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Motion stability analysis of beaver-like robot

Gang Chen"?*** YidongXu', Zhenyu Wang', Huosheng Hu? and Chuanyu Wu'"*

Abstract

A stability index and evaluation method based on couple moment judgment are proposed for the motion stability of
beaver-like robot. The index, expressed by the ratio of the recovery torque and external disturbance torque caused by
gravity and buoyancy of the beaver-like robot, effectively evaluates the robot’s motion stability. The swimming stability
index of beaver-like robot is calculated on the basis of Adams—Matlab co-simulation. Through comparative analysis of the
indexes calculated in accordance with experimental and simulation data under different gaits, the stability of the robot in
the rolling direction is confirmed to be worse under alternating gaits. The stability in the pitching direction is worse
under synchronous gaits. Moreover, the increase of the motion amplitude of the propulsion structure (hind legs and tail)
reduces the motion stability of the robot. This research can lay the foundation for stability criteria in underwater stable
motion control and motion optimization of beaver-like robots.
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Introduction performance of robots, including stability identifica-
tion,'> control system design,'® and stability simula-
tion.!” Since the 1950s, robot stability analysis has
received growing attention, leading to numerous
research findings."®!'” For example, Mejri et al. studied
the dynamic characteristics and stability of processing
robots to improve the processing quality.?® Seo et al.
designed a wall-climbing robot and completed its stabi-
lity analysis to improve the robot’s motion perfor-
mance.”! Zake et al. proposed a stability analysis
method of cable-driven parallel robot on the basis of
vision control, which can effectively analyze the motion
stability of the robot.?*> Liljeback et al. studied the

With the increasing demand for ocean exploration, the
continuous development of underwater robot technol-
ogy provides strong support for marine scientific
research and engineering applications.” As a design
concept inspired by nature,* > bionic underwater robots
have shown great potential in the fields of ocean explo-
ration, resource exploration, and environmental moni-
toring.° ® The beaver is an amphibian with excellent
swimming ability and motion stability; as such, it serves
as an important reference for the design of bionic
underwater robots.” Learning from the biological char-
acteristics and behaviors of beavers can further improve
the performance and adaptability of bionic underwater
robots in the marine field. The wide application of these
robots in marine science and engineering can also be
promoted.'®!!

Our team used the beaver as the biomimetic object
to carry out many studies on robot design, motion con-
trol, and hydrodynamic analysis.'*'* In our study of N .
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motion stability of a planar snake robot and proved
that the control law of asymptotic stability of a planar
snake robot to the equilibrium point must be time vary-
ing.”* Wen et al. studied the stability of the position and
force control of the robot arm to increase accuracy of
the control.>* Liang et al. studied the design and stabi-
lity of wall-climbing robot on the basis of the propeller
propulsion force and analyzed the stability conditions
of robot adsorbed on the wall.?> The above research
demonstrates the important role of stability analysis in
improving the motion performance and motion adapt-
ability of robots.

There have been many methods for stability analysis
such as angular momentum measure,”® force-angular
stability measure,”’ energy stability margin measure,”®
Poincare-Lyapunov theory,” etc. However, the beaver-
like robot is a kind of underwater bionic robot, and its
design is inspired by the biological characteristics of the
beaver. The robot has complex mechanical structure
and dynamic characteristics, and its motion pattern is
also significantly different from that of conventional
robots.?® Because its swimming mode is not pure rota-
tional motion, the dynamic model is usually nonlinear
and there is no clear equilibrium point in the swimming
process, which involves complex hydrodynamic effects
and energy conversion process.’' >* The existing meth-
ods are not directly applicable to the stability analysis
of the beaver-like robot. Therefore, this study investi-
gates the motion stability of the beaver-like robot, and
its main contributions are as follows:

1. We propose a stability index and evaluation
method on the basis of the determination of the
couple moment for the motion of the beaver-like
robot. The index, expressed by the ratio of the
recovery torque formed by gravity and buoyancy
to the external disturbance torque, effectively eval-
uates the motion stability of the beaver-like robot.
The swimming stability index of the beaver-like
robot is calculated on the basis of the Adams-
Matlab co-simulation. The stability index is calcu-
lated and compared using the experimental and
simulation data under different gaits. The stability

of the robot motion under different gaits is
obtained, which lays the foundation for the under-
water motion control and motion optimization of
the beaver-like robot.

