achieving a substantial propulsion force in water. This
enables the robot to crawl on land, paddle underwater, and swim
in water while also facilitating a seamless transition between
the 2 mediums and multiple movement modes. A force-electro-
hydraulic coupling model of the actuator is developed to reveal
the effect of voltage on the bending angle of the actuator, and
the output moment of the actuator is characterized experimen-
tally as well. The symmetric triple actuator design enables the
robot to move omnidirectionally in a plane, and to enhance
movement efficiency, the input signals and actuation frequency
are optimized to achieve a maximum movement speed of 2.9 cm/s
on land. In water, driving the robot with different numbers of
flippers enables the robot to switch between crawling underwater
and swimming in the water. The motion mechanism of the robot
in water has been subjected to detailed investigation, with par-
ticular focus on the simulation and analysis of the complex
process of swimming. This has enabled the change of flow field
during swimming to be revealed. It is noteworthy that the
amphibious robot exhibits excellent temperature adaptability,
with experiments indicating that it can operate within a tem-
perature range of 2.1 to 61.3 °C. This further enhances its envi-
ronmental adaptability. The robot is capable of crawling from
land into water smoothly and subsequently swimming from
underwater to the surface without undergoing any structural
transitions. This is the first instance of an electrohydraulic
actuator being utilized continuously in an amphibious environ-
ment, thereby addressing a previously identified limitation in
the field of cross medium actuation by these actuators.

Materials and Methods

Design of the multimodal amphibious robot

The proposed multimodal amphibious robot consists of 2 prin-
cipal components: the body skeleton and the soft electrohydrau-
lic flippers, as shown in Fig. 1A. There are 3 flippers distributed
on the body skeleton in a circumferential symmetrical manner
with an angle of 120° to each other. The 3 flippers are capable
of moving the robot in specific directions, which are referred
to as 3 basis vectors. These basis vectors form a 120° angle with
each other and can be combined to form any vector on the
plane, thereby enabling the robot to reach any location on the
plane. It should be noted that the single flipper is only capable
of moving the robot in a single direction. Consequently, the
coeflicients of each direction vector can only be positive. This
is the reason why at least 3 actuators (rather than 2) are required
to achieve omnidirectional movement on the plane.

In order to enable the robot to move on land and in water,
as well as to satisfy the need for high-frequency motion, elec-
trohydraulic actuators are selected as the flippers of the amphib-
ious robot. A pair of skeletons is added to one side of the
electrohydraulic actuator in order to restrict the expansion of
the fluid pouch. We articulate the 2 parts of the skeleton in the
middle; therefore, the contraction motion of the electrohydrau-
lic actuator is limited to becoming a bending motion. The skel-
eton is constructed from a 1-mm-thick acrylic sheet by laser
cutting, and its configuration has been meticulously devised to
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align with the disparate requirements of movement on land
and in water. The front section of the skeleton has been designed
in the shape of a flipper and is covered with a thermoplastic
urethane (TPU) film in order to adapt to the paddling motion
in an aquatic environment and to increase the propulsive force.
The rigid frame of the flipper tapers to a pinpoint shape in order
to increase friction during contact with the terrain surface, thus
improving movement efficiency.

