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A Novel Omnidirectional Swimming Robot with
Articulated-Compliant Legs

Yaohui Xu1, Hanlin Li2, Furui Yu3, Qiyang Zuo1, Fengran Xie4, Xiang Xie1, and Kai He1

Abstract—Stability, adaptability, and maneuverability are crit-
ical performance indexes for underwater biomimetic robots, espe-
cially in narrow spaces. However, these aspects can sometimes be
contradictory. This paper presents an omnidirectional swimming
robot inspired by the whirligig beetle and designed to achieve
good performance in stability, adaptability, and maneuverability.
Its design features four novel articulated-compliant robotic legs,
and its hydrodynamic model is formulated using Kirchhoff’s
equation and the Lagrangian method. The hydrodynamic forces
are calculated using the quasi-steady flow model, and extensive
experiments are carried out to examine thrust generation and
speed. It is found that this omnidirectional robot has significant
improvements compared to a conventional robot with a single
passive joint in its leg. Specifically, its swimming speed is as
fast as 0.34 m/s with a frequency of 1.4 Hz, which is a 30.8%
increase. Moreover, the robot’s multimodal swimming capabilities
is demonstrated, such as swimming forward, retreating, lateral
swimming to the left or right, zero-radius turning, and no zero-
radius turning, by configuring different locomotive patterns of
the articulated-compliant legs. The passing and collision experi-
ments demonstrate the robot’s potential applications in narrow
spaces. Overall, this omnidirectional swimming robot strikes a
great balance among stability, adaptability, and maneuverability,
providing a promising solution for high-performance underwater
vehicles.

Index Terms—Bio-inspired robot, omnidirectional swimming
robot, compliant and passive joint, modeling, articulated leg.
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AUtonomous underwater vehicles (AUVs) show great
promise for applications in complex underwater envi-

ronments, such as rescue operations, monitoring, maintenance,
and other challenging missions [1], [2]. Although traditional
underwater robots are well-designed and easy to control, and
excel in high-speed locomotion [3], [4], they tend to be bulky
and insufficiently agile. As a result, they are typically used
in relatively spacious and deep underwater environments. In
narrow spaces, AUVs have obvious drawbacks in terms of
maneuverability and adaptability. Moreover, the noise and high
power consumption of traditional propellers further limit their
usability.

Comparatively, biomimetics has great advantages in robotic
design [5]–[7], where biological organisms are assessed as a
basis for robotic development [8]–[10]. Compared with tradi-
tional propeller-driven robots, those designed with a bionic ap-
proach demonstrate better performance in terms of locomotive
efficiency, energy density [11], and maneuverability [12]. Fur-
thermore, bionic-inspired robots are capable of accomplishing
extremely complex missions that are inaccessible to traditional
robots, such as collective behaviors [13] and accessing regions
for disease inspection or treatment that are difficult to reach
[14]. Robots with bionic elements show great potential for
underwater applications, with fins [15], [16], paddles [17],
[18], and flippers [19] that mimic fish, frogs, turtles, and other
aquatic species being proposed.

However, the adaptability of robots in narrow spaces is
currently limited by designs that simply mimic specific traits
or behaviors of creatures [20]–[22]. Besides, the asymmetric
actuation of some robots can affect their own yaw stability. For
example, robotic fish are unable to turn without a radius when
encountering obstacles, despite their fast swimming speed.
While they may be only suitable for wider underwater envi-
ronments, their gait deficiency may hinder movement through
narrow spaces. Furthermore, the caudal fin’s shaking of the
robotic fish’s body reduces yaw stability. However, the robot’s
yaw stability can be improved by using symmetric flapping.
Furthermore, by swimming in various gait patterns, such as
retreating, turning with zero-radius, or lateral swimming, the
robot’s flexibility, adaptability, and performance in difficult
scenarios can be improved. These capabilities primarily result
from more complex local coordination among limbs, which is
most common in humans and other complex mammals facing
stressful situations. Therefore, it is worth considering using leg
coordination to expand the range of robot applications in more
narrow and complex underwater environments [23]. This study
adopts symmetric flapping and improves leg coordination to
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enhance the gait of underwater robots, thereby improving their
yaw stability and adaptability.