The structure of this paper is as follows: Section
“Design of beaver-like robot” introduces the structure
and gait of the beaver-like robot. Section “Stability
index and evaluation method of beaver-like robot” pro-
poses the swimming stability index and evaluation
method of the beaver-like robot. Section “Simulation
and experiment of swimming stability criteria for
beaver-like robot” presents the simulation and experi-
mental study of the swimming stability criteria of the
beaver-like robot. Section “Conclusions and future
work” discusses the findings and concludes.

Design of beaver-like robot

A beaver is a semi-aquatic animal,** with developed
hind legs and a flat tail, enabling it to swim flexibly in
water.”® The biological structure of a beaver is shown in
Figure 1(a), featuring long and powerful hind legs with
webbed soles to provide large thrust. The broad and flat
tail of beavers also provides thrust while maintaining
body balance.*®*” As shown in Figure 1(b), the struc-
ture of the beaver-like robot is designed to mimic the
body structure of the beaver. Table 1 shows the struc-
tural parameters of each part of the robot. Its hind legs
have flexible webbed hind feet. The hind legs of the
beaver-like robot adopt a two-link articulated structure,
including the thigh, shank, and flipper. These compo-
nents are connected by the hip, knee, and ankle joints.

As shown in Figure 2, the coordinated movement of
a beaver’s legs under water presents different patterns.
Two swimming gaits of beavers have been analyzed so
far. In the alternating gait, when the beaver is relaxed,
its hind legs alternate in the water, smoothly sliding for-
ward. By contrast, in the synchronous gait, when the
beaver needs to accelerate, its hind limbs stroke at the
same frequency, producing a high-speed thrust. This
study on the stability of the beaver-like robot focuses
on these two gaits.
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Figure 1. Structure of (a) biological beaver and (b) beaver-like robot.



Table I. Parameters of the robot.

Parts Parameters Numerical value
Body Overall length (mm) 700
Weight (kg) 5.32
Forelimb Forearm length (mm) 100
Large arm length (mm) 100
Hindlimb Shank length (mm) 122
Thigh length (mm) 100
Flipper First finger length (mm) 30
Second finger length (mm) 50
Fully extended area (mm?) 10,353
Tail Length (mm) 23
Area (mm?) 18,431

Stability index and evaluation method of
beaver-like robot

The motion stability of the beaver-like robot can be
quantified by the ratio of the disturbance torque and
recovery torque. The couple moments generated by
gravity and buoyancy in the recovery torque are related
to the positions of the centers of gravity and buoyancy.
Owing to the movement of the hind legs and tail of the
beaver-like robot, the centers of gravity and buoyancy
change with the robot’s attitude, so a model with vary-
ing centers of buoyancy and gravity is established. The
interference torque includes the interference force gen-
erated by the hind legs and tail and the water resistance
of the robot’s overall shell.

Stability index of beaver-like robot

As shown in Figure 3, the robot body coordinate
system opXpYp2p 18 firmly connected with the body. The
body rotates following the right-hand spiral direction.
The angle of rotation around the opx}, axis is the roll
angle ¢ (roll), that around the oyy, axis is the pitch

Figure 3. Schematic of the forces acting on beaver-like robot.

angle 0 (pitch), and that around the oyz;, axis is the yaw
angle y (yaw).

The gravity and buoyancy forces acting on the robot
forms a couple, generating a couple moment (as shown
in Figure 3). This moment, called the recovery moment
My, counteracts the robot’s rolling or pitching caused
by other environmental forces (interference moment
Mp). The direction of the recovery moment opposes
that of roll and pitch, inhibiting the latter’s growth.
When the interference moment is smaller than the
recovery moment, the robot’s attitude change can be
suppressed, so the robot can swim stably. On the
contrary, an imbalance can cause unstable swimming.
In this study, the ratio Mp/Mpg between the disturbance
torque Mp and the recovery torque My is used as
the discriminant index for robot swimming stability.
A ratio of Mp/Mg < 1 means stable swimming; Mp/
My = 1, metastable swimming; Mp/Mgr > 1, unstable
swimming.

