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Abstract: Spiders have unique biological characteristics and excellent maneuverability, making them
an ideal model for bionic robot design. However, traditional bionic spider robot designs usually
have multiple degrees of freedom and confront many challenges. These challenges include complex
control requirements, higher energy consumption, larger size and weight, higher risk of failure, and
higher cost. This study proposes a leg design with two degrees of freedom to reduce its control and
manufacturing costs. It can better control leg movement and improve leg force through a multi-link
mechanism and a dual-motor system. In addition, the triangular gait and hexagonal body structure
align the weight of the body with the support point, thereby enhancing stability. This study offers a
comprehensive and organized approach to bio-inspired robot design, providing a valuable reference
for future bionic robot development.

Keywords: biomimetic spider robot; two-DOF leg structure design; triangular gait; hexagonal body
frame; stability enhancement

1. Introduction

The inspiration for the biomimetic robots was originally derived from biology, and it
was an imitation of biological form and movement [1]. In recent years, biomimetic robots
have found extensive applications in the military, industry, and health and environmental
protection industries due to the continuous advancement of technology. For example,
bionic robots are used for complex environment detection [2–4], disaster relief [5,6] and
pipeline detection [7–9]. At present, biomimetic robots have become a research area of
concern, mainly focusing on the study of biomimetic structures, materials and control
systems. The study of biomimetic structures requires detailed research and analysis on the
physiological structure, function and behavior of organisms, with the purpose of integrating
the advantages of organisms into mechanical design, such as unmanned aerial vehicles
designed using the flight principle of insects [10] and underwater vehicles designed to
imitate fish swimming [11]. At the same time, biomimetic materials research focuses on
the innovative creation and application of materials, such as bionic skin [12,13], bionic
bone [14], and bionic muscle [15,16]. Biomimetic control technology is also a prominent
research field, mainly aiming at research on the biological nervous system [17,18] and the
research of control methods oriented towards the biological nervous system [19].

Among many bionic objects, spiders are favored by many researchers and have become
popular bionic objects because of their unique biological characteristics and outstanding
athletic ability. For example, in terms of mechanical structure and control, Marinoni and
Bono [20] achieved modeling and control of a quadruped spider robot through simulation
and proportional prototyping; Kravchenko et al. [21] proposed a mathematical model
for spider robots aimed at group control synthesis, emphasizing the potential for multi
robot collaboration and practical applications; Zhu Y et al. [22] studied the omnidirectional
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jumping ability of legged robots based on the behavioral mechanism of jumping spiders;
Sun C et al. [23] designed and conducted simulation analysis of a hexapod biomimetic
spider robot, emphasizing its advantages in flexibility and stability; Liu C et al. [24]
proposed a biomimetic design and technological innovation method by studying the
hydraulic joints in spider legs and combining biomimetics, computational fluid dynamics
(CFD) simulation, and design; Mingyou et al. [25] explored the design and analysis of
control systems for spider-like robots, with a focus on their application in maintenance
engineering. Finally, Jiang et al. [26] developed a spider joint-shaped biomimetic actuator
with an approximate triangular prism shape, demonstrating new potential in robot motion
and load-bearing capacity.

In existing research, the leg motion structures of biomimetic spider robots are often
designed to incorporate multiple degrees of freedom (DOFs), which simulate the movement
capabilities of spiders. Although this can simulate the movement ability of spiders well, it
also brings many challenges. First of all, each degree of freedom requires an independent
control, and multiple degrees of freedom result in greatly increased complexity of the
control, and it is difficult to achieve autonomous operation due to the complexity of the
environment [27]. Secondly, the need for additional actuators to drive multi-degree-of-
freedom structures can lead to increased energy consumption, especially in environments
with limited energy resources [28]. Thirdly, the additional weight and volume required to
adapt to multi-degree-of-freedom configurations increase the complexity of manufacturing
and maintenance, thereby limiting the applicability of the robot environment. In addition,
the increase in the number of components in multi-degree-of-freedom structures increases
the likelihood of component failures, which may impair the performance of robots and
even lead to system failures. Therefore, although the multi-degree-of-freedom structure
design endows biomimetic spider robots with the ability to simulate spider movements
well, it poses obstacles to their widespread adoption and development.

This work aims to tackle these problems by specifically examining and analyzing the
limb configuration and body frame structure of biomimetic spider robots. Through the
utilization of a composite linkage mechanism and the modification of the leg structure,
we have successfully developed a two-degree-of-freedom leg design for the biomimetic
spider robot. This design not only improves the robot’s ability to move and bend but
also streamlines the leg muscles and hydraulic systems, resulting in more effective control
of leg motion using a dual-motor system. We have implemented a transmission system
that modifies the force exerted on the motors, therefore safeguarding the robot against
external forces and minimizing energy consumption caused by resisting torques in different
directions. Through the comparative analysis of various gaits, the triangular gait and its
corresponding hexagonal body structure are selected as the gait and structure of the bionic
spider robot. This structure can ensure that the bionic spider robot can align its center of
gravity with its support point, ensuring stability during movement, and at the same time, it
can prevent excessive weight on one leg. This research provides a comprehensive approach
for creating biomimetic robot systems, and will also provide indispensable resources in the
future robot design process to simulate biological systems.

The main work completed in this paper is as follows:

(1) A new two-degree-of-freedom bionic spider robot leg mechanism is designed. Com-
pared with the existing structure, it has less control difficulty, lower cost and an
optimized force structure.

