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a b s t r a c t

Crocodiles, one of the oldest and most resilient species on Earth, have demonstrated remarkable
locomotor abilities both on land and in water, evolving over millennia to adapt to diverse environ-
ments. In this study, we draw inspiration from crocodiles and design a highly biomimetic crocodile
robot equipped with multiple degrees of freedom and articulated trunk joints. This design is based
on comprehensive analysis of the structural and motion characteristics of real crocodiles. The bionic
crocodile robot has a problem of limb-torso incoordination during movement. To solve this problem,
we used the D-H method for both forward and inverse kinematics analysis of the robot’s legs and
spine. Through a series of simulation experiments, we investigated the robot’s motion stability, fault
tolerance, and adaptability to environments in two motor patterns: with and without spine and tail
movements. The experimental results show that the bionic crocodile robot exhibits superior motion
performance when the spine and tail cooperate with the extremities. This study not only demonstrates
the potential of biomimicry in robotics but also underscores the significance of understanding how
nature’s designs can inform and enhance technological innovations.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of ShandongUniversity. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As technology continues to advance, robotics has become one
f the most compelling fields in the world. In this rapidly de-
eloping field, legged robots, as mechanical systems with great
otential and flexibility, have attracted extensive attention and
esearch [1,2]. Their unique leg structure gives them the ability
o adapt to complex terrain [3,4], enabling them to perform
arious tasks in different environments, showing great potential
n areas such as exploration, search and rescue, manufacturing,
nd healthcare. Legged robots can be divided into two categories:
egged walking and crawling robots. Legged crawling robots can
hoose their landing points in wider spaces and show better
assability on complex terrain. In addition, the larger support
olygon and lower center of gravity make legged robots more
table [5–8].
Crocodiles are highly evolved reptiles that can perform almost

ll quadrupedal gaits of mammals and have a powerful tail. The
tructural features of crocodiles [9] make them well-adapted to
heir environment. Their great adaptability to the environment
s achieved through coordination between the legs and other
arts of the body, such as the trunk, head, and tail. Crocodiles
xtend their stride length by bending their bodies and achieve
alance by wagging their tails. These behaviors suggest that limb
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coordination plays an important role in the control of biologi-
cal locomotion [10–12], as crocodiles adapt to the environment
through the coordination of multiple parts and allow a single part
to perform multiple motion functions with the cooperation of
other parts. However, there is still significant room for research
on this limb-body coordination mechanism, and the study and
improvement of this mechanism can help elucidate the motor
control of crocodilians and be useful in the design of bionic
crocodilian robots.

At present, there are few studies using alligators as robotic
bionic objects worldwide. Kamilo Melo et al. used simple fabrica-
tion techniques and generic components to design and assemble
a bionic crocodile robot, which was then tested in a real natural
environment [13]. A bionic crocodile modular robot consisting of
14 small robot modules was designed at Ohio State University,
USA, using an American alligator as a bionic object [14,15]. A low-
cost open-source bionic crocodile robot platform was designed
by a research team at the Indian Institute of Technology [16].
This platform allows rapid prototyping of robots and facilitates
iterative design. Based on the bionic crocodile robot platform, the
team investigated the effect of robot body torso swing on robot
motion [17]; a research team at BITS Pilani (India) designed a new
modular robot 2DxoPod by imitating the motion of vertebrates
such as crocodiles and snakes [18]. This modular robot was de-
signed with two mutually overlapping and orthogonal degrees of
freedom to imitate the joints of creatures such as snakes, dogs,
and crocodiles. The overall design was optimized by reducing
niversity. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Skeletal structure of the alligator.
he number of drives, degrees of freedom, and coordinates of
he robot during navigation. However, none of these studies
ddressed the structural design of the crocodile spine and tail and
heir role in locomotion.

This study draws inspiration from the remarkable character-
stics of crocodiles and applies them to the design of a bio-
nspired crocodile robot. This study encompasses comprehensive
tructural analysis, a kinematic model established using the D-H
ethod, and both forward and inverse kinematic analyses. This
tudy focuses on achieving coordinated planning control among
he various components of the bio-inspired crocodile by extract-
ng the relationships between phases and angles of the limb,
pine, and tail during a single motion cycle, closely mimicking the
ocomotion of real crocodiles. Subsequently, experimental analy-
is was performed to evaluate several key performance aspects
f the bio-inspired crocodile robot. This evaluation includes an
xamination of its motion stability when subjected to coordinated
lanning control of the spine, limbs, and tail, an exploration
f its resilience despite potential component damage, and an
nvestigation into its adaptability in different environments.

Compared with other legged robots, the bionic crocodile robot
esigned in this study has not only legs but also a spine and tail,
llowing it to perform more complex and flexible movements and
ven swim in water. Overall, this study not only highlights the
otential of bio-inspired robotics but also provides insights into
he robustness and adaptability of bio-inspired crocodile robots
n various environments.