The change in attitude angle can be used to describe
the motion change of the beaver-like robot while swim-
ming under water. However, the dynamic stability of

Figure 2. Kinematic gaits: (a) synchronous gait, (b) alternating gait.



the beaver-like robot cannot be evaluated only from
the change of attitude angle. The stability index based
on the determination of the couple moment can better
describe the stability of the robot during dynamic
motion. This index not only considers the stability
under static conditions, but also implies the recovery
ability in the dynamic process, because the recovery
torque is often closely related to the dynamic character-
istics of the robot, such as mass distribution, propul-
sion mode, etc. This dynamic adaptability makes the
metric more advantageous when evaluating robot stabi-
lity in complex underwater environments.

Calculation of swimming stability index of beaver-like
robot

The propulsion mechanism of the beaver-like robot
during swimming mainly involves its hind legs and tail.
Our previous research has focused on the dynamics of
the hind legs and tail. We thus proposed a rigid-liquid
fusion dynamics model combining robot rigid body
dynamics and hydrodynamics [0] and a segmented
dynamics model integrating the deflection deformation
principle and hydrodynamics of the tail.*® These mod-
els have been verified by theoretical model calculation,
simulation, and experiment. The theoretical, experi-
mental, and simulation values for the hydrodynamic
forces exerted by the hind legs F}, and the tail F; are
obtained.

The disturbance torque Mp of the beaver-like robot
is composed of the hydrodynamic force of the hind legs
Fy, tail Fy, and shell F;. It can be expressed as follows:

Mp = Fysp + Fes; + Fysi

Fh_x'xh + Fr_x'xr + Fs_x'xm MD,(p
= Fh,y'yh + Fr,y'yt + Fs,y'ym = | Mps
Fy .z + F .z + F .z MD_'y

(1)

Where sy, s, and s, are the coordinates of the hind
leg hip joint, the tail joint, and the robot’s centroid

in the body coordinate system, respectively. The hydro-
dynamic force of the hind leg Fj, is calculated using the
hydrodynamic model of the hind leg of the beaver-like
robot, which is equivalent to the force acting on the hip
joint of the beaver-like robot. The hydrodynamic force
of the tail F; is calculated using the water-saving
dynamic model of the tail part of the beaver-like robot,
which is equivalent to the force acting on the tail joint
of the beaver-like robot. The hydrodynamic force of
the shell Fj is the resistance of the whole robot against
the water flow while swimming, which is obtained by
simulating of the underwater motion of the robot using
ANSYS Fluent simulation software. It is equivalent to
the force acting on the center of mass of the robot. The
simulation of the shell in ANSYS Fluent is shown in
Figure 4, where the fluid simulation of the shell is per-
formed in a steady-state mode. The left side is the fluid
velocity inlet, with velocities ranging from 0 increasing
by 0.1 to 1m/s. The right side is the pressure outlet.
The turbulence model used is the Realizable k-¢ model.
The time step is 0.01's, and 200 steps are taken as one
calculation. The total computational domain is a rec-
tangular box, with a total length of 3L, a width of 4 W,
and a height of 6 H. The external flow field is automati-
cally divided into tetrahedral meshes, and three prism
layers are added at the interface with the shell surface
to improve the calculation and analysis accuracy. As
the point of action of the hind legs (hip joint), the point
of action of the tail (tail joint), and the force point of
the shell impaction are fixed with respect to the body
coordinate system, the disturbance torque Mp is inde-
pendent of the attitude angle, calculation process is
shown in Figure 5.

The recovery moment My of the beaver-like robot is
composed of the robot gravity G and the buoyancy Fy.
It can be expressed as follows:

Mg = Ra(¢,0,7)-G-Cy, + Ra(,0,v)-FrBy (2)

Ro(d, 6, ) is the transformation matrix of the atti-
tude angle. In the simulation calculation, the attitude
angle is obtained by Adams simulation, and the expres-
sion of Ro(d, 6, y) is

Velocity
Contour 1

(b)

Figure 4. Shell fluent simulation: (a) outer shell field meshing, (b) outflow field velocity cloud image.
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Figure 5. Calculation of body coordinate system, attitude angle, and stability index of the beaver-like robot.
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Table 2. Expression parameters of centers of gravity and buoyancy of the beaver-like robot.