(2) A body frame selection method is proposed to provide a basis for the selection of
bionic spider robot frames with different gaits.

(3) MATLAB R2023a is used to complete leg motion simulation and center-of-gravity
offset analysis of the frame structure, and the results meet the design requirements.

2. Analysis of Spider Locomotion Behavior

For the purpose of adapting to a variety of natural environments, spiders have evolved
a variety of movement characteristics, including crawling, running, jumping, rolling, swim-
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ming and flying. These modes of movement allow spiders to move across a wide variety
of terrain, even in challenging environments such as rugged mountains, dangerous cliffs,
and complex jungles with agility and speed. Numerous researchers, dedicated to in-depth
studies to develop robots capable of displaying similar movement abilities in extreme
environments, draw inspiration from the unique movement features of spiders for innova-
tive design in biomimetic robot technology. For example, Xin H [29,30] observed spider
locomotion on different pavement test platforms, comprising horizontal hard pavement,
horizontal soft pavement, and sloped soft pavement. They analyzed the joint kinematics
and driving modes of spiders under different ground conditions. Wang Z. Y. [31] studied
and analyzed the movement behavior of huwena bird-clawed spiders on the horizontal
plane by using test channels, high-speed cameras and a computer-based three-dimensional
motion observation system, and believed that the movement speed of bird-clawed spider
was mainly achieved by increasing step frequency. Compared to other insects, spiders
exhibit better movement stability. During movement, the speed and height of the cen-
ter of mass exhibit periodic fluctuations, with maximum values occurring during the
phase of alternating leg support and minimum values during the stable support phase.
Jonas O. Wolff [32] conducted research on the kinematics and dynamics of arachnids and
he proposed the integration of robotics with arachnid studies. Carlo M. Biancardi [33]
simplified the model of individual spider legs by capturing and analyzing large spiders’
biomechanics. Landkammer S. [34] studied the leg joints of spiders and found that the
leg movement of spiders did not rely on the muscle system, but relied on the hydraulic
system of the legs, using a variety of devices and methods to observe the behavior of
spiders in real time and analyze their movement patterns. Although this research has made
significant progress, the relationship between the physiological structure of spiders and
their locomotion mechanisms remains unclear.

To better optimize the design of biomimetic spider robots, it is necessary to analyze
the body structure and movement mechanisms of spiders in the natural world, providing
a reference for the development of biomimetic spider robots. This paper delves into the
analysis of the spider’s movement mechanism, including its physiological structure, leg
drive mechanism, and gait, thereby enhancing the adaptability and efficiency of biomimetic
spider robots in complex environments.

2.1. Analysis of Spider Physiological Structure and Leg Drive Mechanism

The structure of a spider’s body and legs is shown in Figure 1a,b.The extension of the
spider’s legs primarily relies on its hydraulic mechanism (the spider’s leg joints contain
a unique muscle structure capable of storing and releasing hydraulic pressure). When a
spider wishes to extend a leg, it uses this muscle to pressurize the fluid into the joint, thereby
straightening the leg. Spiders flex their legs by contracting their leg muscles. During the
leg contraction movement, the neural network transmits signals to control the contraction
of the leg muscles and drive the vertical rotation of the femur. Due to the rotation, the
patella, tibia, basal bone, femur end and paw are driven to achieve vertical contraction and
complete the leg lift action. Thus, the rotation of the tibia, basal femur, and distal femur
allows for the spider to achieve a leg-bending motion. At the same time, the rotation of the
paw can adjust the degree of contact pressure with the ground.

In addition to vertical movement, spiders can also move their legs horizontally. The
horizontal movement of spiders’ legs mainly relies on the horizontal rotation of the base
segment, pushing the femur, patella, tibia, base segment, distal femur and claw to move in
the horizontal direction so that the legs can complete the forward and backward movement.
This unique mode of movement ensures that the spider can adapt to a variety of complex
environments, not only helping to capture prey, but also helping the spider to escape
from predators.
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Figure 1. (a) The structure of a spider body; (b) the structure of a spider leg.

2.2. Gait Analysis
2.2.1. Spider Locomotor Gait

A spider’s gait is not a simple random movement, but a highly coordinated process,
which ensures its stability and agility in the movement process. Spiders have eight legs,
and the synergy of these legs allows them to walk flexibly on a variety of different surfaces.
When they move, they usually lift four legs off the ground, while the other four remain in
contact to support their bodies. The system allows them to move precisely and respond
quickly to any threats or changes in the environment. In addition, spiders can change direc-
tion quickly and effectively by alternating leg movements, which are essential for catching
prey and avoiding danger. In short, the sport pattern of a spider is a complex process of
coordination and adaptation that demonstrates a remarkable fusion of stability, speed, and
potential. Suter R. B. [35] found that spiders of different families and genera use different
gaits during their movement. For example, Dolomedes triton of the Pisauridae family
has a gait specifically designed for movement in water. Biancardi C. M. [33] noted that
spiders use different movements when moving slowly or fast, with four-legged movements
in slow movements, and actions in rapid movements are more complicated. In addition,
spiders move rapidly, exhibiting different step patterns in the front pairs and the rear pairs
of legs, and more irregular steps in the back pairs. Spagna J. C. [36] also observed that
spiders used alternating movements of the four legs when running, distributing them in
incorrect pairs along the body axis, forming alternating four-legged steps. Nevertheless,
the latter two pairs of leg movement laws are different from the first two pairs; it is more
difficult to judge their specific step information, so in the simulation mechanics, there is
a greater degree of difficulty. Guo S et al. [37] elaborated on the quadruped gait in detail
and used it to complete the relevant control analysis of its servo, but they simplified the
complexity of the leg movement to make its movement posture similar, thereby completing
the movement design.