. Structural design

.1. Structure and movement characteristics of Crocodile

Crocodiles are remarkable semi-aquatic and semiterrestrial
reatures that inhabit several regions across the world, spanning
ropical, subtropical, and temperate areas in Asia, Africa, America,
nd Oceania. Globally, there are currently 26 recognized crocodile
pecies, all belonging to the biological order Crocodilia [19–22].
ithin the Crocodilia order, crocodiles are categorized into three
ajor families: Alligatoridae, Crocodylidae, and Gavialidae. These
iverse species exhibit a vast range of sizes, with the African
ile Crocodile being the largest among them, reaching an average
ength of approximately 4 m [23]. In contrast, the Chinese alli-
ator (Alligator sinensis), a member of the Alligatoridae family,
epresents the smallest crocodile species, typically measuring
pproximately 1.25 m in length [24].
In this section, we analyze crocodiles within the Alligatori-

ae family, focusing on their structural characteristics. Fig. 1
llustrates the skeletal structure of Alligatoridae crocodiles.

An intriguing observation reveals that a crocodile’s tail boasts
greater number of segments than its spine, with the tail length
2

accounting for approximately half of the crocodile’s overall body
length. Crocodiles’ legs are short, with the scapula connecting
the front two legs. The front legs exhibit five toes, the hind legs
feature four toes, and the hind feet adopt a webbed structure.

Through continuous evolution, crocodiles have acquired ex-
ceptional mobility and adaptability, demonstrating peak perfor-
mance in various modes of movement, whether in water or on
land. Common locomotion patterns of crocodiles include belly
crawling, high walking, galloping, swimming, and underwater
rolling [25].

Belly crawling, the most frequently observed terrestrial loco-
motion mode, involves the crocodile’s body remaining close to
the ground with minimal movement. In this mode, the front and
hind legs move in a diagonal gait, while the tail swings alter-
nately from side to side, creating a leisurely pace for crocodile
movement.

Conversely, crocodiles can be observed raising their legs up-
right beneath their bodies, with their feet pointing in a direction
of moving forward. They move in a diagonal gait, and approx-
imately half of their tail alternates swinging along the ground.
This mode typically ranges in speed from 5 to 10 km/h.

In addition, crocodiles, with their impressive burst of power,
are capable of galloping movements, which represent their fastest
mode of locomotion and are typically employed when attempt-
ing to escape. In aquatic environments, crocodiles tightly press
their limbs against their body’s sides while using their tail to
generate the primary thrust for swimming. The tail’s swing-
ing motion resembles a sine wave, and crocodiles use rapid
tail swings to accelerate. During this movement, the body trunk
exhibits wave-like undulations that resemble a sine curve [26].

2.2. Structural design

In this study, we selected the spectacled caiman, a member of
the Alligator genus Alligator, as our research subject. The design
of the bionic crocodile robot was inspired by the distinct mor-
phological characteristics of these species. The robot comprises
multiple components, including the head, body trunk, limbs, and
tail, with each part consisting of interconnected joints. For a
visual representation of the overall structure, refer to Fig. 2.

In this study, the torso of the bionic crocodile robot is de-
signed according to the body structure and motion of a real
crocodile [27]. As shown in Fig. 4, five degrees of freedom were
set in the torso, including three degrees of freedom for the lateral
movement of the spinal column and two degrees of freedom for
the robot’s pitch motion.

The leg structure of the bionic crocodile robot was devel-
oped by analyzing the leg skeleton structure and movement
patterns [28] of real crocodiles. As shown in Fig. 3, three degrees
of freedom were set in the leg, including two joints at the hip and
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Fig. 2. Design of the overall structure of bionic crocodile robot.

Fig. 3. Design of leg structure of bionic crocodile robot.

Fig. 4. Design of the torso of bionic crocodile robot.

ne at the knee. When moving on a flat surface, the robot adopts
he crawling structure illustrated in Fig. 3(a). Conversely, when
raversing rough terrains, it uses the lactation-type structure
hown in Fig. 3(b). This design allows the bionic crocodile robot to
ynamically switch between different structures and gaits based
n the environment encountered.
The design of the tail structure [29] of the crocodile robot is

hown in Fig. 5. As depicted in Fig. 5, the tail of the bionic alligator
obot consists of a drive section and an underdrive section, where
he drive section has six degrees of freedom and moves with a
3

Table 1
D-H parameter table of rear limb.
i θi (rad) di (mm) ai (mm) αi (rad)

1 θ1 0 70 0
2 θ2 0 0 π / 2
3 θ3 0 86 0
4 θ4 0 89 0

linear drive. The underdrive section is made of flexible material,
which can realistically simulate the flexible tail of an alligator.

