Modeling of swimming posture dynamics for a beaver-like robot
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ABSTRACT

A bionic underwater robot swims to generate its propulsion in water, which in turn directly determines its movement stability.
Exploring the relationship between the swimming force and the posture is important. This study aims to analyze and model the swimming
posture dynamics of a beaver-like robot. The posture dynamics is decomposed into three parts: leg dynamics, body hydrodynamics, and
body posture dynamics. First, the leg dynamic model of the beaver-like robot is established using the rigid-fluid integration method.
Then, the overall fluid dynamics of the robot is modeled via numerical calculation methods to obtain the forces of the water on the robot
body during swimming. Lastly, the swimming posture dynamic model of the robot is constructed to describe the relationship between
the leg movement and body posture. The swimming process of the beaver-like robot with bionic alternating and synchronous trajectory is
simulated with ADAMS 2019. The proposed modeling method and the swimming posture dynamic model are verified by comparing the
simulation and theoretical calculation results of robot posture, which could be used for the swimming posture control of a bionic under-

water robot.
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1. Introduction

The ocean covers 70% of the Earth’s total area and contains various
narrow spaces, such as the cabin of shipwrecks, the cabin of crashed
aircraft, underwater caves, trenches, submarine canyons, and hydro-
thermal vents. Underwater narrow-space exploration has important and
far-reaching scientific value and significance for the study of life phe-
nomena, processes, and laws in the ocean, the discovery of new mineral
resources, and the development of rescue, salvage, and military appli-
cations. With the advancement in robotic technology, researchers have
developed various bionic underwater robots for ocean exploration.

Chen et al. (2023b) used a neural network approach to model the
movement of a soft-bodied robot fish. Nir et al. (2012) and Yu et al.
(2016) studied and modeled the movement mechanism of fish and jel-
lyfish. Chen et al. (2023a) designed a fish-inspired underwater vehicle
with a wire-driven flexible spine and a servo motor-driven rigid caudal
fin and used a dynamical approach to optimize swimming performance.

Roper et al. (2011) studied the movement mechanism of turtles and
crabs, which go forward by flapping; Richards and Clemente (2013)
studied the movement mechanism of squid and jellyfish, which move by
changing their cavities with water jets; Fan et al. (2017) studied the
movement mechanism of frogs, which swim with webbed feet. Am-
phibians mostly move forward with their legs. Legs have multiple joints
and webbed feet, which maintain high flexibility and propulsion effi-
ciency. Different forms of amphibian-like robots have been developed.
Wang et al. (2023) tested and analyzed the effect of leg structure pa-
rameters on swimming performance through hydrodynamic simulations
and experiments. Chen et al. (2011) studied the movement mechanism
and bionic mechanism synthesis of an amphibian-like turtle robot to
implement motion mode switching in different environments. Gul et al.
(2018) used multilayer 3D printing to build a soft frog robot with
embedded shape-memory alloy and flex sensors.

The small space and complex terrain, often accompanied by variable
currents, in an underwater narrow space put forward special
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requirements to the robots for underwater narrow-space exploration.
Such robots not only need to have the ability of agile swimming but also
need to be able to work on the bottom of the sea. Existing bionic robots
cannot effectively adapt to the requirements of underwater narrow-
space exploration. Thus, a new type of underwater robot suitable for
underwater narrow-space exploration should be developed. Through
study of the biological structure and behavior of a beaver, we found that
it possesses both mentioned qualities. The forelimbs of a beaver are
flexible and can be used for seabed operation. The hind limbs are strong
with webbed feet, a streamlined body, and a soft tail. The tail can pro-
vide a good balance of the body. These characteristics make beavers
have good swimming performance and seabed operation ability.
Inspired by beavers, this study combines the characteristics of under-
water narrow-space exploration and the principle of bionics and pro-
poses a beaver-like robot. It can be fully suitable and can effectively
complete the exploration mission in underwater narrow space.