Parts ] Center of gravity Center of buoyancy Weight Volume

Trunk Trunk (0) Pxgj Oxp; mo Vo

Hind legs Hip joint (I) bC = by b, = By m Vi
Knee joint (2) bz, i) my Vv,
Ankle joint (3) m3 V3
Knuckle | (4) my V4
Knuckle 2 (5) ms Vs

Tail Tail joint (6) me Ve




It can only reflect whether the robot is stable or not
and cannot measure the stability margin of the robot in
the dynamic motion state. Stability margin refers to the
margin of a certain quantity change away from the
instability of the system, which is of great significance
for evaluating the ability of the robot to maintain
stability. In this study, S is used as a measure of the
swimming stability margin of the beaver-like robot. It
is denoted by

S:]—MD/MR

Fh'sh + Ft'St + Fs'sm (7)
Ra(¢,0,7)-G-Cy + Ra(,0,v)-Fr-By,

Through the research on the stability margin of the
alternating and synchronous gaits under the bionic,
increasing, and reducing gaits, the stability margin of
the robot under different gaits and motion amplitudes
is obtained. The obtained values provide reference for
the subsequent improvement of the motion perfor-
mance of the robot.

Simulation and experiment of swimming
stability criteria for beaver-like robot

Adams—Matlab co-simulation

The Adams—Matlab co-simulation is used to calculate
the swimming stability index of the beaver-like robot,
the calculation process is shown in Figure 6. Basing on
the research on the rigid-fluid fusion dynamics of the
hind legs and the segmental dynamics of the tail of the
beaver-like robot and considering the simulation and
experimental results of the propulsion and lift forces of
the hind legs and tail to the torso, we respectively inte-
grated the simulation and experimental values under
different gaits into the underwater motion simulation
model of the beaver-like robot in Adams. The overall
flow resistance of the robot obtained from ANSYS
Fluent simulation was added to simulate the under-
water swimming of the robot. The change in the atti-
tude angle of the robot while swimming was calculated
through Adams simulation. The attitude angle infor-
mation was then imported into Matlab and jointly

Rigid-fluid ﬁ
s fusion kinetics At
i B of hind legs
: Back leg force l
Adams Angle of
Ansys shell 3
: Simulation attitude Matlab
hydrodynamic |5——=———> e
P : Resistance|  pjodel Moment of | stability model
simulation
to flow T recovery
Tail action force .
Tail segment | =824 | Stability
dynamics &» index

Figure 6. Stability index calculation process.

calculated with the stability index model to obtain the
stability margin S.

Adams simulation

The virtual prototype model of underwater robot is
established in SolidWorks, and the virtual prototype
model of underwater robot is established in ADAMS.
The parts without relative motion in the model are
summed by Boolean, and the parts without influence
on the movement of the robot are removed, which
reduces the complexity of the processing and the uncer-
tainty of the model simulation. The forces exerted by
the hind legs and tail on the trunk of the robot are
added to the hip joint and tail joint. The motion of the
gait corresponding to the hind legs and tail is adjusted
to replicate the real motion state. The water flow resis-
tance model under different speeds obtained from the
Fluent simulation is applied to the shell. Thus, the atti-
tude angle information of the beaver-like robot is
obtained.

To achieve a better control effect, this study com-
pares the stability index of different gaits with the stabi-
lity index of different motion functions under the same
gait. It then verifies the stability difference between
gaits and the influence of different motion functions on
stability, allaying the foundation for the subsequent
stable motion control and optimization of the robot.
Figures 7 and 10 show the changes in motion under the
bionic alternating gait and those under the bionic syn-
chronous gait, respectively. In the bionic alternating
gait, the hind legs swing alternately, the tail swing is
larger, and the body fluctuation is smaller. In the bio-
nic synchronous gait, the hind legs of the robot main-
tain the same swing position, generating more power.
Although the tail swing is smaller, it stabilizes the
trunk. Nonetheless, the body fluctuates greatly during
movement. Figures 8 and 9 show the increased and
reduced gaits under alternating gait, respectively. The
results of Adams simulation reveal that the pitch angle
and roll angle of the robot with increased gait vary
greatly, and the overall stability of the robot is poor.
Although the robot with reduced gait has good overall
stability, the movement is relatively slow. Figures 11
and 12 show the increased and reduced gaits under syn-
chronous gait. The increased gait under synchronous
gait has the same characteristics as that under alternat-
ing gait, but the stability is worse.

Experiment

The experiment was carried out in a transparent water
tank with the length X width X height of 2m X I m
X 1.2m, and the motion of the robot prototype was
captured by a high-definition camera. Figures 13 and
14 respectively show the motion process of the flippers
in alternating stroke and synchronous stroke modes. In
alternating strokes, the two hind legs achieve the body’s
progress through alternating strokes. In one movement



Figure 7. Changes in motion under a bionic alternating gait.