2.2.2. Triangle Gait

The spider-like robot design process offers two options: a six-foot robot and an eight-
foot robot. In comparison, the former is arranged in a uniform and surrounding manner,
the load-bearing uniformity of each leg is better, the movement flexibility is better, and the
control difficulty and cost are reduced. The latter has a more complex structure and more
support points but is heavier. Therefore, we chose the six-legged bionic spider robot as the
design object.

By imitating the triangular gait of insects, the six-legged robot can complete move-
ments such as walking and crossing obstacles on complex terrain, while having high
mobility and stability. This kind of robot with triangular gait has good symmetry and
simplicity, which can reduce the complexity of control requirements and improve operation
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efficiency. Grabowska M. [38] and Bender J. A. [39] divide the six legs into two groups to
form two triangular brackets. When all the legs of one triangular bracket are lifted at the
same time, the three legs of the other triangular bracket remain stationary to support the
body. In this process, muscle contraction drives the body forward and causes the body
to rotate slightly with the fulcrum as the center of rotation. Then, the other triangular
bracket repeats the previous action, and the two groups of brackets rotate with each other
to achieve forward movement. Its walking trajectory is a zigzag curve. The specific process
of walking is shown in Figure 2. In Figure 2a, 2-4-6 legs are lifted and moved forward,
completing the specified movement as indicated in Figure 2b, with the 1-3-5 legs lifted up
and moved forward, completing the movement as shown in Figure 2c.
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Placing the center of gravity within the triangle ensures the stability of a support
triangle with three different legs. However, the shape of the triangle, like isosceles triangles
with a vertex angle of 65◦ or 60◦, or irregular triangles, also influences the stability of the
biomimetic robot. Three equilateral triangular features that can achieve center coincidence
represent the highest level of stability. As long as the robot maintains this triangular state
while walking, its overall stability will be optimal. However, due to the irregular terrain
characteristics of disaster areas, jungles, cliffs and other actual terrain, the robot is difficult
to control when landing, and cannot form the above equilateral triangle state. In this paper,
MATLAB software is used to simulate the center of gravity of the triangle, and the change
in center of gravity with the structure parameters is analyzed, finding that the change
occurred due to the different position of the foot. We use this information to communicate
with the control program to adjust the stability of its overall center of gravity, ensuring that
the bionic spider robot has enough stability during the process of moving forward, and can
adjust various gestures for different situations. The following chapters will deeply analyze
the leg structure and body structure of the legs and body of the bionic spider robot.

3. Design and Analysis of Structure

In this chapter, the leg structure is designed with two degrees of freedom as the goal,
and the body frame structure is selected considering the change in the body’s center of
gravity. The specific analysis and design process is as follows.

3.1. Design and Analysis of Leg Structure
3.1.1. Degree of Freedom Analysis

In the design of biomimetic spider robots, the number of DOFs in the leg mechanism
is crucial for their ability to travel smoothly over rough terrain and walk rapidly on flat
surfaces. Mechanically, the execution of complex movements increases with the number of
DOFs. For biomimetic spider robots, the ability to perfectly replicate spider walking actions
allows for adapting to most environments. However, in terms of control, the increase in
DOFs necessitates independent control for each leg to meet the needs of different environ-
ments, which in turn complicates the robot’s control system. It is necessary to consider
the coupling relationship between the control systems of the legs and deploy appropriate
sensors to assist in identifying the robot’s state. Both the cost and the complexity of the
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data will increase. If we combine the analysis from Section 2 with both aspects, the spider’s
leg movements can be simplified into two movements: swinging and lifting. The two-DOF
structure is simple and effectively improves the above problems. Kyberd P.J. et al. [40]
developed a two-DOF hand prosthesis with layered control and microprocessor-based
fine tuning that simplifies the operator’s control requirements and has some usability.
Umeno et al. [41] introduced a speed control system for DC servomotors that utilizes a
two-DOF controller parametrization to enhance closed-loop system performance, including
disturbance suppression and robustness to parameter variations, while maintaining the
command input response. Maalouf D. et al. [42] propose a classification framework for
two-DOF mechanical systems that prioritizes the largest feedback linearizable subsystem
with internal stability and highlights the significance of generalized conjugate momenta in
achieving stable closed-loop systems. These studies have pointed out the advantages of
two DOFs.

According to the analysis of the triangular gait in Section 2.2.2, we call the group that
provides support the support phase and the other group the swinging phase.

The legs are divided into two structural units with 1 degree of freedom. In this
configuration, structural unit I performs a lifting action on the vertical plane and structural
unit II performs a swinging action on the horizontal plane. The simplified process of the
legs in this study is shown in Figure 3.
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Figure 3. Spider leg joint motion diagram.

In Figure 3, the body, thigh, and shank are, respectively, labeled as 1⃝ 3⃝ 5⃝, while the
knee joint and hip joint are labeled as 2⃝ 4⃝. The two-DOF mechanism is equivalent to
its actuation components; therefore, actuators are placed at the hip joint and knee joint.
Nonetheless, the knee joint will be subjected to forces from other directions, which can
affect the motor’s working load and stable torque output. In the following section, we will
discuss the new mechanism developed in this study to address this issue.