We fabricate a physical prototype of a bionic crocodile robot
that is driven by separate servos for each joint of the spine and
limbs and a wire-driven tail, as shown in Fig. 6. The dimensions
of the robot are 100*45*18 cm (length*width*height), and the
weight is approximately 3.45 kg.

3. Kinematic analysis

The appropriate coordinate system is set for each joint to de-
scribe the correct kinematic characteristics of the bionic crocodile
robot. In this study, the reference coordinate system [30] of the
legs and spine of the bionic crocodile robot [31] was constructed
using D-H representation, the homogeneous transformation ma-
trix between the coordinate system of the robot’s foot movement
and the reference coordinate system of the base was obtained,
and the relevant kinematic model was established.

3.1. Kinematic model of legs

Taking the left hind leg of a bionic crocodilian robot as an ex-
ample, we establish the coordinate system of each rod and derive
the corresponding kinematic equations using the D-H method.
The D-H linkage coordinate system for the leg of the bionic
crocodile robot according to the above steps is shown in Fig. 7.

According to the chain rule of coordinate system transforma-
tion, the flush transformation matrix of adjacent joint coordinate
systems is expressed as follows:

i−1
i T =

⎡⎢⎣ cθi −sθi 0 ai−1
sθicαi−1 cθicαi−1 −sαi−1 −sαi−1di
sθisαi−1 cθisαi−1 cαi−1 cαi−1di

0 0 0 1

⎤⎥⎦ (1)

here c(·) and s(·) represent the cosine and sine of the angle,
espectively.

Based on the established coordinate system of the bionic
rocodile robot, its D-H parameters were determined, as listed in
able 1, where ai, αi, di, and θi denote the length of the connecting
od, angle of the connecting rod, deviation of the connecting rod,
nd joint angle, respectively.
The determined D-H parameters are inserted into Eq. (1) to

btain the position transformation matrix of each joint of the
ack leg of the bionic crocodile robot:

T1 =

⎡⎢⎣cθ1 −sθ1 0 a1
sθ1 cθ1 0 0
0 0 1 0
0 0 0 1

⎤⎥⎦ (2)

T2 =

⎡⎢⎣cθ2 −sθ2 0 a2
0 0 −1 0
sθ2 cθ2 0 0
0 0 0 1

⎤⎥⎦ (3)

T3 =

⎡⎢⎣cθ3 −sθ3 0 a3
sθ3 cθ3 0 0
0 0 1 0

⎤⎥⎦ (4)
0 0 0 1
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Fig. 5. Design of the tail of bionic crocodile robot.
Fig. 6. Bionic crocodile robot prototype.
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Fig. 7. D-H coordinate system of hind limb.

3T4 =

⎡⎢⎣cθ4 −sθ4 0 a4
sθ4 cθ4 0 0
0 0 1 0
0 0 0 1

⎤⎥⎦ (5)

After solving the matrix operation and sorting it out, we
obtain

0T4 =
0T11T22T33T4 =

⎡⎢⎣nx ox ax px
ny oy ay py
nz oz az pz

⎤⎥⎦ (6)
0 0 0 1
4

By inserting the parameters from Table 1 into Eq. (6), we
obtain⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

nx = cθ1c(θ2 + θ3 + θ4)
ny = sθ1c(θ2 + θ3 + θ4)
nz = s(θ2 + θ3 + θ4)
ox = −cθ1s(θ2 + θ3 + θ4)
oy = −sθ1s(θ2 + θ3 + θ4)
oz = c(θ2 + θ3 + θ4)
px = a0 − a3(cθ1sθ2sθ3 − cθ1cθ2cθ3) + a2cθ1cθ2
py = sθ1(a3c(θ2 + θ3) + a2cθ2)
pz = a3s(θ2 + θ3) + a2sθ2

(7)

To verify the accuracy of the leg kinematics of the developed
ionic crocodile robot, the robot toolbox in MATLAB was used
o establish a simulation model of the robot’s leg, as shown in
ig. 8.
Inverse kinematics involves determining the angles of each

oint based on the position and orientation of the end-effector. It
erves as the foundation for motion planning and foot trajectory
ontrol in bio-inspired crocodile robots.
This study employs a geometric analysis method for inverse

inematic analysis. We solved θ t
1 by placing it in the X–Y plane of

he leg diagram of the bionic crocodile robot established above.
ig. 9(a) illustrates a schematic of the hind leg mechanism of the
io-inspired crocodile robot in the X–Y plane.
Based on the D-H linkage coordinate system established above

nd the measured data in the three-dimensional diagram of the
obot leg, it can be concluded that the leg linkage of the bionic
mphibious crocodile robot OA = at0. Through the trigonometric
unction relationship, we obtain

AD = Px − at0 (8)

CD = Py
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Fig. 8. Hind limb simulation mode.