In addition to the design of the skeleton, the existing electro-
hydraulic actuator has been enhanced to ensure its adaptability
to both land and water environments, thereby guaranteeing its
reliability. Previous electrohydraulic actuators designed for use
in non-aqueous environments comprise a liquid pouch filled
with silicone oil and electrodes on both sides [58]. In this work,
the pouch is an approximate rectangle measuring 30 mm X
40 mm, with a curved protrusion at the end of the 30-mm side,
as illustrated in Fig. S1, which is designed for enhancing the
bending performance [55,56]. The irregular shape of the pouch
is created by sealing two 20-pm polyethylene terephthalate—
ethylene vinyl acetate (PET-EVA) composite films under the
heat of a fused deposition modeling (FDM) 3D printer. Addi-
tionally, 2 polyimide (PI) films are laid on the outside of the
2 layers of PET-EVA composite films during the printing process,
which ensures the flatness of the 2 intermediate layers (as seen
in Fig. S3A). Subsequently, electrodes are printed on both sides
of the pouch via a screen-printing process. The electrode mate-
rial is carbon paste, and the process platform is illustrated in Fig.
S3B. The quantity of the injected silicone oil is 1.2 ml, which is
fit to the size of the designed pouch. This allows the silicone oil
to exactly fill the curved protruding area of the pouch, thereby
optimizing the bending performance. In order for the actuator
to function effectively in underwater environment, it is essential
to ensure that one side of the electrode is adequately water-
proofed. To this end, we have developed a multilayer water-
proofing process, comprising the following steps: First, a layer
of waterproof soft adhesive is applied around the electrode;
then, a 60-pm-thick PET tape is placed over the adhesive; sub-
sequently, another layer of waterproof soft adhesive is applied
around the tape to fill any gaps; and finally, the adhesive is cured
with ultraviolet (365-nm wavelength) light. The 3-layer process
has demonstrated effective waterproof performance in the sub-
sequent experiments and validations.

Working principle of the soft electrohydraulic flipper
The electrohydraulic actuator is capable of functioning in both
terrestrial and aquatic environments, exhibiting distinct opera-
tional characteristics in each context. As illustrated in Fig. 2A,
in the absence of an external power source, the dielectric lig-
uid within the actuator occupies the entirety of the pouch.
Consequently, the pressure within the dielectric liquid is rela-
tively low, resulting in a negligible tension within the pouch
membrane and a correspondingly minimal pulling force on the
skeleton. This ultimately leads to the actuator exhibiting mini-
mal bending angles. In a terrestrial context, the electrodes on
either side of the electrohydraulic actuator are connected to the
signal source and the ground, as illustrated in Fig. 2B. Upon
the application of a signal, positive and negative charges are
generated on the electrodes on each side alternatively, resulting
in an attractive force between the electrodes and a subsequent
squeezing action on the dielectric liquid inside. Given that the
electrodes situated at the distal end of the actuator are positioned
in closer proximity to one another, these parts are initially
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Fig. 2. Design of the soft electrohydraulic flipper. (A) Normal state of the soft electrohydraulic flipper. (B) Working principle of the actuated soft electrohydraulic flipper in
air. (C) Working principle of the actuated soft electrohydraulic flipper in water. (D) Modeling of the soft electrohydraulic flipper. (E) Theoretical and experimental result of the
flipper’s bending angle, considering different input voltage. (F) Experiment platform for moment measuring. (G) Measured moment of the flipper with the frequency of 1 Hz

and input voltage of 6 kV.

attracted together, resulting in the squeezing of the dielectric
liquid toward the region of the actuator that is not covered with
electrodes. When the voltage is sufficiently elevated, the elec-
trodes on both sides are fully attracted, exerting a compressive
force on the dielectric liquid to form an arch column. At this
juncture, the pressure within the dielectric liquid markedly
intensifies, prompting a concomitant increase in the tension
within the pouch film. This, in turn, exerts a force on the skel-
eton, causing it to assume an angle of rotation at the articula-
tion. Upon the disconnection of the power supply, the charge
on the electrodes is gradually released, resulting in their sepa-
ration from one another. This, in turn, causes the actuator to
revert to its original state.

The actuator functions in a manner that differs when sub-
merged in water as opposed to on land. Given that water can
generate polar particles under the influence of an electric field,
it is an optimal choice to utilize water as the electrode on one
side. As illustrated in Fig. 2C, the electrode on the waterproofed
side is extended to connect the power supply, while the electrode
on the opposing side is directly exposed to the water as the
ground polar (the wire lead on the exposed electrode side can
be left assembled to facilitate the conversion between land and
water). Upon the application of a voltage signal, the electrode
that is connected to the power supply first generates charges,
which then attract opposing charges present in the water on the
opposite side of the electrode. In this case, the water assumes the
role of the ground pole, providing the actuator with polar par-
ticles. The electrodes on both sides are attracted to each other,
resulting in an increase in pressure on the dielectric liquid
within, which eventually causes the actuator to bend. Besides,
with this working principle, the ionic strength of the liquid has
no marked effect on the performance of the actuator, as the
attracting force of the electrodes is directly proportional to the
number of particles, but is unconcern with the type of particles
like ionic or polar molecule. It is demonstrated in Fig. S7 that
the actuators perform similarly in the tape water and salt water.
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Although the principle of actuation is different, the bending
effect produced is similar. Furthermore, this method enables a
quick changeover between land and water actuation modes,
requiring only a changeover of the wire connection.