3.1.2. Structural Analysis

Figure 4a is a simplified schematic of the leg mechanism derived from the analysis of
Figure 3; the red sections B and C represent the knee and hip joints. We perform a force
analysis on the schematic diagram of the leg mechanism based on the contents of Section 3
in Machine Design by Robert L. Norton [43]. In Figure 4b, the motor at location 1 is subjected
to not only torque MC1 but also a radial force FC2, which is a component of the force FC,
exerted on the motor. At location 2, the force FC generates a bending moment M on the
motor’s output shaft.

It is necessary to optimize the design of this structure in light of the robot’s own
weight, the various devices it must carry under various operating scenarios, and the types
of motors it can choose from. We carry out the following structural optimization designs
for structural units I and II.

Structural unit I: As shown in Figure 5a, adjust the position of the power source and
adapt the structure of rods AB and BC in Figure 4a to form a new leg-lifting mechanism.
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Figure 5. (a) Schematic diagram of structural unit I; (b) schematic diagram of structural unit II.

As depicted in Figure 5a, the motor drives the screw as the driving element. Since
the slider is restricted, it will not rotate by itself. When the leg is under force, the motor
does not need to be in a stalled state, which reduces the loss of the motor. In addition, the
support structure should be used as a direct load-bearing unit for the screw, and the motor
has no additional load loss. When designing the screw, we adopted a large pitch to ensure
that it withstands a large load and degrades the motor selection requirements.

Freedom degree analysis is conducted for this mechanism. We adopted the planar
freedom degree calculation formula, i.e., Equation (1), to analyze the freedom degree of
structural unit I, given that components 2 and other mechanisms are in parallel planes:

F = 3n − 2Pl − Ph (1)

In Equation (1), F is the degree of freedom, n is the number of active components, pl is
the number of lower-pair joints, and ph is the number of higher-pair joints.

Consequently, the degree of freedom F1 at structural unit I is 1.
As displayed in Figure 5b, the motor drives the worm as the driving element. The

self-locking performance of the worm gear mechanism can ensure that the leg will not
rotate when it is stationary, and the motor does not need to be in a stalled state; then, since
the maximum rotation angle is 120 degrees, the larger transmission ratio can reduce the
starting torque of the motor and provide a sufficient torque, so as to achieve a fast and
powerful rotation of the leg and reduce the selection requirements of the motor.

Similarly, the degree of freedom F2 of structural unit II is 1.
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In summary, the degree of freedom of each mechanical leg is F = F1 + F2 = 2, which
meets the freedom design requirements of Section 3.1.1 for the movement of the leg.

3.1.3. Kinematic Analysis

Based on the analysis in Section 3.1.2, a simplified motion diagram of the leg mecha-
nism is provided in Figure 6. We conduct the kinematic analysis of the selected mechanism
to determine whether the touchdown points and their motion rates in the leg comply with
the design requirements. We then optimize the mechanism to address any potential issues
that may arise.
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Figure 6. (a) Schematic diagram of the leg mechanism motion; (b) physical prototype of the leg
structure.

In Figure 6, point A represents the rotational center for the leg’s swinging motion,
where the slider performs a reciprocating motion. Point G is the center of the slider and
the connection point with the connecting rod. When performing kinematic analysis of
the mechanical structure, since rod BCD has a minimal impact on kinematics due to its
shape, which serves only for structural reinforcement and has fixed parameters, it can
be simplified to rod BD. This simplification makes the diagram clearer, as illustrated in
Figure 7.
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Figure 7. Analysis simplification.

For convenient subsequent calculations, the definitions of the parameters for Figures 6
and 7 are summarized in Table 1 below.

The definitions of rod length BD, l7, and angle ABD, θ1, are given in Formula (2) and
Formula (3), respectively.

l7 =

√
l32 + l22 − 2 × l2 × l3 × cos∠θ (2)

θ1 = arcsin(l3 × sin(∠θ)/l7) + π/2 (3)
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Table 1. Intrinsic parameters of the leg mechanism.

Serial Number Name Symbol

1 AB l1
2 BC l2
3 CD l3
4 DE l4
5 EG l5
6 EF l6
8 ∠BCD θ

Hence, the coordinate frames for each leg of the biomimetic spider robot are estab-
lished, respectively, as ∑ OA, where A represents the legs. Additionally, the body coordinate
frame, ∑ OR, is established, where R represents the body, as shown in Figure 8. Based on
this, the kinematic analysis of the biomimetic spider robot is carried out step by step.
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Figure 8. Simplified coordinate system model.

The improved Denavit–Hartenberg (D-H) parameters are used to analyze the changes
in the foot end coordinates of the legs and their dynamic characteristics. The robot leg
motion is shown in Figure 9.
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Figure 9. (a) The swing angle of the i-th leg; (b) the lift height of the i-th leg.

The initial parameters involved in Figure 9 are shown in Table 2. The drive mechanism
parameters are analyzed, thereby determining the D-H-related parameters of the leg
mechanism.
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Table 2. Initial parameters of the leg.

Symbol Description

ϕi Initial installation angle of the i-th leg.
ϕ1

1 Initial angle between link EG and the slider.
θ2 Initial installation angle between rocker DF and rod BD.
d1 Initial distance between the slider and point B.
i1 Transmission ratio of the worm gear.
P Screw pitch.