Using Eq. (8), we derive the following:

t
1 = arctan

Py
Px − at0

(9)

A new coordinate system X′-Z is established on the plane
where point ABC is located, θ t

2 and θ t
3 are solved in the schematic

of the legs of the bionic crocodile robot on the X′-Z plane. As
shown in Fig. 9(b), a schematic of the mechanism of the hind
legs of the bionic amphibious crocodile robot in the X′-Z plane
is shown.

Through the D-H linkage coordinate system established above
and the data measured by the three-dimensional diagram of the
robot leg, it can be obtained that the leg linkage AB = at2, the leg

linkage BC = at3, and the foot coordinate (
√
(Px − at0)

2
+ P2

y , Pz),
here point O represents the coordinate origin and θ t

3 denotes
n outer angle of triangle ABC, which can be obtained using the
ollowing trigonometric function relationship:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

AB = at2
BC = at3
AC =

√
(Px − at0)

2
+ P2

y + P2
z

̸ ABC = arccos
[
AB2+BC2

−AC2

2AB×AC

] (10)

According to Eq. (10), Eqs. (11), (12), and (13) can be obtained
s follows:
t
3 = 180◦

− ̸ ABC

= 180◦
− arccos

[
at2

2
+ at3

2
− ((Px − at0)

2
+ P2

y + P2
z )

2at2 × at3

]
(11)

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

̸ CAZ = arctan

[√
(Px−at0)

2
+P2y

Pz

]

̸ CAB = arccos

[
at2

2
−at3

2
+((Px−at0)

2
+P2y +P2z )

2at2×

√
(Px−at0)

2
+P2y +P2z

]
t ◦ ̸ ̸

(12)
θ2 = 90 − CAZ − CAB t

5

Table 2
D-H parameter of the torso.
i θi (rad) di (mm) ai (mm) αi (rad)

1 θ1 0 50.5 0
2 θ2 0 60.5 −π / 2
3 θ3 0 60.5 π / 2
4 θ4 0 60.5 −π / 2
5 θ5 0 60.5 π / 2

θ t
2 =90◦

− arctan

⎡⎣
√
(Px − at0)

2
+ P2

y

Pz

⎤⎦
− arccos

⎡⎣at2
2
− at3

2
+ ((Px − at0)

2
+ P2

y + P2
z )

2at2 ×

√
(Px − at0)

2
+ P2

y + P2
z

⎤⎦ (13)

The inverse kinematic solution of the legs of the bionic
rocodile robot is as follows:

θ t
1 = arctan Py

Px−at0

θ t
2 = 90◦

− arctan

[√
(Px−at0)

2
+P2y

Pz

]

− arccos

[
at2

2
−at3

2
+((Px−at0)

2
+P2y +P2z )

2at2×

√
(Px−at0)

2
+P2y +P2z

]
θ t
3 = 180◦

− ̸ ABC = 180◦
− arccos

[
at2

2
+at3

2
−((Px−at0)

2
+P2y +P2z )

2at2×at3

]
θ t
4 = θ t

4

(14)

3.2. Kinematic model of spine

The D-H linkage coordinate system of the spine of the bionic
crocodile robot is shown in Fig. 10.

Based on the established D-H coordinate system of the torso,
the D-H parameters were determined, as listed in Table 2. We
obtain the position coordinates of the foot after solving the matrix
operations and organizing them, as shown in Eq. (15):⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Px = a4(cθ1cθ2cθ3cθ4 − sθ1sθ3cθ4 − cθ1sθ2sθ4)
+a3(cθ1cθ2cθ3 − sθ1sθ3) + a2cθ1cθ2 + a1cθ1 + a0

Py = a4(sθ1cθ1cθ3cθ4 + cθ1sθ3cθ4 − sθ1sθ2sθ4)
+a3(sθ1cθ2cθ3 + cθ1sθ3) + a2sθ1cθ2 + a1sθ1

Pz = −a4(cθ3sθ2cθ4 + cθ2cθ4sθ4) − a3sθ2cθ3 − a2sθ2

(15)

.3. Analysis of flexible tail

The tail section of the developed bionic crocodile robot is
hown in Fig. 11, which mainly comprises three parts: drive, line
rive flexible, and underdrive section.
As shown in Fig. 11, the XOY coordinate system is set at the

enter of the joint plate between the drive and line drive (wire-
riven) flexible parts. The wire-driven flexible part consists of six
oints of equal length that are driven by a servo motor through
pair of inextensible wire cords of length L. When the servo
otor rotates, one cord is elongated and the other is shortened,
rompting the tail to bend.
The angle of curvature θ of the wire-driven flexible part is

elated to the length variation X of the wire rope, which is related
o the angle of rotation φ of the servo motor.
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Fig. 9. Schematic diagram of kinematic analysis. (a) X-Y plane of hind limb. (b) Rear limb in X’-Z plane.
Fig. 10. D-H coordinate system of torso.