Figure 8. Changes in motion under incremental alternating gait.

Figure 9. Changes in motion under reduced-amplitude alternating gait.

Figure 10. Changes in motion under bionic synchronized gait.



Figure 11. Changes in motion under reduced-amplitude synchronized gait.

Figure 13. Alternating gait.

cycle, the two flippers alternately provide propulsion,
so that the body can continue to move, and the move-
ment process is relatively stable. In the recovery phase,
the fins bend and contract to reduce the area of the
oncoming stream, thereby reducing the resistance of
the flow. In synchronous stroke, the two hind legs
move synchronously to achieve the body’s forward
movement. In one movement cycle, the two flippers
simultaneously provide propulsion and withstand the

water resistance at the same time. The propulsion force
is discontinuous, and the movement process is not
smooth, but the movement is explosive. In the alternat-
ing flipper stroke, the two flippers produce propulsion
force, which causes the force imbalance in the horizon-
tal plane of the robot, and the body moves left and
right in the horizontal plane. In the synchronous pad-
dling of the flippers, the two flippers are paddling at
the same time, and the force of the robot in the



Figure 14. Synchronized gait.

horizontal plane is more uniform, which avoids its
shaking in the horizontal plane, but increases the force
in the vertical direction, resulting in the pitching of the
robot in the movement.

Results of stability index calculation

By modeling and calculating the bionic, increasing, and
decreasing motion functions under the two types of
straight gait, the bionic gait is extracted from the biolo-
gical motion posture analysis to obtain the skeletal pos-
ture and motion trajectory of the biological motion.
Subsequently, we determined the motion function of
the hind leg and tail. The increase and decrease motion
function is the gait obtained by increasing and decreas-
ing the amplitude value based on the bionic gait. The
difference between alternating and synchronous gaits
lies in the phase difference between the two hind legs in
alternating gait, which makes the two hind legs produce
propulsion force alternately. In synchronous gait, no
phase difference exists between the two hind legs, and
the propulsion force is generated simultaneously.

Results of the alternating gait stability index. Figures 15-20
show the stability index calculation results of simulation
values and experimental values under bionic, increasing
and decreasing alternating gait respectively. From the
figure, we can obtain the following information:

(1) The changes of the three indicators Sy, Sy, and S,
show a sinusoidal change state, and the change
amplitude of Sy, and Sy has an obvious trend of
increasing with time.

(2) The three motion functions of §, in alternating
gait are all less than 1, and the simulation results
are maintained at 0.65, 0.6, 0.55 respectively, and
the experimental results are maintained at 0.48,

0.51, 0.50 respectively. Therefore, the robot has
high stability in yaw angle 7.

(3) Sg starts to be greater than 1 after 5.8 s in the bio-
nic gait, and the maximum value of the simulation
results is 1.18, and the maximum value of the
experimental results is 1.09. In the increasing gait,
it starts to be greater than 1 after 4.3s, and the
maximum simulation results reach 1.48, and the
maximum experimental results reach 1.32. Under
the reduced gait, the simulation results and experi-
mental results are almost less than 1, and the sta-
bility is good.

(4) The simulation value and experimental value of S,
under bionic gait are up to 1.02 and 0.91, respec-
tively. Under the reduced gait, the simulation cal-
culated value, and the experimental calculated
value are up to 1.21 and 1.08 respectively. Under
the increasing gait, the maximum value of simula-
tion calculation and experimental calculation
reaches 1.21, 1.08 respectively, and starts to be
greater than 1 after 4.7s. The maximum value of
simulation calculation reaches 1.16, and the maxi-
mum value of experimental calculation reaches
1.06.

(5) There is almost no phase difference between the
calculation results of the experimental value and
the simulation value, and the calculation curve of
the experimental value is not smooth, and there is
a certain deviation, which may be caused by the
assembly error and sensor measurement error in
the experiment; And the experimental results are
lower than the simulation results.