The swing angle γ1 of the leg is defined as shown in Equation (4).

γ1 = 2π × n1

i1
× t (4)

where n1 represents the rotational speed of the oscillating drive motor. Since the motor is
connected to the worm, n1 is equal to nworm. t1 is the operating time of the motor, and the
distance ∆d for the slider’s movement is defined as shown in Equation (5).

∆d = n2 × p × t2 (5)

In the above formula, n2 denotes the rotational speed of the leg drive motor, and t2
represents the operating time of the motor.

According to geometric theory, a new parameter is introduced; l′ represents the length
of DG, and the changes in ϕ1

2 and θ3 during the leg movement are analyzed as follows:

l′ =
√

l72 + (d1 + ∆d)2 + 2l7(d1 + ∆d) cos θ1 (6)

ϕ1
2 = π − (arccos

l′2 + (d1 + ∆d)2 − l2
7

2l′(d1 + ∆d)
+ arccos

l′2 + l52 − l2
4

2l′l5
) (7)

θ3 = arccos
l′2 + l2

7 − (d1 + ∆d)2

2l′l7
+ arccos

l′2 + l42 − l2
5

2l′l4
) (8)

From Table 3, it is known that the coordinate transformation matrix between bar AB
and the base is defined as shown in Equation (9).

1
0TA =


cos(γ1) − sin(γ1) 0 l1 + d1
sin(γ1) cos(γ1) 0 0

0 0 1 0
0 0 0 1

 (9)

Table 3. Denavit–Hartenberg (D-H) parameter table.

Serial
Number a α(◦) d β(◦) Description

0 0 0 0 0 The base corresponds to the joint between
the leg and the body pin axis.

1 l1 + d1 0 0 γ1 Link AB exhibits oscillatory motion.
2 0 90 ∆d 0 The slider undergoes translational motion.

The transformation matrix between the slider and the left link is defined as shown in
Equation (10).

2
1TA =


1 0 0 ∆d
0 1 0 0
0 0 1 0
0 0 0 1

 (10)
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From the above, Equation (11) can be derived.

2
0TA =


cos(γ1) − sin(γ1) 0 l1 + d1
sin(γ1) cos(γ1) 0 0

0 0 1 ∆d
0 0 0 1 + l1 + d1

 (11)

In Equation (11), the term 1 + l1 + d1 represents the displacement of slider G from
its initial position on the link to a distance ∆d. The initial position of the slider on the
link is at a distance of l1 + d1 from the rotational center of the link. Therefore, the final
position of the slider after movement is the sum of the initial distance and the distance it
moves along the link. Since the coordinates of the foot can be represented in a coordinate
system with the slider as the origin, they can be subsequently transformed into the desired
coordinate system.

In the slider coordinate system, the coordinates of foot F are (x3, y3, z3), which are
defined, respectively, in Equation (12).

x3 = (l4 + l6) · cos(θ1 − θ3)− l7 · cos θ1 − (d1 + ∆d)
y3 = 0

z3 = l7 · sin θ1 − (l4 + l6) · sin(θ1 − θ3)
(12)

The i-th leg coordinate system ∑ Oi
A is represented in the body coordinate system

∑ OB as Equation (13).

A
B Ti =


cos ϕi − sin ϕi 0 pi

Ax
sin ϕi cos ϕi 0 pi

Ay
0 0 1 pi

Az
0 0 0 1

 (13)

In Equation (13), ϕ1 represents the angle between the x-axis of leg coordinate frame
∑ Oi

A and the x-axis of the body coordinate frame ∑ OB, which is the initial installation
angle. The coordinates (pi

Ax, pi
Ay, pi

Az) denote the position of the base of i-th leg, which
is the origin of the leg coordinate frame, in the body coordinate frame. Furthermore, the
transformation matrix between the leg coordinate frame and the body coordinate frame is
analyzed, as shown in Equations (14) and (15).

2
0Ti

B = A
B Ti · 2

0TA (14)

2
0Ti

B =


cos(ϕi + γ1) − sin(ϕi + γ1) 0 cos ϕi · (l1 + d1) + pi

Ax
sin(ϕi + γ1) cos(ϕi + γ1) 0 sin ϕi · (l1 + d1) + pi

Ay
0 0 1 pi

Az
0 0 0 1

 (15)

Consequently, through forward kinematics, the position of the foot tip in the body
can be determined. The foot tip coordinates (x3, y3, z3) are transformed into (xB, yB, zB), as
shown in Equation (16).

xB = x3 · cos(ϕi + γ1)− y3 · sin(ϕi + γ1) + Pi
Ax

yB = x3 · sin(ϕi + γ1) + y3 · cos(ϕi + γ1) + Pi
Ay

zB = z3 + Pi
Az

(16)

In Equation (16), (xB, yB, zB) represents the coordinates of the foot tip in the body
coordinate frame ∑ OB.