Fig. 11. Design of the flexible tail of bionic crocodile robot.
6

Fig. 12. Definition of tail parameters of bionic crocodile robot.

The angle of rotation of each joint is the same, and the change
in the length of the two strings can be obtained as follows:{
∆hD = −

[
ds( θ

2N ) + 2hs2( θ
4N )

]
∆hC = ds( θ

2N ) − 2hs2( θ
4N )

(16)

where N represents the number of joints, ∆hD denotes the length
of the shortened cord, and ∆hC denotes the length of the ex-
tended cord. The definition of tail parameters for the bionic
crocodile robot is shown in Fig. 12.

To simplify the calculation, the quadratic term in Eq. (16)
can be ignored because the angle of rotation θ of each joint is
N
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n{
egligible.
∆hD = −ds( θ

2N )
∆hC = ds( θ

2N )
(17)

The relationship between the angle of rotation of the servo
motor and the length of the string extended or shortened is
shown below, where r represents the radius of the steering wheel
of the drive motor, φ denotes the rotation angle of the steering
wheel, N represents the number of joints of the flexible tail, and
θ denotes the final deviation angle of the flexible tail of the bionic
crocodile robot.

φ =
180
πr

Nds(
θ

2N
) (18)

The position of each joint in the XOY coordinate system can
be expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

xi =

⎧⎪⎨⎪⎩
H+h
2 ; i = 1

i−1∑
j=1

(H + h)c(
iθ
N
); i ≥ 2

yi =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0; i = 1
i−1∑
j=1

(H + h)c(
iθ
N
); i ≥ 2

(19)

where (xi, yi) denotes the position of the ith joint in the coordi-
nate system XOY and N represents the number of active joints in
the tail of the line drive.

3.4. Motion analysis of coordinated planning for multiple parts

Crocodiles exhibit an extraordinary degree of flexibility and
adaptability in their natural environment, demonstrating remark-
able freedom of movement. This exceptional mobility is achieved
through coordinated cooperation of the limbs and other body
parts, including the spine and tail. This underscores the critical
role of synergy among these body components. Therefore, gain-
ing a deeper understanding of the coordination mechanisms in
crocodile locomotion is highly relevant for enhancing the motion
control of bio-inspired crocodile robots.

By cultivating self-awareness in the limbs, spine, and tail and
by closely observing the relative positions of these body parts
during various movements such as crawling and jumping, we
can achieve precise control over each component of the bio-
inspired crocodile. Simultaneously, we can effectively coordinate
the control of interactions among these components.

We established three feedback rules using self-perception
feedback to achieve closed-loop control for individual compo-
nents. These rules are as follows:

(1) Limb-to-limb perception feedback.
(2) Spine-to-spine perception feedback.
(3) Tail-to-tail perception feedback.
Using these three rules, we can achieve stable closed-loop

control of the limbs, spine, and tail of the bio-inspired crocodile
robot. While the controllers for the limbs, spine, and tail operate
independently, they are not isolated; they share certain variables
(such as limb phase, spine bending angles and directions, and tail
bending angles and directions) to ensure overall temporal and
spatial coordination.

Fig. 13 presents a topological model established on the basis
of biomechanical analysis of crocodile movements. In the model,
we have incorporated foot-end pressure sensors and self-torque
and position feedback sensors for the servo motors. We employed
proportional–integral–derivative controllers for closed-loop con-
trol of the joint angles in the bio-inspired crocodile. The robot’s
7

Fig. 13. Topological model.

Fig. 14. Definition of angle and direction of crocodile spine and tail.

Fig. 15. Correspondence between the angle of the spine, the angle of the tail,
and the phase of the gait.

leg section comprises one yaw joint servo motor, two pitch joint
servo motors, and a joint angle controller. The spine section in-
cludes three yaw joint servo motors, two pitch joint servo motors,
and a joint angle controller. The tail joint section comprises a
pitch joint servo motor, a linear actuator for tail movement, and
a joint angle controller. The joint angle controller is responsible
for outputting the angle θi for each driver, where θi represents
the target angle for each joint. In the target angle function, i
represents the driver motor for each joint.

The video of the crocodile’s movement was decomposed into
continuous three-dimensional snapshots using ScreenToGif soft-
ware. The relationship between the angle of the spine, the angle
of the tail, and the phase of the crocodile’s limbs was explored to
link the various parts of the crocodile’s body. The definitions of
the angles of the spine and tail are shown in Fig. 14.