The beaver-like robot with webbed feet swims by paddling its legs to
generate propulsion force. The stability of the robot’s swimming posture
directly affects the accuracy of underwater swimming trajectory. Its
body flexibility is important to its underwater detection and operation
performance. Based on fluid dynamic modeling and mechanical analysis
of beavers, Chen et al. (2022) proposed a biological heuristic rein-
forcement learning control strategy. This method realizes the
self-learning motion technique of a beaver-like robot. Takada et al.
(2014b) established a computational simulation model of 3D fluid-
—structure interaction analysis of robotic fish. They conducted a hy-
drodynamic analysis of robotic fish (Takada et al., 2014a). Fujiwara and
Yamaguchi (2017) developed and assessed a fish-like robot. Li et al.
(2020) proposed a general multibody dynamic algorithm to solve
various fish swimming problems, including a subpropulsion
multi-degree of freedom (DOF) and rigid undulating body and an un-
dulating body with multiple deformable fins. Richards and Christofer
(2013) proposed a dynamic model of webbed paddling of a frog-like
robot, which is suitable for various sizes and complex hydrodynamic
problems, such as aquatic insects or fish fins. Research on the swimming
dynamics of bionic underwater robots focused on the force analysis of
one leg or part of the body instead of the overall study on the swimming
posture dynamics of bionic underwater robots. Thus, the study of
swimming posture dynamics for a beaver-like robot is necessary and
significant.

In this study, a beaver-like robot is built with a set of locomotion
mechanisms to achieve good swimming ability and to investigate the
posture dynamics of the robot during swimming. Through constructing a
hydrodynamic model of the robot, a rigid-liquid fusion method is used to
establish a model of the overall dynamics of the beaver-like robot during
swimming, and the relationship between leg movements and swimming
posture is explained well. The correctness of the theory and model is
verified through simulation and experiment, which provides a basis for
realizing stable control of the posture of the underwater robot. The rest
of this paper is organized as follows. In Section 2, the leg kinematic
model of a beaver-like underwater robot is established. Section 3 ana-
lyzes the swimming posture dynamics of the beaver-like underwater
robot. Simulations of the swimming posture dynamics of the robot are
conducted in Section 4 to verify the dynamic model method. Swimming
experiments are presented in Section 5. Finally, a brief conclusion and
future work are given in Section 6.

2. Beaver-like underwater robot and kinematic model
2.1. Beaver-like underwater robot platform

A beaver is an amphibious mammal with a body length of about 80
cm. The tail is flattened and about 20 cm long. It has webbed hind limbs
and is a good swimmer because of its several characteristics: 1. The
beaver’s powerful hind limbs allow it to swim very fast in the water. 2.
The ability to bend and contract the forelimbs in swimming streamlines

Table 1
Dimensional parameters of the robot.
Components Parameters Numerical Materials
values
Forelimbs Length of small arm 100 Resin
(mm)
Length of large arm 100
(mm)
Body Total length (mm) 700 Resin
Mass (kg) 4.2
Hind limbs Calf length (mm) 122 Resin
Thigh length (mm) 100
Webbed feet  First finger length 30 Resin and flexible
(mm) silicone
Second finger length 50
(mm)
Size (mm?) 10353
Tail Length (mm) 230 Double-layer flexible
Size (mm?) 18431 PVC material

the body and reduces gliding resistance. 3. Compared with other
amphibious robots, such as salamander-like robots, beaver-like robots
require only one set of locomotion mechanisms, a design that reduces
the complexity of the robots and increases the efficiency of movement.
Based on the above advantages, we select a beaver as a bionic object.

The bionic robot designed in this study is about 70 cm long with a tail
of 23 cm-long flexible plate. The parameters of the robot are shown in
Table 1. The body of the bionic robot is basically the same as the bea-
ver’s structure, as illustrated in Fig. 1.