3.1.4. Inverse Kinematics

Using Equation (16), the coordinates of the foot tip (xB, yB, zB) are obtained. Based on
the relationships between the various links, the rotational angles of the two drive motors
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during operation are analyzed. By rearranging and expanding Equation (16), we derive
Equation (17). 

xB−Pi
Ax

(l4+l6)·cos(θ1−θ3)−l7·cos θ1+(d1+l1)+∆d = cos(ϕi + γ1)

yB−Pi
Ay

(l4+l6)·cos(θ1−θ3)−l7·cos θ1+(d1+l1)+∆d = sin(ϕi + γ1)

zB−l7 sin θ1−Pi
Az

l4+l6
= sin(θ1 − θ3)

(17)

For Equation (17), algebraic substitutions are performed, letting

a = l7 · cos θ1 − d1 − l1, b = l4 + l6, c = xB − Pi
Ax, d = yB − Pi

Ay, e = zB − Pi
Az − l7 sin θ1, e = zB − Pi

Az − l7 sin θ1 (18)

Then, we substitute Equation (18) into Equation (17) and obtain Equation (19).

∆d = a −
√

b2 − e2 +
√

c2 + d2 (19)

The rotation of the leg lift motor is transmitted through a nut and screw mechanism,
resulting in the movement distance of the slide block. Consequently, the operational
rotation angle φ2 of the leg lift motor can be determined as shown in Equation (20).

φ2 = 2π · ∆d/P (20)

Substituting Equation (19) into Equation (17) yields Equation (21).

d√
c2 + d2

= sin(ϕi + γ1) (21)

Due to the transmission of the swing motor through a worm gear and worm shaft
mechanism, the motor rotation angle φ1 can be analyzed from the transmission ratio, as
shown in Equation (22).

φ1 = i1 · (arcsin
d√

c2 + d2
− ϕi) (22)

Through the kinematic analysis of the legs, it can be seen that the movement trajectory
of the legs is determined not only by the operating parameters of the motor, but also by the
design parameters of different components. The detailed analysis is shown in Section 4.

3.2. Design and Analysis of Body Structure
3.2.1. Overview

As is known from Section 3.1, the connection point between the leg mechanism and
the body is the hip joint position in the physiological structure of spiders. As illustrated in
Figure 10, there are two spiders with different habits: a is a spider of the family Theridiidae,
which excels at hunting with webs; b is a wolf spider, which hunts on the ground.
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Figure 10. The connection between the body and legs in spiders with various habits: (a) linyphiidae
spider; (b) wolf spider.
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It is observable that the spacing between the hip joints of the former is smaller than
that of the latter, which is convenient for the former to reduce its own mass and provide
a stable posture on the spider web. The latter usually moves on the ground and requires
higher explosive power when hunting and moving. At this time, its leg length is shorter
than the former, and the farther hip joint position facilitates its rapid movement. The layout
positions of both are similar to ellipses. In the design process of the hexapod bionic robot
body, the hip joint position is used as the outer edge contour of the robot body. There
are three ways in conventional design which will be analyzed in this section to obtain the
optimal outer edge contour as the body structure.

3.2.2. Analysis of Support Triangle Gait

According to the findings of Section 2.2.2 in this paper, the biomimetic spider robot
employs a triangular gait for walking. In existing research, many scholars have also
adopted the triangular gait as the walking gait for biomimetic robots, such as Guo, Y.Q. [44],
Zhang, Y. [45], Ni, Y. [46], etc., who have all used the triangular gait in the walking control
of their designed hexapod robots. However, the triangular configurations chosen and the
different legs that form the triangle vary during the design process. If only the different
legs that form the triangle are considered, there are six possible configurations, as shown in
Figure 11, the point a,b,c represent the three vertices of a triangle.
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Figure 11. Six types of support triangles, (a) the triangle formed by legs on one side, (b) the triangle
formed by two front legs and a middle leg, (c) the triangle formed by the front and middle leg on one
side and the rear leg on the other side, (d) the triangle formed by two middle legs and a front leg,
(e) the triangle formed by two rear legs and a front leg, (f) the triangle formed by the front and rear
leg on one side and the middle leg on the other side.
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In the triangles shown in Figure 11a,b, the center of gravity (COG) of the support
triangle is located outside the triangle, and the stability margin is negative, indicating that
the robot cannot maintain stability in the posture, hence this method is unreasonable. In
the cases shown in Figure 11c–e, the support triangle passes through the center of gravity,
and the stability margin is in a critical state. In this situation, the probability of the robot
tipping over is high, which is not conducive to the robot’s movement on uneven roads and
reduces the robot’s traversability. However, stability can be improved through stability-
enhancement measures; thus, these support triangles are reasonable. In the support triangle
shown in Figure 11f, the center of gravity of the legs on one side and the middle leg on
the other side is located inside the triangle, and its stability margin is the best among the
five support triangles mentioned earlier, indicating the best stability. This represents the
maximum expectation for support, making this scheme the most reasonable. Liu Y [47]
conducted a study on the influence of center-of-gravity alterations on the walking stability
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of hexapod biomimetic mechanical devices and focused on center-of-gravity trajectory
planning. The research also addresses control methods to ensure overall stable walking
when any one of the six legs is problematic.