The black dots in Fig. 14 indicate the points used to calculate
the angles, and the corresponding line segments are indicated
by black dashed lines. The angles are shown as red and green
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Fig. 16. Crawling process of bionic crocodile robot.
Fig. 17. Joint torque of bionic crocodile robot.

triangular areas (for pitch angles in the X-Z plane) and yellow and
blue triangular areas (for yaw angles in the X–Y plane). Here, θq1
ndicates the pitch angle of the spine of the bionic crocodile robot.
he angle is defined as negative when the spine is bent to the left
ide of the crocodile robot body and positive when the spine is
ent to the right side of the robot body. θw1 is defined as the pitch
ngle of the tail of the robot, which is defined as negative when
he tail is bent to the left of the robot body. θq2 is defined as the
aw angle of the spine of the robot, which is defined as negative
hen the spine is bent toward the top of the robot’s body. θw2

s defined as the yaw angle of the robot tail, which is defined as
egative when the tail is bent to the top of the robot body and
ositive when the tail is bent to the bottom of the robot body.
As an example of the crocodilian crawl movement, the corre-

ponding relationship between the angle of the spine joint, the
ngle of the tail joint, and gait in two cycles was extracted and
btained by the above procedure, as shown in Fig. 15. In the
igure, the black area in the limb phase represents the landing
hase, and the black area in the plots of the tail and spine
epresents the positive angle. LQ, RQ, LH, and RH refer to the
eft front leg, right front leg, left hind leg, and right hind leg,
espectively.
8

4. Results

4.1. Standard walking experiment

First, we conducted a standard walking experiment in which
the spine, legs, and tail of the bionic crocodile robot were in-
volved in the movement and the robot walked in a diagonal gait
on the plane. The experimental procedure is shown in Fig. 16.

When walking on the ground, the moments on the robot’s leg
joints are significantly larger than those on the spine and tail
joints; therefore, we focus on analyzing the moments on the leg
joints. In the simulation experiment, the mass of the robot was
3.5 kg, which is close to that of the physical prototype. Moments
on the two leg joints are shown in Fig. 17. As shown in the figure,
the knee joint is subjected to a greater moment than the hip joint,
with a maximum moment of approximately 0.4 Nm, which is less
than the rated moment of our servo.

4.2. Motion stability

Two groups of bionic crocodile robots were simulated or
tested to determine whether coordinated movement of all parts
of the bionic crocodile robot could improve its stability of motion.
One group of bionic crocodile robots was set up to crawl with
their limbs, tail, and spine, i.e., the tail dragged on the ground
and the tail and spine swung left and right, whereas the other
group of robots only crawled with their limbs, with the tail lifted
off the ground and the spine and tail fixed.

Changes in the center of gravity of the two groups of bionic
crocodile robots were recorded. The simulation experiment of
the bionic crocodile robot is shown in Fig. 16. The experiment
contains two complete crawling cycles, where 1–5 s is the first
crawling cycle and 5–9 s is the second crawling cycle.

The state of the bionic crocodile robot during the crawling pe-
riod was observed at three selected time points within a complete
crawling cycle, as shown in Fig. 18, which are screenshots of the
simulation experiments at 1.2, 1.5, and 1.8 s.

The upper part of Fig. 18 shows the motion state of the bionic
crocodile robot with the participation of the tail, body, and limbs,
and it crawls forward with a diagonal gait [32,33]. During the
motion of the robot, the spine swings from side to side in a
sinusoidal pattern with the limbs, and the tail stays on the ground
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Fig. 18. Comparison of the stability of bionic crocodile robot during crawling.
Fig. 19. Comparison of the fluctuation of the center of gravity between cases
with and without tail movement.

Fig. 20. Displacement with and without spine and tail movements.

nd swings from side to side to provide support for the body and
mprove its stability. The bottom of Fig. 18 shows the crawling
9

state when the tail and spine are not involved in motion. When
the robot’s tail is not involved in the movement and it moves
in a diagonal gait, the two legs on the ground simultaneously
support and drive the body forward . The center of gravity should
always be on the line of the two supporting points to achieve
stability. The simulation experiment shows that at 1.2 s, the
bionic crocodile robot tilts its body because the center of gravity
is not on the line of the support points, and the robot shifts
toward the center of gravity.

Fig. 19 shows the change in the height of the center of grav-
ity during the movement of the two groups of bionic crocodile
robots. Orange and blue represent the change in the height of the
center of gravity with and without tail movement, respectively.
From the figure, we observe that the change in the height of the
center of gravity of the bionic crocodile robot varies in a cer-
tain way in both simulation experiments; however, the variation
amplitude of the set with tail movement is significantly smaller
than that of the set without tail movement, showing that the
involvement of the tail in the movement of the bionic crocodile
robot makes it more stable.

4.3. Crawling speed

To study the crawling speed of a bionic crocodile robot with or
without tail and spine motion, the corresponding land motion and
underwater motion simulation experiments were established.