Based on a beaver, a beaver-like robot with extremely similar
structure is designed. The robot is divided into five parts: forelimbs,
body, hind limbs, webbed feet, and tail. The forelimbs are 3D printed
with resin material, and all joints are replaced with motors. The fore-
limbs are contracted during movement to reduce water resistance. The
body is a shell that is 3D printed with resin material and is streamlined.
Electronic components are installed in the body and sealed. The pa-
rameters of the controller are shown in Table 2 and Fig. 2. The hind limb
skeleton and toe of the webbed foot are 3D printed with resin material,
and the webbed foot is further covered with soft silicone. In the forward
motion process, the motor at the ankle drives the winding turntable to
tighten the wire rope at the front of the palm and relax the wire rope at
the palm to open the webbed foot to the maximum extent and maximize
the propulsion. During the gliding phase, the motor at the ankle turns
the winding reel in the opposite direction to loosen the wire rope at the
front of the palm and tighten the wire rope at the center of the palm to
fold the webbed foot and reduce water resistance. The details of the hind
limb and webbed foot structure are shown in Fig. 3. The motor and
sensor parameter information is presented in Table 3.

2.2. Kinematic model of a beaver-like underwater robot

2.2.1. Kinematic coordinate system

Fig. 4 shows the kinematic coordinate system of our beaver-like
robot, which describes the motion (displacement and posture) of the
robot in six DOFs while swimming. The displacement includes x, y, and
z, which represent the forward, swing, and diving motion, respectively;
the posture includes 6, ¢, p, which represent the pitch, heading, and roll
motion, respectively.

Table 4 defines the relative symbolic variables of the pose, linear and
angular velocities, force, and moment of the beaver-like underwater
robot in the corresponding coordinate system. These variables are used
to describe the changes in position and posture, linear and angular ve-
locities, force, and torque during the robot’s movement. 7, v, T represent
the posture, velocity/angular velocity, and force/torque of the robot
under six DOFs, respectively, as shown in Eq. (1), Eq. (2), and Eq. (3)
(Chen et al., 2021).
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Fig. 1. Beaver prototype and robot platform.

Table 2

Parameters of the Arduino-based robot controller.
Parameters Value
Type ATmega328
Operating Voltage 5V
Pin DC Current (3.3V) 50 mA
1/0 Pin DC Current 40 mA
Output Voltage 3.3V/5V

USB interface

Reset button 14Digital interfaces(PWM output)

Power interface Six analog ports

Fig. 2. Hardware diagram of the robot controller.
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2.2.2. Leg kinematic modeling

Fig. 5 shows the leg kinematic model of the beaver-like robot, which
has a total of three DOFs. This model transfers the velocity of body and
leg movement to the end webbed foot, which is used to calculate the
dynamic force generated in swimming. The leg linkage rotates around
the Z-axis. The D-H parameters of the robot leg are shown in Table 5.

The position vector of the center of mass of each linkage rod is
defined, as shown in Eq. (4), Eq. (5) and Eq. (6).

lpc, =1X; (€]
Table 3
Motor and sensor parameters.
Parameters Motors in the Motors in the Motors in Posture
forelimbs hind limbs the tails sensors in
body
Type KMO0950MD DG-995MG DG-995MG BW-AH300
Voltage(V)- 5-6 4.8-6.0 4.8-6.0 9-35
DC
Current (mA) / / / 30-40
Torque (kg/ 33.8-4.5 15-17 15-17 /
cm)
Size (mm) 25%13*25 40%20*7 40%20*7 60*59%29
Mass(g) 13 58.8 58.8 150
Waterproof Yes Yes Yes 1P67
or not

Ankle motors

Winding turntables

Steel wire

First knuckle

Rope groove

Second
knuckle

|
|

Relaxation

P —
, —
Webbed feet

Webbed feet
opening folding

Fig. 3. Hind limb and webbed foot structure.
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Fig. 4. Coordinate diagram of our beavers-like robot.
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Table 4
Parameter definition of our beaver-like robot.
Position and Linear velocity and Force and
attitude angular velocity moment
Translation in the X X u X
direction (forward)
Translation in the Y y v Y
direction (swing)
Translation in the Z z w Z
direction (ups and
downs)
Rotation about the X axis ¢ p K
(roll)
Rotation about the Y-axis [ q M
(pitch)
Rotation about the Z-axis @ r N

Fig. 5. Kinematic model of the leg of the beaver-like underwater robot.