3.2.3. Analysis of the Layout of Body and Leg Connection Points

After performing kinematic forward and inverse analyses of the legs, considering the
impact of the installation position of the legs on the overall machine’s motion performance
and load-bearing capabilities, an analysis of the connection points between the legs and
the body is conducted, with a primary focus on the position of the center of gravity, etc.
In calculating the position of the center of gravity, the relationship between the triangle’s
coordinate positions and the center of gravity is utilized, as shown in Equation (23).

x =

∫
xdσ∫
dσ

; y =

∫
ydσ∫
dσ

(23)

In the case where the coordinates of the triangle are known, the central position of the
triangle can be determined using Formula (24).

xz =
x1 + x2 + x3

3
; yz =

y1 + y2 + y3

3
(24)

In Equation (24), (xz, yz) represents the coordinates of the center of gravity, while
(x1, y1), (x2, y2), and (x3, y3) correspond to the vertices of the triangle. This approach is
numerically straightforward in principle, yet its complexity arises in the acquisition of
the coordinate information at the foot’s endpoint. Due to the unknown environmental
information of the biomimetic spider robot and the inability to predict the conditions of the
landing site during rapid movement, whether it is on yielding ground or slippery surfaces,
controlling the placement of the foot’s endpoint is quite challenging.

In conclusion, this paper intends to reduce the size of the support triangle by defining
its position at the connection points between the leg mechanism and the body, namely
a1 ∼ a3, b1 ∼ b3, to determine its location, as shown in Figure 12. This arrangement forms
a triangle between the support phase and the body’s connecting part, which stabilizes the
center of gravity of the body within the triangle. Consequently, this ensures that the overall
center of gravity of the biomimetic spider robot remains within the support triangle formed
by the foot end of the support phase.
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Figure 12. Support phase and swing phase.

In Figure 12, L1∼L3 represent the three legs in the swing phase, while R1∼R3 represent
the three legs in the support phase. a1∼a3 and b1∼b3 are the connection points between
the leg structures and the torso.

The common arrangements of the body–leg connections are shown in Figure 13.
Figure 13a depicts legs on the same side not aligned on a straight line, with the middle leg
on the outer side; Figure 14b shows legs on the same side aligned on a straight line; and
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Figure 13c shows legs on the same side not aligned on a straight line, with the middle leg
on the inner side.
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Figure 14. Center-of-gravity variation with y-axis coordinate: (a) y = 10; (b) y = 20; (c) y = 30.

When arranging the supporting triangle, if the overall width is the same, the distance
from the vertex a2 to the bottom a1a3 of the triangle in Figure 13b is the largest. In Figure 13a,
a1a3 is located inside the frame, while in Figure 13c, it is located at the edge of the frame. It
can be concluded that the center of gravity of the triangle is biased towards the bottom edge;
compared to the c scheme, the center-of-gravity coincidence of the supporting triangles on
both sides of the a scheme is higher.

4. Simulation Experiment Analysis
4.1. Analysis of Body
4.1.1. MATLAB Simulation Analysis

Based on the analysis above, triangles with the same base length (all set to 40) were
selected, where the x-axis coordinates of the vertices varied from 4 to 40, and the y-axis
coordinates were 10, 20, and 30, respectively. A center-of-gravity traversal simulation of the
biomimetic spider robot’s body triangle was conducted in MATLAB, as shown in Figure 14.
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From Figure 14, it is observed that when the x-axis coordinate remains constant, the
center of gravity of the biomimetic spider robot’s body triangle undergoes small amplitude
variations, which are related to the y-axis coordinates of its vertices. This suggests that
during the design process of the robot, if it is found that the center of gravity is too far
forward or backward, the distance between the middle leg and the front and rear legs can
be adjusted appropriately to ensure the stability of the robot’s center of gravity. When the
y-axis coordinate remains constant, the center of gravity moves further away from edge AB
as the x-axis coordinate increases. At this point, due to the absolute position change in the
center of gravity, the stability of the robot is also improved. However, as Figure 15a shows,
the size of the triangle increases, making the robot’s body larger, which is not conducive to
its movement through dense forests and other environments.
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Figure 15a derived from Equation (25).

m = (x3 − xz)/xz (25)

In Equation (25), m represents the ratio of the x-coordinate of the center of gravity to
point B in Figure 15a and the edge AC, x3 represents the x-coordinate value of point B, and
xz represents the x-coordinate value of the center of gravity.

From Figure 15b, it can be concluded that the position of the center of gravity does
not change relatively. The ratio of the distance from the center of gravity to a vertex to the
distance from the center of gravity to the opposite side is two, which means the center of
gravity always remains at one-third the height of the triangle. Therefore, regardless of the
asymmetric arrangement of equipment on the body, the robot’s center of gravity always
leans towards one side. Based on this, simulation analyses were performed on the three
schemes shown in Figure 13. As depicted in Figure 16, it is evident that in the scheme in
Figure 13c, the center of gravity of the two sets of supporting triangles can never coincide.
If the position of one set of center of gravity is determined, then during the locomotion
of the biomimetic spider robot, the leg located in the middle, which is closer to the center
of gravity, will bear a greater force than the other two legs, increasing the likelihood of a
malfunction in that leg. Once this leg encounters a problem, the robot will be in a paralyzed
state, which is detrimental to the execution of various tasks.

As shown in Figure 16, the convex hexagon makes it easier to consider aligning the
center of gravity of the two groups of triangles, so that during the movement of the robot,
no matter which group is in the support stage, the three legs can obtain equal support.
This further ensures the stability of the robot, facilitates rapid movement, and reduces the
overall wear of the robot.
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4.1.2. Analysis and Comparison

Based on the above analysis, we have selected the body structure of the spider robot
in Figure 16a, as shown in Table 4.

Table 4. Robotic architecture parameters.