The displacement of the two groups of robots moving on land
is shown in Fig. 20. Fig. 20 shows the forward displacement of
the bionic crocodile robot. The orange and blue curves represent
displacement with or without spine and tail movement, respec-
tively. The results indicate that within the same simulation time,
the robot’s forward displacement is 0.16 m when the spine and
tail are not involved in the motion. However, when the spine, tail,
and limbs are simultaneously involved in the motion, the robot
achieves a displacement of 0.73 m in the forward direction. This
comparison demonstrates that with spine and tail movements,
the robot attains a higher velocity and covers a greater distance.

Upon observing the swimming behavior of real crocodiles in
the water, it becomes evident that the primary forward thrust
generated during crocodile swimming is achieved through the
coordinated movement of the crocodile’s body and the powerful

action of its tail. To verify the role of the crocodile’s spine and
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Fig. 21. Pressure nephogram of bionic crocodile robot in one swimming cycle. (a) t = T/4. (b) t = T/2. (c) t = 3T/4. (d) t = T.
Fig. 22. Force on the bionic crocodile robot.

Fig. 23. Swimming speed of the bionic crocodile robot.
10
Fig. 24. Displacement of different bionic crocodile robots in the absence of
rotating joints of the front leg.

Fig. 25. Displacement of different bionic crocodile robots in the absence of
rotating joints of the hind leg.
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Fig. 26. Displacement of different bionic crocodile robots in the absence of
pitching joint of front leg.

Fig. 27. Displacement of different bionic crocodile robots in the absence of
pitching joint of hind leg.

Fig. 28. Changes in the angle of the spine and tail of crocodile standing on two
legs.

tail during aquatic locomotion, FLUENT software was employed
to analyze the swimming dynamics of the bionic crocodile.

The swimming pattern of crocodiles in water closely resem-
bles that of fish. Consequently, the body and tail movements of
crocodiles are described in this study as fish-like body waves.
The fish-like body wave curve is represented as a combination
of the amplitude envelope of the fish body and a sine curve. The
11
mathematical function for the fish-like body wave is as follows:

ybody(x, t) = (c1x + c2x2)s(kx + ωt) (20)

By measuring the center line parameters of the bionic
crocodile robot, the center line trajectory is drawn and modeled
in the form of a fish-like body wave function. The parameters of
the fish-like body wave curve are c1 =0.027, c2 =0.30, and k=0.023.

Because crocodiles predominantly employ trunk and tail move-
ents for propulsion during swimming, this study simplifies the
ionic crocodile model by omitting the limbs and focusing on a
wo-dimensional body for simulation analysis.

Fig. 21 shows the pressure distribution during the swimming
otion of the bionic crocodile robot. Fig. 21(a) displays the pres-
ure distribution at T/4. The pressure on the bending and convex
ides of the flexible tail is greater than that on the concave side.
his pressure differential between the two sides of the flexible
ail results in a diagonal forward force, propelling the robot in
diagonal direction. As the robot’s body and tail continue their
ovement toward the head-to-tail axis, the pressure difference
radually decreases, as shown in Fig. 21(c). When the bionic
rocodile’s torso and tail reach 3T/4, the pressure difference be-
ween the two sides of the flexible tail generates a symmetrical
iagonal forward thrust, producing an ‘‘S’’-shaped swimming tra-
ectory that closely resembles the natural swimming motion of
eal crocodiles.

To display specific information about the bionic crocodile
obot when it moves forward in water more intuitively, the
osition and speed of the bionic crocodile robot’s center of mass
re solved using UDF (User-defined functions) of FLUENT.
Figs. 22 and 23 show the longitudinal external force and longi-

udinal motion velocity of the bionic crocodile robot, respectively,
ith a swinging motion period of 1 s.
In the 0–3 s stage, the combined force on the robot is large,

nd after the third second, the combined force gradually de-
reases and shows regular fluctuations. The speed of the robot
irst increases rapidly and then gradually stabilizes.

Two sets of experiments show that when the bionic crocodile
obot moves on land, the swing of the tail and spine can improve
he motion displacement. When moving through water, the swing
f the tail and spine provides the main thrust.

.4. Motion fault tolerance

To investigate the fault tolerance of the bionic crocodile robot
n the coordinated movement of multiple parts, we assumed the
aralysis of the leg in the experiment and compared its fault tol-
rance rate. Joint damage indicates that the actuator of the joint is
nable to receive and execute motion commands. Here, four sets
f comparative tests are set up to study the fault tolerance of the
ionic crocodile robot when the front leg rotational joint, rear leg
otational joint, front leg pitching joint, and rear leg pitching joint
re paralyzed.
Fig. 24 shows the displacement with and without the involve-

ent of the spine in the case of a damaged rotating joint of the
ront leg. As shown in the figure, compared with the robot with
ntact joints and under coordinated control of multiple parts, the
obot with damaged rotating joints of the front leg and without
runk cooperative motion has an 80% reduction in locomotion,
nd the robot with damaged front leg rotating joints but with
runk cooperative motion has only a 22% reduction in locomotion.