Table 5

D-H parameters of the legs of the beaver-like underwater robot.
Jionts; o1 a1 d; 0
0 0 0 0 0
1 0 Iy 0 61
2 0 I 0 62
3 0 Is 0 63

Fig. 6. Dynamic modeling schematic.

ZPCZ =LX; 5)

SPQ =13 )?3 (6)

The material density of linkage is very low, and the relatively heavy
motor is located at the joint so that the mass of linkage is concentrated at
the joint. The inertia tensor of the center of mass of each linkage is
0 matrix, and the rotation matrix between adjacent coordinate systems
is defined in Eq. (7), Eq. (8), and Eq. (9).

Ci S 0
R=1|-s; ¢ 0 )
0 0 1
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Cy Sy 0

fR: —s, ¢, O (8)
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;R: —s3 ¢3 O 9
0 0 1

3. Swimming posture dynamics of the beaver-like underwater
robot

The dynamic modeling schematic is shown in Fig. 6. The modeling
process for the swimming posture dynamics of the beaver-like robot is
briefly described as follows:

Step.1: The hydrodynamics of the webbed foot is analyzed, and the
hydrodynamic force F; is calculated (Chen et al., 2021).

Step.2: The force F5 on the hip joint is calculated from F; by using the
Newton-Euler iteration kinetic equation.

Step.3: On the basis of the data from fluid resistance Fs, hip joint
force Fy, and posture, the relationship between the forces on the robot
body and the change in posture is calculated. Afterward, the swimming
posture dynamic model of the beaver-like underwater robot is
constructed.

The parameters defined in Fig. 6 have the following meanings. Oy is
the absolute coordinate system of the robot’s posture, O; is the force
center at the webbed foot, and O is the force center at the hip joint. F; is
the propulsion generated by the webbed foot, Fs is the force at the hip
joint, and Fs is the fluid resistance. ¢ is the posture angle of the robot
body about the X-axis, 6 is posture angle of the robot body about the Y-
axis, and ¢ is the angle of rotation of the robot body about the Z-axis.

3.1. Dynamic modeling of legs

When a beaver-like robot swims in water, its leg joints rotate and
actuate the webbed foot paddling, thus generating forward propulsion.
The length of the thigh and calf linkages is [, L5, respectively; the mass is
my, my respectively. The mass of the webbed foot is m,,, m,,, m.,. We
define the body as joint 0, and its velocity and acceleration parameters
are calculated using Eq. (10), Eq. (11), and Eq. (12).

0o =0 (10)

@y =0 11
v

vy=10 12)
| 0

where v, is the velocity at the center of mass.

) [0
=g 13)
10

The hip joint is defined as joint 1. Its velocity and acceleration
models are established using Eq. (14), Eq. (15), Eq. (16), Eq. (17), and
Eq. (18).

0
@ =jRwy +6,Z,= | 0 a4
0,
.o~ oA~ 0
d1=¢Ra+Rwy X 6,Z; +8,Z, = | 0 @5)
0

Vcncl
'v=gR(wg x Py +°v) = | —v¢,s (16)
0
. . g51
v =gR(@p x °p+wy X (@9 x °p) +°v) = | gc; a7)
0
. . —11_{912 + g5
Ve, =0y X 'P, + o x (0 x 'Pe) +vi=| 1,6, + g (18)
0,

The knee joint is defined as joint 2. Its velocity and acceleration
models are established using Eq. (19), Eq. (20), Eq. (21), Eq. (22), and
Eq. (23).