A passive concept is adopted in the design of legs to
achieve better coordination. This method is preferred because
it offers simplicity in fabrication and control, along with higher
efficiency. The passive method was initially proposed for fin
design [24], and since then, a growing number of legs or
fins have been designed using this method and applied in
underwater robotic platforms [25], [26]. While most fins or
legs feature only one passive joint [27], [28], this design has
the drawback of a large passive joint angle that does not
quickly recover to zero at the start of the power stroke. This
results in a simple design but at the expense of efficiency and
net thrust. Enhancing recovery speed could improve the net
force and propulsive efficiency. However, this aspect is still
rarely explored. Therefore, this paper proposes a novel drag-
based leg to increase the net force and efficiency, which will
further enhance the robot’s maneuverability.

This study has three main contributions, as follows: (a)
A novel biomimetic approach is proposed for designing a
unique underwater omnidirectional robot with four legs. A
symmetric flapping approach is used to ensure good yaw
stability. The robot has multiple modes, including retreating,
lateral swimming, and zero-radius turning, facilitated by the
leg’s cooperation. These modes help the robot perform better
in terms of adaptability and maneuverability when dealing
with challenging environments. (b) This paper proposes a
novel leg design with a rigid link and three rigid plates
articulated by flexible passive joints to improve the net force
and propulsive efficiency. A comparison between the proposed
leg and the traditional leg design with just a single passive joint
is made, revealing the advantages of the proposed leg in terms
of net thrust, efficiency, and swimming speed. (c) Varieties of
swimming modes are presented in a water tank. The passing
and collision experiments are also completed. This study
presents an innovative and alternative scheme in robotic design
that focuses on challenging underwater environments, such as
narrow spaces.

The rest of this paper is arranged as follows. Design of the
omnidirectional swimming robot is presented in Section II,
followed by dynamic modeling in Section III. Swimming robot
prototype and experimental setup are described in Section IV.
The results and discussions are shown in Section V. Finally,
Section VI includes the conclusions and suggestions for future
work.

II. DESIGN OF THE OMNIDIRECTIONAL ROBOT

Whirligig beetles are notable for their rapid swimming
on the water’s surface due to their two pairs of articulated
and paddle-like legs [29]. As shown in Fig. 1(a), each leg
comprises four segmented appendages, including metacoxa,
femur, tibia, and tarsus, which are linked by three joints.
Muscles control each segment of the leg independently [30].
Furthermore, stoppers are located on one side of the leg near
the joint to limit the rolling angle during the power stroke,
ensuring that there is enough area of the leg. Stopper elements
are also crucial for effective protection when whirligig beetles

Fig. 1. The bionic design of swimming robot. (a) the whirligig beetle
and the structure of its legs (b) the motion of whirligig beetle’s leg
in one swimming stroke (c) the swimming robot and leg inspired by
whirligig beetle (d) the design specifications of the swimming robot.
(e) the fabrication of the swimming robot and its legs.

face unexpected conditions [31]. Many hairs adhere to the
surface of the legs. Moreover, as shown in Fig. 1(b), the leg
spreads flat during the power stroke, and the hairs expand
to enhance the effective area and boost net thrust. During
the recovery stroke, which is contrary to the power stroke,
the leg bends, and hairs shrink to reduce resistance force.
The leg deforms throughout the power and recovery strokes,
creating effective thrust that enables whirligig beetles to move
quickly. Also, whirligig beetles employ symmetric flapping
to adapt to harsh aquatic environments for higher speed, as
elaborated in [30]. Although the lateral force created by this
mode minimally impacts forward swimming, it considerably
enhances stability and maneuverability [32].

Effective thrust, stability, adaptability, and maneuverability
of a swimming robot depend largely on its articulated legs
with hairs and its symmetric propulsive mode. However, due
to the difficulty in fabrication, the hairs are often ignored,
and leg design and its symmetric layout become the primary
focus. This paper primarily focuses on the leg design and its
symmetric layout in the swimming robot, enhancing its gaits
and adaptability in narrow areas. The approach uses a front-to-
back symmetry layout, instead of the traditional left-to-right
symmetry, based on configurable modes, as shown in Fig.
1(c). This new symmetry layout allows the swimming robot
to adopt various gaits, such as lateral swimming, retreating, or
zero-radius turning. To provide more details, all the gaits and
their significance are explained in Fig. 8 in Section V and in
the accompanying material (Movie S1. (1), (2)). The robot’s
leg consists of four segments, a thin link, and three paddle-
like rigid plates connected by three passive joints. Stoppers
are attached to one side of the rigid plates. Although the first
joint of the leg is active, the others are passive, utilizing fewer
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Fig. 2. The dynamic model of swimming robot. (a) top view of the swimming robot actuated by front leg with multiple flexible passive
joints in planar motion (b) schematic diagram of leg with multiple flexible passive joints.

actuators and simplifying the collaboration between the legs.
During the recovery stroke, the leg bends at passive joints,
reducing resistance due to fluid interaction. The bent legs
immediately go flat at the start of the power stroke to provide
more thrust, and they remain flat until the stroke ends, thanks
to the stoppers on one side. This passive method reduces the
mechanical complexity, size, weight, and power consumption
of the swimming robot, making it more efficient and effective.