Modeling of the actuator
In order to gain further insight into the actuating performance
of the electrohydraulic actuator and to intuitively ascertain the
effect of voltage on the bending angle of the actuator, we employ
an analytical method to construct a force-electric-hydraulic
coupling model of the electrohydraulic actuator. The geometrical
model and parameters of the cross-section of the actuator are
illustrated in Fig. 2D. The length of the pouch affixed to the front
skeleton is designated as [;, while the length affixed to the back
is I, and the length of the electrodes that contact with another
is [y — l,. Additionally, the cross-sectional area of the internal
dielectric liquid is represented by S, It is assumed that the 2 parts
of the skeleton are ideally articulated with an angle of ¢. The
bulging portion of the pouch is represented by a circular arc with
radius R, the angle of the circumcenter y, and the angle between
the circular arc and the 2 parts of the skeleton 6, and 6,. The
tension inside the film is a position-independent quantity, des-
ignated as T}, while the pressure of the dielectric liquid inside is
represented as p. All these parameters are listed in Table S1.
The modeling is divided into 3 parts, commencing with the
coupling of the liquid to the solid. It is assumed that the stretch-
ing of the film is negligible, which means that the length of the
film is constant, thus enabling the conservation equation to be
obtained

In order to determine the total length of the film, s,
it is necessary to apply the geometrical relation R=
A /lf+l§+21112c05(p

HinG/2) r=n-0,-6,-¢
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As for the dielectric liquid, which is regarded as incompress-
ible, the conservation equation can be derived
z 7R?
2
The third conservation equation introduces the variables 8,
and 0, and describes the relationship between these 2 angles
and the lengths [, and [,

sin(%—191—§> _sin(g—lﬁz—g) L )
1 2

sin 1 .
- TyRZ + Shhsing = S, @)

The second stage of the model construction process is to
determine the 2 mechanical quantities, T} and p, which neces-
sitates the formulation of balance equations. The initial equa-
tion is the force balance for the upper surface film of the pouch

PR=T, (4)

The second balance equation describes the effect of the ten-
sion in the film and the pressure exerted by the internal liquid
on the front part of the skeleton. This equation represents the
balance of moments in the flippers about the articulation point,
where M, is the equivalent moment of the load

l
plli +M1 = TIZICOSGI (5)

It is finally demonstrated that the force is coupled to the
electrostatic force. For the portion of the upper and lower elec-
trodes that have been attached, it is assumed that a thin dielec-
tric liquid film is still present between them and will provide
the pressure p. The theoretical distance between the upper and
lower electrodes should be 2k, with /i being the thickness of the
pouch film. In consideration of the non-ideal capacitor and the
impact of the residual dielectric liquid situated between the films,
a thickness correction factor, designated as K, is introduced.
It is observed that the relative dielectric constant of the film is
represented as g,, while the absolute dielectric constant is rep-
resented as €. Additionally, the applied voltage is U, the equiva-
lent capacitance is C, and the electrostatic force generated in
the suction critical region of length dx is equal to the pressure
generated by the dielectric liquid.