R Cy Sy 0 0 0 0
m=RO+6,Z,= -5, ¢ O|[O0|+[O0]|=| O (19)
0 0 1][6 6, 01 +0;

R R C S 0 0 0 0
(bz:%R(b]Jr%R&)l Xezzz +9222: —S2 C 0 0 + 0 =1. 0 .
0 0 1]]6 6, 0140,

(20)
¢ sy 0 [ veo Ve, C1€2 — Ve, 8182 |
u=R(0 X 'Py+'vi)=| =52 2 O] | =ve,81 | = | —VeyC182 — Ve, 812
o 01| o 0 |
21)
2
v =1R(@; x 'py + @ x (@7 x 'p,) +2¥y) (22)
Ve, =@y X 2Pe, +; X (03 % ?P,) + ¥, (23)

The ankle joint is defined as joint 3. Its velocity and acceleration
models are expressed by Eq. (24), Eq. (25), Eq. (26), Eq. (27), and Eq.
(28).

R C3 S3 0 0 0
w3 :;sz + 9323 =1|—S3 C3 0 . 0 . + 0 (24)

0 0 1 91 + 62 93

o~ o~ 0
3= RO Rwy X 0:23+6:Z;=| 0 (25)
0, +0, 4+ 0;

*v; =3R (%@ x P53 +2v5) (26)
3vy =3R(PWs x 2Ps + 2@, x (Pap % 2Ps) +2¥,) 27)
Ve, = @3 X 2Py + @3 % (3 X *P,) + 345 (28)

°f,, is the hydrodynamic force under fixed coordinates, which can be
expressed by Eq. (29).

Oy =Cp s Ak Ve, * | Ve, | (29)
where C* refers to the drag and lift coefficient (Cp, C) of the webbed
foot, p is the density of water, and v, is the velocity of the mass center of

the foot.
The force on joint 3 is calculated using Eq. (30).

’f, =7, +°F, (30)

where 3Fj is the inertia force, which is expressed by Eq. (31).
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Fig. 7. Grid division of the body in the outflow field.

’F3 =m, Ve, (31)
The torque on joint 3 is calculated using Eq. (32).
ny =P, x (°Fs +°f,) (32)

The forces and torque on the other joints are calculated using Eq.
(33), Eq. (34), Eq. (35), Eq. (36), Eq. (37), and Eq. (38).

ny =2R-n; + ’p; x IR°F; (33)
’F, =2RF; + myV, (34)
'F, =IRF, + myv, (35)
OnU = ?R~]n1 (36)
'F, ='R.'F, 37)
°F, ='R.'F, (38

where °F, and %n, are the force and torque on the hip joint, respectively.

3.2. Force modeling of the robot body

The robot body is subject to water fluid force during robot swim-
ming. The force is determined by the flow field which is generated by the
interaction between the swimming robot and water and is difficult to
model by theoretical calculation and experiments. Here we use the fluid
simulation to model the fluid force on the robot body with computa-
tional fluid dynamic software.

To calculate the forces on the robot body in water, a robot body
model is introduced into the Fluent fluid simulation software to hold the
robot body stationary and simulate the drag and lift forces on the shell
for different fluid velocity impacts. The forces on the robot body are

15 T T T T T T T T T

-
o
T

X-direction
Force[N]
o
T

1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Flow velocity[m/s]

(a)

15

-
(-]
T

Z-direction
Force[N]
o
T

A
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Flow velocity[m/s]

(b)

Fig. 9. Force on the body in the X and Z direction in fluid simulation.

measured in the range of fluid velocities of 0-1 m/s, and then a second-
order polynomial is used to fit the relationship between the velocity and
the robot forces in the water.

3.2.1. Grid generation of the body in the fluid simulation

The grid generation is shown in Fig. 7. The outflow field is auto-
matically divided by tetrahedral grid, and three prismatic layers are
added at the interface of the body surface to improve the calculation
accuracy.

The static approach is used in Fluent to simulate the robot’s swim-
ming state at different velocities. The robot’s swimming state at different
speeds is simulated by setting different water velocities. The environ-
ment setup and simulation process are as follows.

(1) The robot is directly set in front of the water velocity inflow port,
the flow velocity is set to a fixed value, and the flow outlet is set to
a pressure value.