Fig. 1(d) shows the design parameters of the swimming
robot and its leg. The robot’s length, width, and height are
denoted as L, W , and H , respectively, while the link and plate
lengths are denoted by l and a, respectively. These parameters
are presented in TableI. Fig. 1(e) illustrates the fabrication
process of the robot, where the control panel and battery are
protected by the robot’s shell with sealing rings. The paddle-
like rigid plates have two layers of flexible rubber adhered
to them with glue. The thickness of the inner rubber varies
to meet the stiffness requirements of each joint. The outside
thin rubber is added to improve adhesion of the inner rubber
to the paddle-like plates. A separate DYNAMIXEL XXW540
waterproof servo motor controls each leg of the bio-inspired
swimming robot. Also, the robot’s orientation is measured
using a single inertial measurement unit (IMU) mounted on
the control panel.

III. DYNAMIC MODELING

A. Modeling of the Swimming Robot

As noted in Section II, the swimming robot in this study
has four legs, and no more than two legs are actuated for
each mode. The forward swimming gait is used to create the
dynamic model, as shown in Fig. 2(a). Kirchhoff’s equation
from traditional marine vessel technologies is used to compute
the dynamics of the swimming robot. The heave motion,
roll motion, and pitch motion are all unimportant when the
swimming robot swims in the plane XOY. As a result, three
rigid body movements remain: the surge motion (VCx), the
sway motion (VCy), and the yaw motion (ωz). The rigid body’s
motion in the xoy plane can be described as follows:

(mb −max) V̇Cx = (mb −may)VCyωz + Fext−x (1)

TABLE I: Parameters of the swimming robot.

parameter value meaning

L 426 (mm) Body length

W 569 (mm) Body width

H 110 (mm) Body height

mb 2.5 (Kg) Body mass

Jbz 0.07 (Kg/m2) Body inertia about z−axis

N 3 Leg joint number

l 105 (mm) Link length

a 35 (mm) Plate length

k1 0.05 (N.m/rad) First joint stiffness

k2 0.04 (N.m/rad) Second joint stiffness

k3 0.02 (N.m/rad) Last joint stiffness

Cn 1.3 Drag coefficient

m1 0.016 (Kg) Link mass of the leg

m2 0.01 (Kg) Mass of each plate

ci
(i = 1− 4)

144 (mm)
Distance between
robot center and leg

max,may , Jaz ignored Mass added influence

(mb −may) V̇Cy = (mb −max)VCxωz + Fext−y (2)

(Jbz − Jaz) ω̇z = (max −may)VCxVCy +Mext−z (3)

As shown in Fig. 2, components of the external force and
torque exerted on the rigid head, Fext−x, Fext−y , Mext−z ,
can be obtained as,

Fext−x = Fhx + FD sinφ+ FL cosφ (4)

Fext−y = Fhy − FD cosφ+ FL sinφ (5)

Mext−z = Mhz +MD (6)
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where Fhx is the projection of the force of four legs (Fh)
exerted onto the rigid body by the legs about x-axis, Fhy is
the projection of the force Fh exerted onto the rigid body
by the legs about y-axis, Mhz is the projection of the torque
exerted onto the rigid body by the legs about z-axis, FL is the
lift force, FD is the drag force, MD is the drag moment. FL

and FD could be calculated according to [33]. Fh and Mhz

can be represented as:

Fh =
4∑

i=1

Fh(i) (7)

Mhz =
4∑

i=1

(
Mh(i) − ci × Fh(i)

)
(8)

where Fh and Mhz are the force vector and torque exerted
onto the rigid body by all legs.