1 &E,dx U2
2 20K, 2K, P (©)

The force—electric-hydraulic coupling relationship of the
electrohydraulic actuator is obtained by solving Egs. (1) to (6),
which allows us to determine the variation in the actuator bend-
ing angle with changes in voltage. It is worth mentioning that
an uninterrupted increase in voltage does not result in an infi-
nite expansion of the bending angle. As the dielectric liquid fills
the space between the electrodes, the upper part of the pouch
forms an arc, while the lower part forms 2 radius edges with a
length of R;. This geometry constrains the maximum bending
angle of the actuatorto ¢ =7 — ZR—R: = (n—2) rad ~ 65°.

We tested the variation of the bending angle of the actuator
with voltage, as illustrated in Fig. 2E. The results demonstrate
that the theory successfully predicts the bending angle of the
actuator. In the event that the input voltage is below 3 kV, the
bending angle of the actuator is relatively minor. At this point,
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the theoretical value is larger than the experimental one, because
the wedge shape of the actuator and the zip-like absorption pro-
cess determine that the actuator needs a start-up voltage to be
driven. If the driving voltage is lower than the start-up voltage,
the electrodes at both sides of the actuator cannot be absorbed,
and therefore, the actuator cannot bend effectively. Besides, it
is evident that the start-up voltage of this actuator is around
3 kV by experiments. Conversely, when the voltage surpasses
3 kV, the bending angle increases exponentially in conjunction
with the rising voltage. Upon reaching 6 kV, the electrodes have
been fully attracted, and all the dielectric liquid has entered the
area of the uncovered electrodes. This causes the actuator to
bend to its maximum angle. At this point, the bending angle
of the actuator is no longer markedly increased by further volt-
age increases. It can be observed that at these voltages the theo-
retical values are slightly larger than the experimental ones.
This is because the theoretical analysis assumes the liquid con-
centrated at the joint as an ideal arch column, whereas in reality
the pressure of the liquid causes wrinkles at the side peripheries
of the pouch, which means that the amount of liquid forming
the column is less than ideal, resulting in a smaller bending
angle of the actuator. It should also be noted that when the
voltage exceeds 6 kV, the actuator is susceptible to breakdown
failure. To ensure optimal driving performance and stability,
subsequent experiments and demonstrations have been con-
ducted with a maximum voltage of 6 kV.

Input signal for the actuator

During the experiments, we find that the actuators cannot
return to its original shape with any great rapidity following the
cessation of the power supply. Furthermore, the electrodes on
both sides are gradually separated before the actuator is ulti-
mately compelled to expand. This phenomenon can be attrib-
uted to the polarization of the pouch film, composed of PET,
which is induced by the high voltage. The release of the charge
from the film occurs over time, resulting in a prolonged cycle
for the actuator and, consequently, an inability to achieve a high-
frequency actuation. To address this issue, we consider employ-
ing an alternating positive and negative signal configuration for
the actuator. As illustrated in Fig. S4, an H-bridge circuit is
constructed utilizing 4 high-voltage (HV) relays, with a time-
delay relay employed to regulate the activation and deactivation
of the corresponding HV relay. When all 4 HV relays are in a
deactivated state, the circuit outputs a zero voltage. Conversely,
when the 2-diagonal HV relays are activated, the circuit outputs
either a positive or negative voltage signal. We program the
4 time-delay relays to set the output sequence in the form of
alternating positive-zero-negative-zero, with the positive and
negative voltages acting for equal periods of time during an
actuating cycle, in order to weaken the polarization effect of the
film. It is crucial to highlight that a zero voltage between the
positive and negative signals is essential to provide the actuator
with sufficient time to flatten itself. In the absence of the zero
voltage, the actuator will inevitably bend once more before it is
recovered, resulting in a permanent deformation.