(2) When a simulation reaches steady state, the lift and drag forces on
the robot at that velocity are obtained, i.e., the lift and drag forces
on the robot are obtained when it is moving at that velocity. The
simulation simulates the drag and lift forces on the robot at
different flow velocities from 0 to 1 m/s with an interval of 0.1 m/
s.

(3) Finally, the continuous functions of the robot’s swimming ve-
locity and lift and drag forces are approximated with a second-
order polynomial fitting.

3.2.2. Force model of the body with fluid simulation results
Fig. 8 shows the flow velocity clouds for each part of the robot’s body

Velocity

Contour 1
0.741
0.688
0.635
0.582
0.530
0.477

0.265
0.212
0.159
0.1086

0.424 '
0.371
0.318

Fig. 8. Flow velocity cloud diagram of the outflow field.



G. Chen et al.

Fig. 10. Overall D-H parameters of the beaver-like robot.

under the flow velocity of 0.5 m/s. The head and tail are subjected to
larger forces and smaller fluid velocities. The rest of the body is
streamlined and subjected to smaller forces and larger fluid velocities.
Fig. 9 presents the variation curves of the X- and Z-axis forces on the
robot’s body by setting different flow velocities in the simulation envi-
ronment fluid.

The forces on the X- and Z-axis of the robot body are obtained by
setting different fluid velocities for discrete simulations. Eq. (39) and Eq.
(40) are obtained by fitting a second-order polynomial based on the
discrete data of fluid velocity and force. Then, the relationship between
the velocity and the forces on the robot in the swimming state is
obtained.

Fpo=11.2v* +0.2v (39)
F.=12.6V> —0.5v (40)
where v is the velocity of the fluid.

3.3. Dynamic modeling of the swimming posture of the beaver-like
underwater robot

Newton-Euler equations are used to model the dynamics of webbed
foot, leg, tail, and whole body of the robot. Fig. 10 shows the coordinate
system of the robot, namely, the global coordinate system {W} and the
body coordinate system {B}.

The inertial matrix Mgg of the robot can be obtained using Eq. (41).

435 0 0 0 0 0
0 435 0 0 0 0

0 435 0 0 0

0 0 0.21 0 0.0015

0 0 0 0.28 0

0 0 00019 0 0.32

Mg = (41)

0
0
0
0

In consideration of the low swimming velocity of the robot, the
inertia matrix can be simplified as Eq. (42).

Mgp = diag{[4.35 4.35 4.35 0.21 0.28 0.32]} (42)

The coordinate point of leg 3 in the motion coordinate system XgYpZp
(body) is expressed by Eq. (43).

Iy
P;=|h, (43)
Wp

Then, the force/moment of the single hip joint on the center of mass
of the body is Fy x P3 + ny and F,. The coordinate point of the corre-
sponding joint in leg 4 is expressed by Eq. (44).

Fig. 11. ADAMS simulation model of our beaver-like robot.

Iy
P,= | —h, (44)
Wy

The force/moment at the center of mass of hip joints 3 and 4 is 7,
which is calculated using Eq. (45).

Fiypo + Fap ) ( o3 )
Thip = x + 45
b ( (e Flajo X Py + Fzo X p3 + "nizjo + "nayo %)

where F(4)0 and F(3) are related to both the posture of the leg joints and
the velocity of the webbed foot at that moment.

According to the force model of the body, the comprehensive hy-
drodynamic force received by the underwater robot while swimming is
calculated using Eq. (46).

Fix 11.2v2 +0.2v
Then = | Fiy | = 0 (46)
Fy, 12.6v* — 0.5v

Then, the resultant force/torque of the robot’s body in the swimming
state is calculated using Eq. (47).

T = Tshell + Thip (47)

Thus, the posture dynamic model of the robot in the swimming state
can be obtained using Eq. (48).

Mg o viy =7 (48)

Furthermore, the swimming posture of the robot can be obtained
using Eq. (49), Eq. (50), and Eq. (51).