Fig. 25 shows the displacement with and without spine move-
ent in the case of a damaged hind leg rotational joint. As shown

n the figure, compared with the robot with intact joints and
nder coordinated control of multiple parts, the robot with a
amaged hind leg rotating joint and without trunk cooperative
otion has a 75% decrease in locomotion, whereas the robot with
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Fig. 29. Bionic crocodile robot stands bipedally. (a) State of crawling. (b) State of bipedal standing.
Fig. 30. Variation in reachable height for bipedal standing of bionic crocodile
robot.

a damaged hind leg rotating joint but with trunk cooperative
motion has only a 17% decrease in locomotion.

Fig. 26 shows the displacement with and without the involve-
ment of the spine in the case of damage to the pitching joint of
the front leg. As shown in the figure, damage to the pitching joint
of the front leg caused the bionic crocodile robot to lose the ability
to move forward.

Fig. 27 shows the displacement with and without spine move-
ment for a damaged pitching joint of the hind leg. As shown in
the figure, when the hind legs of the robot are missing, the bionic
crocodile robot coordinated by multiple parts raises the center
of gravity of the robot through the support function of the tail,
right front leg, and left back leg so that the hind legs can be lifted
off the ground and swing. Moreover, the ground where the robot
moves is flat and does not require excessive step height; thus,
the absence of a pitching joint of the hind legs can be overcome
through coordinated control of multiple parts. The robot with a
damaged pitching joint of the hind legs and without cooperating
motion of the trunk had a 55% reduction in locomotion velocity
due to the lack of torso coordination. In contrast, the robot with
a damaged pitching joint of the hind legs and with cooperating
motion of the trunk showed almost no reduction in locomotion
compared with the robot with an intact joint.

4.5. Motion adaptability

As vertebrate reptiles, crocodiles have a low center of gravity
when crawling on land, short legs, and low reachable heights.
However, crocodiles are more adaptable to the external environ-
ment, and they can use their strong legs and powerful tails to
12
achieve a semi-standing posture, which increases their reachable
height and facilitates their predation of prey at high places. To
ensure that the movements of the crocodile robot were as close
as possible to those of a real crocodile, we extracted the process
of changes in the spine and tail joints during the transition from a
quadrupedal to a bipedal stance from a real crocodile. The results
are shown in Fig. 28.

Fig. 29 shows the side view of the bionic crocodile robot in
the crawling and bipedal standing states. As shown in the figure,
the reachable height of the bionic crocodile robot depends on
the length of its legs when crawling on land. When the bionic
crocodile robot stands through the biped and tail with the coop-
eration of the spine, tail, and hind limbs, the reachable height is
determined by the length of the spine, head, and hind legs.

Fig. 30 shows the change in the height that the bionic crocodile
robot can reach during the transition from the quadruped to
biped standing states. As shown in the figure, the bionic crocodile
robot can reach a height of 0.16 m in the crawling state and
0.68 m in the bipedal standing state. The reachable height in
the bipedal standing state is 4.25 times higher than that in the
crawling state.

The experiments show that the reachable height of the bionic
crocodile robot is limited by leg length constraints when crawl-
ing on land. The coordination between the tail, spine, and hind
limbs can improve the reachable height of the crocodile robot;
thus, the working space of the crocodile robot can be signifi-
cantly improved, and its adaptability to the environment can be
enhanced.

5. Conclusion

In this study, we focus on a bionic crocodile robot using
crocodiles as our biological model. First, we designed the struc-
ture of the bionic crocodile robot based on the morphological
features and motion characteristics of real crocodiles. We em-
ployed the D-H method to establish kinematic models for the
robot’s legs and spine. Subsequently, we performed experimental
analyses to evaluate the motion stability of the bionic crocodile
robot under coordinated control of its spine, tail, and limbs,
assessing its robustness despite potential damage and its ability
to adapt to varying environments.

The results of our simulation experiments indicate that involv-
ing the spine and tail in conjunction with the limbs improves
the stability of the bionic crocodile robot during movement. This
combination results in increased displacement, heightened fault
tolerance when individual joints are compromised, and improved
adaptability to different environmental conditions. Consequently,
we can deduce that limb coordination plays a pivotal role in
animal locomotion.

On the basis of our theoretical analysis and the outcomes
of the simulation experiments, we verified that the designed
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ionic crocodile robot can attain a larger range of motion and
ulfill a broader spectrum of functions when its components work
ogether in a coordinated manner.

In our future work, we will focus on the bionic crocodile robot
rototype to explore its amphibious locomotion performance on
and and in water and its practical applications.
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