Performance of the actuator

The output torque of the actuator is evaluated through the uti-
lization of the designed signals. As illustrated in Fig. 2F the
back of the skeleton is fixed to a flat surface, while the front end
is in contact with the force sensor. The distance between the
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articulation point and the contact point of the force sensor is
35 mm. To prevent the loss of output force due to the deforma-
tion of the flipper membrane, a I-mm-thick PET sheet is affixed
to the front skeleton, with the force sensor pressing against
the front end of this sheet. Excitation of the actuator results
in transmission of force to the force sensor, enabling calculation
of the change in moment considering the distance between the
force point and the pivot point. As illustrated in Fig. 2G, the
duration of the positive signal, negative signal, and zero level
time is identical, each lasting 0.5 s. During one actuation cycle,
the moment peaks at the stage of applying positive and negative
voltages, and the maximum moment output is in excess of
10 N-mm, which is sufficient to support the crawling robot.
Furthermore, after a prolonged operational period (approxi-
mately 500 cycles, as seen in Fig. S11), the output moment of
the actuator demonstrates minimal deterioration. The actuator
exhibits robust actuation capabilities, substantiating its suit-
ability as a flipper of the crawling robot.

Results and Discussion

Omnidirectional crawling on the ground

The fundamental function of the designed robot is to crawl
on the ground. This is achieved by the unbalanced friction
between the front and rear flippers at different stages, which

drives the robot forward. As illustrated in Fig. 3A, the single
flipper-actuated robot is subdivided into 2 stages during its loco-
motive cycle. During stage i, the robot’s flipper undergoes a
relaxation process and returns to its original state. Subsequently,
during stage ii, one of the robot’s flippers is actuated and
reaches a bent state. The specific working principle is shown
in Fig. 3B. Upon transitioning from state i to state ii, the tip of
the front flipper contacts the ground, resulting in a markedly
larger friction force between the front flipper and the ground
compared to that between the back flipper and the ground.
This is due to the unique skeleton tip design, which enables
the front flipper to exert a forward pulling force on the entire
robot by a distance S. When the robot is restored to state i from
stage ii, the angle between the back flipper and the ground is
minimal, thereby reducing the friction between the back flip-
per and the ground to a level that is insufficient to impede the
forward movement of the robot. Conversely, the recovery of
the front flipper is in fact upward, rather than forward, result-
ing in no friction between the front flipper and the ground
until the flipper falls to the ground due to gravity. Consequently,
within this cycle, the robot progresses a total distance of S. The
magnitude of this distance is the difference in body length of
the robot between the 2 stages.

The analysis of the motion process reveals that the size of
the motion period and the variation value of the robot’s body
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Fig. 3. The crawling motion of the amphibious robot on land. (A) Two stages of the robot crawling on land. (B) Schematic diagram of the robot's crawling principle on land.
(C) Measured velocity of the crawling robot, considering the motion frequency. (D) Input signal for the omnidirectional motion of the crawling robot. (E) Omnidirectional

motion of the crawling robot, with the motion frequency of 6 Hz.
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length exert a important influence on the crawling speed. It can
be concluded that the motion frequency is the key factor. The
impact of varying motion frequencies on the crawling speed
of the robot is investigated, as illustrated in Fig. 3C. It should
be mentioned that the actuation frequency of the robot differs
from the motion frequency. This is because the electrohydraulic
actuator bends under both positive and negative voltage, result-
ing in an actuation signal period of 24T when the motion
period is AT. Consequently, the motion frequency is twice the
actuation frequency. The frequency employed in this experi-
ment and subsequent demonstrations is that of the motion
frequency. Fig. 3C shows that an increase in frequency results
in an initial rise in the crawling speed of the robot, followed by
a subsequent decline. As the frequency increases from 0 to
6 Hz, the motion speed gradually increases. This is due to the
fact that the robot completes an increased number of motion
cycles in the same period, resulting in a longer forward dis-
tance. As the driving frequency increases to 6 Hz, the moving
speed reaches a peak of 2.9 cm/s. It is important to mark that
when the motion frequency is 1 Hz, the robot’s speed is 0 cm/s.
This is because the robot remains at each stage for an extended
period of time. When transitioning from stage ii to stage i, the
front flipper makes contact with the ground before the robot
recovers, resulting in a cancellation of the friction generated
by the back flipper. This causes the robot to remain stationary.
Upon further increasing the frequency of motion to 10 Hz, a
decline in the crawling speed of the robot is observed. This can
be attributed to the fact that the actuation cycles are sufficiently
brief for the actuator to deform fully, resulting in the robot
advancing a limited distance in each cycle. Consequently,
despite the completion of a greater number of cycles per unit
of time, the overall distance traveled decreases.