Results of stability indices in synchronized gait. Figures 21-26
show the stability index calculation results of simulation
values and experimental values under bionic, increasing
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Figure 16. Stability index under bionic alternating gait (experimental results).
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Figure 19. Stability index under reduced alternating gait (simulation results).
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Figure 20. Stability index under reduced amplitude alternating gait (experimental results).
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Figure 21. Stability index under bionic synchronous gait (simulation results).
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Figure 22. Stability index under bionic synchronous gait (experimental results).
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Figure 24. Stability index under increasing gait synchronization (experimental results).
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Figure 25. Stability index under reduced amplitude synchronous gait (simulation results).

and decreasing synchronized gait respectively. From the
figures, we can obtain the following information:

(2) The three motion functions of Sy and S, in syn-
chronous gait are all less than 1, and the robot
has high stability in roll angle ¢ and yaw angle y

(1) The changes of the three indicators Sy, Sy, and S, under synchronous gait. Compared with the alter-

show sinusoidal changes in the simulation results
and experimental results, and the change period is
longer than that of the alternating gait. The
change amplitude of S, and S, is small, but the
change value of Sy is large.

(€)

nating gait, the synchronous gait has better stabi-
lity in the roll angle, but worse stability in the
pitch angle.

Sp is greater than 1 in many cycles of bionic gait,
and the maximum excess value of the simulation
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Figure 26. Stability index under reduced amplitude synchronous gait (experimental results).
Table 3. Maximum value of attitude angle stability index.
Gait Sé_m So_m Sym
Experiment Simulation Experiment Simulation Experiment Simulation
Bionic alternating gait 1.02 0.93 0.52 0.48 0.52 0.50
Augmented alternating gait 1.18 1.23 1.39 1.41 0.42 0.38
Reduced alternating gait 0.82 1.08 0.62 0.58 0.58 0.54
Bionic synchronous gait 0.36 0.33 1.2 1.23 0.42 0.40
Augmented synchronous gait 0.42 0.37 1.29 1.51 0.32 0.38
Reduced synchronous gait 0.52 0.55 1.10 1.09 0.68 0.64

value is 0.29, and the maximum excess value of
the experimental value is 0.13. Under the increas-
ing gait, the five change cycles are all greater than
1, and the maximum excess value of the simulation
value calculation results is 0.42, and the maximum
excess value of the experimental value calculation
results is 0.22. In the reduced gait, almost all of
them are less than 1, and the stability is good.

Table 3 shows the maximum value of stability index
of each attitude angle calculated. Combined with the
calculation curve, it can be seen that under the same
gait, the stability margin decreases with the increase of
amplitude, the amplitude reduction gait is the most sta-
ble, the bionic gait is relatively stable, and the stability
of the increase gait is the worst. In the straight motion,
there is instability in the pitch angle and roll angle. The
stability margin of synchronous gait in yaw angle and
roll angle is larger than that of alternating gait, but the
stability margin of alternating gait in pitch angle is
larger.

Conclusions and future work

This study proposes a stability index and evaluation
method on the basis of the determination of the couple
moment for assessing the motion stability of the
beaver-like robot. The results of stability index calcula-
tion align with the information obtained from the dia-
grams illustrating the changes in the motion in Adams
simulation. Both prove that the stability of the beaver-
like robot in the roll angle and yaw angle is worse
under alternating gait, whereas the stability in the pitch
angle is worse under synchronous gait. The increase of

the motion amplitude of the propulsion structure (hind
legs and tail) reduces the motion stability of the robot.
However, the results of the Adams simulation indicate
that the velocity is reduced when the amplitude is
reduced. From the above results, it can be seen that
compared with the traditional stability analysis meth-
ods, the stability analysis method proposed in this
paper not only considers the stability of the robot
under static conditions, but also includes the recovery
ability of the robot in the dynamic process, because the
recovery torque is often closely related to the dynamic
characteristics of the robot, such as mass distribution
and propulsion mode. This dynamic adaptability makes
the metric more advantageous when evaluating the sta-
bility of robots in complex underwater environments.

In future research, we will design a more efficient
controller by iteratively optimizing the control para-
meters with the stability index as the optimization tar-
get. By constantly adjusting the control parameters, the
motion amplitude of each propulsion structure is opti-
mized to make the robot maintain a certain stability
and achieve the required motion performance. In addi-
tion, we will continue to explore the interaction between
the tail and other robot components to optimize the
mechanical and dynamic properties of the propulsion
structure, so as to improve the stability and motion per-
formance of the robot, making the robot have better
flexibility and reliability in various complex environ-
ments and tasks.
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