Y =Mt (49)

Vi = / (Mgl dt (50)

”(r)z//(MEéf) dr (51)

4. Simulation of the swimming posture dynamic model of the
beaver-like underwater robot

Fig. 11 shows a beaver-like robot prototype model established in
ADAMS. The paddling force of the webbed foot and the fluid force on the
body obtained through Fluent simulation are added to the ADAMS
model. The two motion modes of the robot, namely, alternating and
synchronous swimming, are simulated to obtain the torques of the hip,
knee, and ankle joint and the posture (pitch, yaw, and roll) of the robot
in the process of moving forward. Then, the results are compared with
those obtained by theoretical modeling in MATLAB to verify the
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Fig. 12. Posture of the beaver-like underwater robot in alternate swimming mode.
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Fig. 13. Attitude change curve of the beaver-like underwater robot in synchronous swimming mode.

moves from a static state, the fluid resistance has a rapid nonlinear
change in a short time, which cannot be accurately computed in the
theoretical model. After several cycles of motion, the hydrodynamic
force generated by the webbed foot paddling and the additional mass
force and resistance reach a relatively stable state. The attitude error is
maintained stably in the range of 0-5°. The trend of posture in the roll

correctness of the swimming posture dynamic modeling of the robot.
Fig. 12 shows the posture changes with the alternate swimming
mode of the beaver-like robot. In the first 10 seconds, the robot posture
errors between the theoretical and simulation results fluctuate greatly,
and the errors reach the peak value of 18° in the yaw direction. The main
reasons for this phenomenon are as follows. When the robot initially
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Fig. 15. Alternate swimming experiment of our beaver-like robot.

and pitch directions is similar to the posture in the yaw direction, and
their amplitude changes are small because the hydrodynamic forces
generated by the two with alternate paddling webbed feet partly cancel
each other out.

Fig. 13(a) and (b) show that the posture amplitudes in the yaw and
roll directions change minimally because the hydrodynamic forces
generated by the webbed feet with synchronous paddling partly cancel
each other out in the synchronous motion of the robot. In the pitch di-
rection, a relatively moment is generated because of the synchronous
paddling of the webbed feet. Thus, the change in pitch amplitude rea-
ches 7°, but it is smaller than that in yaw amplitude. The reason is that
the rotational inertia in the pitch direction is larger than that in the yaw

direction.

5. Swimming experiments of the beaver-like robot

In the swimming experiments, the beaver-like robot is powered
directly via a power cable and communicates with the upper controller
running on a PC via the VNC Connect software in the same LAN. In
detail, the upper controller sends the motion instructions to the robot
and collects the posture dada of the robot. The robot controls the motors
in accordance with the motion instructions from the upper controller
and provides the motion states to the upper controller. The control
structure diagram is shown in Fig. 14.
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Fig. 16. Synchronous swimming experiments of our beaver-like robot.
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Fig. 17. Velocity and displacement in the alternate swimming mode.

Figs. 15 and 16 show the movement process of the beaver-like un-
derwater robot with alternate and synchronous swimming modes,
respectively. In alternate swimming, the two hind limbs of the robot
propel the body forward by alternate paddling. In one movement cycle,
the two webbed feet provide propulsion force alternately, so that the
body can move continuously. The movement process is relatively stable,
and the pitch angle does not change considerably, maintaining in the
range of 1°-6°. In synchronous swimming, the two hind limbs of the
robot move forward synchronously. In one movement cycle, the two
webbed feet provide propulsion force and withstand the resistance of
water flow at the same time. Given that the propulsion force is not
continuous, the movement process is not smooth, and the pitch angle
changes greatly, reaching 13°. Through the experiments of alternate and
synchronous swimming, the characteristics of posture change in
different swimming modes of the robot are verified, and the necessity of
the dynamic analysis of swimming posture and the correctness of the
model are demonstrated.

As shown in Fig. 17, the maximum swim velocity is 0.204 m/s, which
is about 0.292 BL/s (body length per second); the average speed is 0.075
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Fig. 18. Velocity and displacement in the synchronous swimming mode.