The optimal frequency has been determined to be 6 Hz, as
evidenced by experimental results. An actuation signal of 6 kV
is employed to propel the robot in a crawling motion on the
ground. Fig. 3D illustrates the variation of the input signals,
with 3 signals controlling each of the 3 flippers of the robot. As
demonstrated in Movie S1, the robot is capable of moving in
3 directions: left, right-down, and right-up. These 3 move-
ments form a set of basis vectors, indicating that the robot is
able to reach any point on the plane.

Besides, double-flipper actuation is also proven to move the
robot. We have experimented 2 flippers actuated simultane-
ously at 6 Hz and found that the robot moved in the direction
of these flippers and measured a crawling speed of 1.27 cm/s,
compared to 2.90 cm/s for a robot actuated by a single flipper
at the same frequency. The double-flipper actuation is less effi-
cient than single-flipper actuation because of the geometry struc-
ture of the robot, which is explained in detail in the Supplementary
Materials, and we choose the single-flipper actuation as the ideal
moving method on ground.

Crawling underwater

The robot is capable of not only crawling on the ground but
also moving in water. As shown in Fig. 4A, the number of actu-
ated flippers determines the type of movement that can be
executed. To illustrate, when operated by 2 flippers, the robot
is capable of crawling underwater. Nevertheless, the principle
underlying the robot’s underwater crawling differs from that
of its land crawling. The robot is subject to the effects of buoy-
ancy, experiencing reduced friction with the underwater sur-
faces. Consequently, the primary source of propulsion in the
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water is the force generated between the robot’s flippers and
the surrounding water. As shown in Fig. 4B, the crawling of the
robot in water is divided into 2 stages. During the first stage,
when the flippers are driven and bent downward, the force of
the water on the flippers is upward, causing the rear end of the
robot to float up and move away from the contact surface. Upon
restoration of the flippers to their original shape, the flippers
swing in a backward direction. The force of the water on the
flippers is in a forward direction, thus propelling the robot
forward. Concurrently, the rear end of the robot sinks down
due to the gravity, ultimately contacting with the ground, com-
pleting a cycle.

Similarly, the frequency of motion during underwater crawl-
ing should not be excessive, as this may result in insufficient
deformation of the actuator, thereby limiting the angle of the
flippers with the ground and the subsequent forward propul-
sion. The robot is driven to crawl underwater with a motion
frequency of 1.6 Hz and a voltage of 6 kV. As shown in Fig. 4C,
the time required for the robot to advance 20 cm is 6.3 s, with
a speed of 3.2 cm/s.

Swimming in water

Once all 3 flippers are in place, the robot transitions from crawl-
ing to swimming mode, as illustrated in Fig. 4D. This is achieved
by the simultaneous fluttering of all 3 flippers, which generates
a symmetrical upward propulsive force, causing the robot to
move upward. When power is stopped, the dielectric liquid
inside the actuator slowly fills back in and the flippers return
smoothly to their original state. Given that the flippers will
generate a reverse propulsion force on the robot when they
return to their original state, we conducted further research
into the mechanism of the robot’s actions in the water. It is
evident that modifying the initial angle of the actuator can alter
the direction of the force exerted on the flippers during the bend-
ing and recovery stages, and that different initial angles will
consequently affect the swimming speed of the robot in an aque-
ous environment. The impact of initial angles, spanning a range
from 0° to 80°, on the robot’s swimming speed is evaluated. It is
established that angles exceeding 80° will result in interference
between the flippers during bending, which is deemed to be an
unfeasible range. The findings are illustrated in Fig. 4E. When
the initial angle is 0°, corresponding to the robot being fully
spread, its absolute speed is 2.3 cm/s. Given that the robot’s
height is minimal in this configuration, its speed relative to its
own body height reaches 4.6 body length per second (BL/s). The
fastest absolute velocity of the robot is observed when the initial
angle reached 60°, at 5.9 cm/s, which surpasses the majority of
electrostatically driven underwater thrusters. Subsequently, the
impact of motion frequency on the robot’s swimming speed is
investigated, utilizing an actuating voltage of 6 kV and an initial
angle of 60°. As shown in Fig. 4F, a reduction in actuating fre-
quency results in a longer interval between each actuation, leading
to a deceleration due to gravitational acceleration. Conversely,
an increase in actuating frequency causes a decrease in the
amplitude of the flipper flutter, accompanied by a reduction in
propulsion efficiency. The experimental results demonstrates
that the optimal actuating frequency for the robot is 1 Hz,
resulting in the fastest swimming speed of 0.99 BL/s.