B. Modeling of Leg

In this Section, we focus on thrust of proposed leg. A serial
of parameters are chosen, as seen in Fig. 2(b). The Lagrangian
method is employed to obtain the dynamics of this mechanism.
The proposed leg is depicted as a multi-segmented linkage
linked by flexible joints that act as torsion springs [34], as
seen in Fig. 2(b). The mass is assumed at the end of each
segment. The differentiation of hydrodynamic force dF(i) at
each segment can be represented as:

dF(i) (s, t) = −0.5CnρW
(
ṙ⊥i

)2
ds (9)

where ṙ⊥i is the velocity component normal to the plate unit
axis, and Cn is obtained from the experiments. ρ is the density
of the fluid.

The position vector of the point at the j − th link of the
rowing leg with respect to the i− th joint is:

irj = rj (x)− ri−1 (a) (10)

The torque exerted by the hydrodynamic force at the j − th
link of the rowing leg with respect to the i− th joint is:

ij =
i rj × dF(i) (11)

The non-conservative torque with respect to the i − th joint
of the rowing leg is:

τi = −kiθi +

N∑
j=i

∫ a

0

ij (x) dx (12)

This paper assumed that ki would be infinity when θi is equal
to zero. Finally, motions of the leg can be obtained as:

M (Q) Q̈+ V
(
Q, Q̇

)
= τ (13)

We denote Q = [q1, q2, ..., qN+1]
T

= [γ, θ1, θ2, ..., θN ]
T ,

where γ is the angle of motor. [35] described the calculating
method of M and V in detail.

The non-conservative torque of the rowing leg at each joint
is:

τ = [τ1, τ2, ..., τN ]
T (14)

The nonlinear aspect of the fluid-structure interaction force
is captured by the modeling of the swimming robot and leg.
The kinematics and dynamics of the swimming robot and leg
provide a solid foundation for understanding the relationship
between leg deformation and net thrust or efficiency, as well
as the advantages of robot speed.

IV. THE SWIMMING ROBOT PROTOTYPE AND
EXPERIMENTAL SETUP

The experimental setup, depicted in Fig. 3, consists of a
water tank, a traditional bionic leg with a single passive joint
(LSPJ), and the proposed leg with three passive joints (LTPJ),
as seen in Fig. 3(a). A force sensor is attached to the water
tank’s frame to measure the leg’s thrust, as shown in Fig.
3(b). The motor actuation power source is set to 12V, and a
high-speed camera is mounted above the water tank to record
motion images. To simulate narrow spaces, a cuboid frame is
placed in the water tank, as shown in Fig. 3(c). Passing and
collision experiments are completed within this frame.

Fig. 3. Experimental setup. (a) the paddle used in experiments (b)
high speed camera and force measurement of the leg (c) a cuboid
frame in the water tank.

Oscillatory motions of the leg with different amplitudes and
frequencies are tested. During these tests, we track the current
consumption, angular deformation at the passive joint, and
force change over time. Experimental data for the LTPJ and
LSPJ are compared to comprehend how the thrust changes
throughout the entire stroke and to confirm the proposed leg’s
design and dynamic model. A lower smoothing technique is
applied to eliminate the noisy data, and we use five seconds
of continuous oscillatory motion to obtain mean values. To
explore the propelling force and electric consumption rela-
tionship, we use the ratio of the propulsive force along the
x-axis to electric power consumption [36], which we modify
as:

η =

∫ nT

0
Fh(i)(t)dt∫ nT

0
V |I (t)| dt

(15)

Here, Fhi (t) is the propulsive force of a leg, V is the constant
voltage, I(t) is the current consumption, and T is the time-
period of oscillation, n is the number of T .
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The stiffness of torsional spring constant for the passive
joint can be evaluated as [37]

ki =
Ewh3

12l
(16)

where h is the thickness, l is the length, w is the width, and
E is the Young’s modulus of the flexible material used for the
passive joints.

The selection of stiffness is critical for passive joints. In this
paper, model simulation is utilized for assessing joint stiffness,
because the expense of experiments is considerable. It can be
seen from the leg’s model that the toque of the joint increases
as it gets closer to the actuator. So, in this paper, the closer the
passive joint is to the actuator, the larger the stiffness is set.
Furthermore, the range of stiffness is measured by monitoring
whether or not the motion of the leg is normal. To further
explore the stiffness groups, three stiffness gradient groups are
chosen, and the average thrust is computed. The group with
the highest overall average thrust at frequencies of 0.6 Hz and
1.4 Hz, which are regular motor operating limits, is regarded
the best and is used in our robot. The actuator’s amplitude is
set to 120◦.