Table 6
Parameters of bionic robots.

Serial number Dimension (mm) Mass (kg) Frequency (Hz)
1 700%258*360 4.2 0.5

2 680%200*80 7.76 0.5

3 320%560 3.8 0.8

4 495*50%80 1.29 1.91

5 900%500 3.73 0.5

6 530%373*165 3.4 0.5

7 710%640%42 4.7 1.11

m/s, which is about 0.119 BL/s. From Fig. 18, the maximum swim ve-
locity is 0.160 m/s, which is about 0.229 BL/s; the average speed is
0.052 m/s, which is about 0.074 BL/s.

According to the research on the swimming performance of various
types of underwater robots, we can obtain a table of the parameters of
various types of bionic underwater robots and a comparison chart of
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Fig. 19. Swimming velocity of underwater bionic robots.

1- (Beaver-like robot) 2- (Zhang and Jianhui He, 2012) 3- (Huang et al., 2021) 4- (Li, He et al., 2023).
5- (Beaver-like robot) 6- (Cai et al., 2010) 7- (Wu et al., 2014) 8- (Xia et al., 2023).

robot swimming speed, as shown in Table 6 and Fig. 19, respectively.
The information in Fig. 19 and Table 6 indicates that the beaver-like
robot has an advantage in swimming speed when the robots have a
similar form factor, minimal difference in mass, and the same motion
frequency.

6. Conclusions

In this study, the characteristics of a beaver are discussed and
imitated. A beaver-like robot is designed with a set of locomotion
mechanisms, and the swimming posture dynamics of the robot is
investigated. A rigid-liquid fusion method is used to establish a model of
the overall dynamics of the beaver-like robot while swimming, and the
relationship between leg movements and swimming posture is explained
in detail. This provides a basis for realizing stable posture control of the
underwater robot. The main conclusions are provided below.

First, a beaver-like robot is designed in accordance with the shape
and skeletal characteristics of a beaver. The robot structure includes five
parts: forelimbs, body, hind limbs, webbed feet, and tail. The webbed
feet can realize alternate and synchronous swimming. The body shell
adopts a streamlined shape to reduce water resistance. The webbed feet
are rope-driven to extend and contract and coordinate with the hind
limbs for increasing the propulsion and reducing the resistance force
while swimming.

Through dynamic modeling, hydrodynamic models of the webbed
feet, hind limbs, and posture of the beaver-like robot are constructed,
and the relationship between the force on the robot and the posture is
determined. The correctness and rationality of the modeling method are
verified through simulation and experiment.

From the calculation results of the simulation model, the change in
robot body posture is basically the same when the robot moves with
alternate and synchronous swimming modes stably. The maximum er-
rors of yaw, roll, and pitch are 4.46°, 1.59°, and 1.50°, respectively,
when the feet move alternately. Meanwhile, the maximum errors of
yaw, roll, and pitch are 0.54°, 0.54°, and 3.15°, respectively, when the
feet move synchronously. These results can verify the correctness and
validity of the swimming posture dynamic modeling method.

According to the comparison of the velocity and displacement curves
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of alternate and synchronous swimming, the maximum velocity is 0.204
m/s and the maximum pitch angle change is 13° during synchronous
swimming. During alternate swimming, the maximum velocity is 0.160
m/s, and the maximum pitch angle change is 6°. From the comparison of
the characteristics of different swimming modes, we can learn that
stable posture control of the underwater robot can be achieved by
flexibly adopting two different swimming modes in the complicated
underwater environment.

In the future work, we will add artificial skin to the body surface so
that the robot can adapt well to a real environment and realize enhanced
swimming performance. Autonomous swimming will also be studied
with decreased remote wireless control to improve the robot’s intelli-
gence. Moreover, the swimming efficiency of the beaver-like robot will
be evaluated further, and accurate calculation and verification will be
carried out for the work done by the component force of the beaver-like
robot in the swimming process.
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