Actually, the swimming mechanism of the robot in water is
much more complex. A fluid simulation of the swimming pro-
cess of the robot is conducted, and the vortex intensity cross-
section of the flow field during one motion cycle is illustrated
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Fig. 4. The crawling and swimming motion of the amphibious robot in water. (A) Schematic diagram of the unpowered robot in water. (B) Schematic diagram of the robot's
crawling principle underwater, with 2 flippers actuated. (C) Process of the robot crawling underwater. (D) Schematic diagram of the robot’s swimming principle in water, with
all 3 flippers actuated. (E) Measured velocity of the swimming robot, considering the initial angle of the body skeleton. (F) Measured velocity of the swimming robot with
initial angle of 60°, considering the motion frequency. (G) Simulation of the swimming robot. (H) Process of the robot swimming in water with temperature of 2.1, 24.6, and

61.3 °C, respectively.

in Fig. 4G. In the initial phase of the cycle, the robot’s flippers
assume a downward bend, and in the subsequent phase, the
flippers relax and expand, accompanied by the generation and
recapture of a vortex ring beneath the robot. The initial vortex
ring is generated at the edge of the flippers during the down-
ward fluttering process of the robot. During the recovery pro-
cess, the initial vortex ring detaches from the front of the
flippers and converges to the middle. The tendency of water to
be filled into the chamber beneath the robot, driven by the fluid,
is accompanied by the recapture and utilization of the energy
of the fluid, thereby enhancing the robot’s swimming efficiency.
Furthermore, the dislodging and interaction of the vortex
rings facilitate the generation of thrust for the robot’s upward
movement.

Furthermore, the kinematic performance of the robot is
evaluated at varying ambient temperatures, as shown in Fig.
4H. The robot is observed to swim in water at temperatures
of2.1,24.6,and 61.3 °C, with a motion frequency of 1 Hz and
an actuation voltage of 6 kV, respectively. At elevated tempera-
tures, the robot’s kinematic performance remains comparable
to that observed at room temperature. However, at lower tem-
peratures, the swimming speed of the robot declines markedly.
This is attributed to the fact that the viscous coefficient of the
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dielectric liquid within the pouch increases at lower tempera-
tures, resulting in the electrodes being unable to flow the
liquid with the same efficiency when squeezing. This leads
to a reduction in the transient performance of the actuator.
Nevertheless, the robot is still capable of attaining a swimming
speed of 2.7 cm/s at 2.1 °C, which markedly demonstrates the
great environmental adaptability of the proposed robot.

Motion mode transition

As previously stated, the designed robot is capable of crawling
on land and in water, or swimming in water. The robot’s ability
to switch between these modes of motion does not require
structural alterations or changes to the type of actuator; instead,
it merely necessitates the switching of control strategies. This
enables the robot to move continuously on land and in water.
We demonstrate the robot’s ability to crawl from land to water,
and transition from crawling to swimming in water.