A water tank, which is 5.5 m in length, 1.8 m in width,
and 1.5 m in height, is used for the robotic swimming
experiment. The robot average swimming speed is measured
by stopwatch and soft ruler attached on one side of water
tank. The PID method is applied in the yaw stability control
of the swimming robot which adjusts amplitude of the motor
at real time. While, Because the swimming robot receives little
thrust during the recovery stroke, the PID technique loses
efficiency in this phase, leading the adjustable amplitude to
continuously grow until it reaches its limit. As a result, the
leg cannot be actuated in the power stroke. Therefore, the limit
of adjustable amplitude is set to 5◦ to guarantee leg motion.
The experiments with the same parameters are repeated five
times.

V. RESULT AND DISCUSSION

A. Experiment of Flapped Leg

Fig. 4 demonstrates the motions of the LTPJ during one
oscillation cycle. As observed, the leg bends due to an angle
increase at each passive joint during the recovery stroke,
effectively reducing the resistant force. Moreover, the leg im-
mediately goes flat at the start of the power stroke, increasing
the net leg thrust.

According to Fig. 5, the model closely matches the experi-
mental thrust and angular changing trend. While in Fig. 5(a),
the experimental power stroke experiences delayed force due
to minimal damping that occurs during oscillation. Conversely,
in the model, the influence of the flow velocity created by the
previous adjacent power stroke is not considered, resulting in
lower drag force during the recovery stroke in the experiment.
In Figs. 5(b) and 5(c), each joint’s angular change occurs
almost simultaneously, reducing resistance during the recovery
stroke and increasing thrust during the power stroke. More-
over, the leg is confined beyond the allowable angle during the
power stroke due to severe torque and force from the water,

Fig. 4. The image of leg deformation during power stroke and
recovery stroke with frequency 0.6 Hz and amplitude 120◦.

Fig. 5. Comparison of simulated model and experiment with ampli-
tude 120◦. Exp represents experiment data. The power stroke and
recovery stroke in 0.6 Hz is indicated with pink region and green
region respectively. The power stroke and recovery stroke in 1.0
Hz is indicated with orange region and gray region respectively. (a)
thrust comparison (b) angular comparison with 0.6 Hz (c) angular
comparison with 1.0 Hz.

causing the angle at the first joint to display some negative
values.

Fig. 6 illustrates the mechanism of the LTPJ for increasing
thrust. According to Fig. 6(a), the LTPJ outperforms the LSPJ
significantly in larger net thrust during the power stroke,
which is attributed to the advantage of multiple joints in angle
changing speed. As observed in Figs. 6(b), (c), and (d), the
largest angle of the LTPJ at 0.6 Hz is 43◦, whereas for the
LSPJ, it is 93◦. Likewise, the largest angle of the LTPJ at
1.0 Hz is 42◦, while for the LSPJ, it is 101◦. Each passive
joint’s largest angle of the LTPJ is less than half that of the
LSPJ. Additionally, each passive joint’s angles of the LTPJ
change almost simultaneously, reducing the conversion time
consumption between curved and straight shapes. For instance,
in power strokes, tc3 is around 0.1s faster than tc1, and tc5 is
also approximately 0.1s faster than tc2, despite tc4 being equal
to tc2. The reduced time consumption contributes to the quick
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Fig. 6. Experimental comparison between LTPJ and LSPJ with
amplitude 120◦. The indication of color area is same as Fig. 5. (a)
thrust comparison (b) angular variation of LSPJ (c) angular variation
of LTPJ with 0.6 Hz (d) angular variation of LTPJ with 1.0 Hz (e)
comparison of current’s consumption.

increase of effective areas, making the LTPJ outstanding in the
rapidly increasing thrust of the power stroke. Moreover, while
increasing thrust, the LTPJ’s steady-state current consumption
is slightly higher than the LSPJ, as shown in Fig. 6(e).

In Fig. 7(a), we compare the average thrust of the two legs,
with the LTPJ having a larger net thrust than the LSPJ, and
the difference grows as frequency and amplitude increase. In
Fig. 7(b), we compare the propulsive efficiency of the two legs
to assess the influence of increasing thrust on electric power
consumption. It is evident that the LTPJ offers additional
benefits, surpassing the LSPJ in terms of efficiency and net
thrust without requiring one to swap for the other.

B. Experiment of Swimming Robot with Flapped Leg

Flapping schemes based on the cooperation of different legs
with phase offsets have been developed, as shown in Fig. 8.
The robot has eight fundamental gaits, including swimming
forward and retreating, lateral swimming to the left or right,
zero-radius turning, and non-zero-radius turning. All legs
produce force in the direction normal to their surface. The
leg is actuated with an amplitude of 120◦ and a frequency of
0.8 Hz.