Movie S2 illustrates the transition of the robot from a ter-
restrial to an aquatic environment. On land, the robot moves
ata frequency of 1 Hz and crawls down a slope. Upon reaching
the transition area between land and water, the robot is sup-
ported by its back flippers and pushed down the slope until it
is completely submerged in water. In this process, the actuator
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must overcome the surface tension of the water as it bends,
resulting in a decrease of the crawling speed. As the robot is
completely submerged in water, the ground polar of the circuit
is exposed to the water, and the motion frequency is increased
from 1 to 1.6 Hz. It is not necessary to unplug the ground cable,
because it will attract the same number of polar particles in
principle whether it is connected to the unsealed electrode or
not. Hence, when transiting between mediums, controlling the
voltage and frequency remotely is the only operation. The robot
is propelled forward by the force generated between its flippers
and the surrounding water, facilitating its transition from land
to water.

In the context of aquatic locomotion, the ground polar of the
actuators is invariably coupled with the water. As shown in Movie
S3, the robot initially traverses the aquatic environment by relying
on its 2 back flippers, which are driven at a frequency of 1.6 Hz.
Subsequently, all 3 flippers are engaged, enabling the robot to
commence an upward swimming motion. It is evident that the
robot’s initial angle of 0° does not facilitate a rapid upward swim-
ming motion. Nevertheless, this demonstration substantiates
the viability and potential of our proposed transformation of
the robot’s motion modes in water. The utilization of these motion
mode shifts enables the robot to adapt to diverse terrains, thereby
enhancing its capacity to perform intricate tasks.

Conclusion

This study presents a robot that has been modified to become
amphibious by altering its locomotion pattern. By optimizing the
design of the structure and actuators, the robot is equipped with
excellent adaptability on land and in water, allowing it to not only
crawl omnidirectionally on land but also crawl underwater or
swim in water. These shifts in movement modes necessitate only
the adjustment of control strategies, rather than alterations to the
robot’s structural composition. This enables the robot to transi-
tion between movement modes seamlessly, thereby offering con-
siderable potential for multiterrain exploration.

In order to identify the optimal actuation performance, we
have developed a model of the bending electrohydraulic actua-
tor that considers the force-electric-hydraulic coupling. This
model has enabled us to predict the relationship between the
bending angle and the input voltage, which has allowed us to
determine the optimal actuating voltage of 6 kV. This voltage
can guarantee both high efficiency and stability, and provides
guidance for the application of the same type of actuators in
other aspects. To address the issue of charge retention in this
actuator, an H-bridge circuit capable of outputting positive,
negative, or zero voltages has been constructed to mitigate film
polarization. Furthermore, torque experiments have demon-
strated that the actuator’s performance remains largely unaf-
fected over an extended period. Furthermore, the overall
performance of the robot has been optimized, particularly in
relation to the impact of the actuation frequency on the crawl-
ing speed of the robot. In the corresponding experiments and
demonstrations, the different crawling principles of the robot
on land and underwater are explained, and the maximum
crawling speed of the robot is found as 2.9 cm/s under land
conditions. The initial angle of the robot body skeleton and
the motion frequency are optimized for the robot’s swimming
mode in the water. Through fluid simulation, the process of vortex
ring generation and disengagement is revealed, which demon-
strates the robot’s complex swimming mechanism. Furthermore,
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the robot displays remarkable adaptability to temperature fluc-
tuations. In the existing experiments, it has demonstrated the
capacity to withstand temperatures ranging from 2.1 to 61.3 °C,
thereby expanding the scope of its potential applications.

Although the designed robot displays considerable promise,
there is still considerable scope for further improvement. For
instance, the output moment of the actuator shows the phe-
nomenon of alternating large and lower peaks, indicating that
the polarization of the film is not completely eliminated.
Therefore, the input signal for the actuator needs to be further
optimized in the future, and materials with higher dielectric
constants may be utilized for the pouch film. Also, high dielec-
tric material and thinner pouch film can lead to a lower driving
voltage, which reduces the driving conditions. Furthermore, it
is observed that when multiple actuators are connected in par-
allel, they are more susceptible to failure than a single actuator.
In the future, the underlying cause of this phenomenon will
require further investigation. Additionally, optimization of
materials and processes will be undertaken to enhance the sta-
bility and longevity of the robots, ensuring their readiness for
exploration in the actual natural environment.
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