Moving forward: All legs are symmetric with respect to
the mid-line of the body. The front two legs are actuated
synchronously, while the rear legs are not driven. Throughout
the cycle, the net thrust of the two front legs propels the
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Fig. 7. Comparison of average force and propulsive efficiency
between LTPJ and LSPJ (a) experimental results of the average
propulsive force (b) experimental results of propulsive efficiency.

Fig. 8. Multiple swimming gaits. The robot’s motion direction is
indicated with yellow arrows. The power stroke of the leg is indicated
with blue arrows; The recovery stroke of the leg is indicated with
green arrows. ϕ is the phase offset. subscript fl means the front left
leg, subscript fr means the front right leg, subscript hl means the
hind left leg, subscript hr means the hind right leg.
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Fig. 9. Simulation and experiment of swimming robot in swimming.
(a) simulation of swimming distance (b) comparison of robot with
LTPJ and LSPJ. The amplitude is 120◦.

Fig. 10. Yaw stability experiment of the swimming robot.

swimming robot forward, and the symmetric flapping ensures
the torque is zero.

Turning left with R = 0: The two legs at the main diagonal
are actuated sequentially for smooth turning. The two legs at
the secondary diagonal are not driven. Throughout the whole
cycle, the net thrust of the two actuated legs is zero, but there
is a clockwise torque, allowing the swimming robot to turn
left with zero radius.

The remaining gaits are available in the supplemental
materials (Movie S1. (1), (2)). The swimming robot moves
smoothly in narrow spaces using a variety of gaits, demon-
strating excellent stability, adaptability, and maneuverability
(Movie S1. (3), (4), (5)). Even if the robot’s leg or body
collides with an object, it remains undamaged and can still
complete its movement (Movie S1. (6), (7)). Overall, the
swimming robot presents good performance in narrow spaces.

Fig. 9(a) illustrates the simulated swimming distance of the
swimming robot with LTPJ (R-LTPJ). To test the real swim-
ming performance of R-LTPJ and compare it with the robot
with LSPJ(R-LSPJ), a water tank experiment was performed,
as shown in Fig. 9(b). R-LTPJ’s average velocity is higher than
that of R-LSPJ, and the gap widens as the frequency increases.
Furthermore, the swimming robot can swim faster than many
existing swimming robots [38]–[40] in recent research, at a
rate of over 0.3 m/s. The high speed and flexibility provide a
good foundation for adaptability and maneuverability.

As mentioned in Section II, symmetric lateral force plays
a vital role in yaw stability compared to underwater creatures
with asymmetric lateral force in forward swimming, such as
fish. In this paper, the yaw stability of the swimming robot is
tested during forward motion. In this experiment, the actuator
has an amplitude of 120◦, and the initial phase is shown in
Fig. 8. The yaw-angle data are recorded using an IMU. As
shown in Fig. 10, the swimming robot’s yaw angle is less
than half that of a robotic fish with a larger yaw angle in the
range of 35◦ to 180◦ [41]–[43]. This experiment highlights
the superior yaw stability of the swimming robot in forward
motion.

VI. CONCLUSION

This paper explores the potential applications of an omni-
directional swimming robot that achieves excellent stability,
adaptability, and maneuverability in narrow areas. The paper
describes an articulated and compliant-jointed leg with three
passive joints, which provides a larger net thrust and higher
propulsion efficiency. The dynamic models of the leg and
swimming robot are thoroughly investigated and analyzed, and
experiments are performed to validate the dynamic models by
measuring deformation, thrust, and efficiency generated by leg
flapping in a water tank. Experimental results demonstrate the
benefits of the LTPJ compared to LSPJ.

The swimming robot is fabricated and can swim at an
average velocity of 0.34 m/s using a pair of front legs with
a symmetric flapping approach. The robot is additionally
capable of completing multiple gaits, including retreating,
lateral, and zero-radius turning motions. Passing and colli-
sion experiments also demonstrate that the swimming robot
performs exceptionally well in narrow spaces.

There are numerous potential applications for this swim-
ming robot, such as fish farming, underwater ecological ex-
ploration, fish school dynamics study, and underwater moni-
toring. Further research includes studying the control method
to improve robotic locomotive accuracy and resistance to
turbulence, optimizing the propulsive structure, and refining
design parameters.
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