Symbol Paraphrase Parameter Values (mm)

S1 Distance between points a1 and a2 120
S2 Distance between points b1 and b2 120
S3 Distance between line a1a2 and line c1c2 80
S4 Distance between line b1b2and line c1c2 80
S5 Distance between points c1 and c2 240
S6 Distance from point c2 to line a1b1 60

The results of gravitational analysis and MATLAB analysis are shown in Figure 17.
As indicated in Figure 17, when the supporting triangles on both sides work alternately,

the relative coordinates of the center of gravity do not change, so this scheme is stable
during the robot movement. As the overall arrangement of the bionic spider robot presents
a symmetrical feature, according to the analysis in Figure 14, it can be seen that the relative
position of the center of gravity will change when the arrangement position of the middle
leg is changed, that is, the distance from point c to a1a2 or b1b2. In the third process, the
center of gravity will still coincide because its position changes in the y direction but does
not change in the x direction. Thus, it is convenient to arrange the controller and power
supply on the body.
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Two kinds of bionic spider robots with a convex hexagonal layout are selected, as
documented in Figure 18.
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Figure 18. Comparison object: (a) sketch of the overall structure of the lunar exploration hexapod
robot [44]; (b) hexapod robot model HexaV4 [28].

Origin and MATLAB were used to extract, analyze, and process the data. The changes
in the center of gravity were analyzed, as shown in Figure 19.
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Figure 19. Simulation result, (a) simulation result is performed for Figure 18a; (b) simulation result is
performed for Figure 18b.

To analyze the shift in the center of gravity, a reference parameter, the center-of-gravity
offset rate (ρ) is used, which is calculated as demonstrated in Equation (26).

ρ = (distanceab)/(distancec) (26)
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In Equation (26), distanceab represents the distance between the center of gravity of
the two supporting triangles in the triangular gait, while distancec denotes the inter-leg
spacing on both sides of the triangular gait. The calculated center-of-gravity shift rates for
all three are presented in Table 5.

Table 5. Center-of-gravity deviation.

Symbol Paraphrase Parameter Values (%)

ρ1 Our paper 0
ρ2 Article [44] 11.4020
ρ3 Article [28] 1.7544

As indicated in Table 5, utilizing a program to regulate the stability of a robot requires
a significant amount of computational space, which decreases the overall response rate,
especially for Article [44]. By employing a center-of-gravity analysis method, the connecting
points are redesigned.

Based on the above analysis, there are two methods to improve stability: (1) altering
the distance between the connecting points of the front and back legs; (2) changing the
distance between the connecting points of the middle leg.

Considering the overall configuration, and since the widest part of the robot occurs at
the middle leg, we adjusted the distance between the connecting points of the front and
back legs, as shown in Figure 20, to achieve 100% center-of-gravity coincidence during the
transition between the two support phases. This enhancement can increase the stability of
the robot during its movement.
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4.2. Analysis of Leg
4.2.1. Trajectory Analysis

The mathematical model of the leg was established using MATLAB, and the mo-
tion trajectory of the foot, the slider and point D (knee joint) under ideal conditions and
simulated actual operating conditions were analyzed.

Following the analysis of the leg design discussed in Section 3, kinematic simulations
of the leg were performed using MATLAB software. The simulation conditions were set
under static scenarios to investigate the leg’s lifting and swinging movements, with the
relevant parameters presented in Table 6.

During the leg operation, due to the arrangement angle, the movement rules of the
front and rear four legs are similar, and the two middle legs are the same. Therefore, the
second and sixth legs of the right triangle in Figure 10a are selected as examples. The
operation time is 1 s, and a forward movement of 19 mm is completed. The x, y, and z
changes in the relevant positions are plotted with the body coordinate system as a reference.
The body frame data are shown in Table 4.
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Table 6. Initial key parameter of leg.

Symbol Description Parameter

θw Swing range of i-th leg ±10◦

θ Initial installation angle between the rod BC and the rod CD 120◦

AB l1 50 mm
BC l2 100 mm
CD l3 100 mm
DE l4 150 mm
EG l5 30 mm
EF l6 400 mm

∠BCD θ 120◦

The speeds of the two motors are shown in Figure 21. From the analysis in Section 3.1,
it can be seen that the selection requirements for the swing motor are relatively low, which
is conducive to reducing the overall cost. The motor selected in the leg-lifting part can also
avoid motors with special performance.
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Figure 21. Motor speed.

As can be seen from Figure 22, the displacement trends of various components of
the robot are similar during the movement. In (c) and (f), the z coordinate displacement
changes slowly from the beginning to end. At this time, the legs are in the state of lifting
or lowering, and need to overcome the resistance from the ground. When they are not in
contact with the ground, the remaining movements can be completed quickly to reduce the
movement loss time.

In (b) and (e), the movement trajectories of legs two and six are similar, and their peak
or valley values appear when the legs are lifted at the maximum angle, respectively. Due to
their lifting and lowering, the change in this coordinate is formed. In the middle, that is,
0.25–0.75 s, since the body is used as the reference coordinate system during the forward
process, the legs move backward relative to the body during this time period, meaning that
the y coordinate decreases.

In (a) and (d), relative displacement occurs when in the support phase, which cor-
responds to the analysis of the triangular gait in Section 2.2.2. The overall movement
trajectory presents a zigzag shape and corresponds to Figure 2.

As seen in Figure 23, the speed of lifting and lowering the legs is balanced, which
avoids large torque impacts on various components, improves the operating stability of the
mechanism, and reduces the control cost of the motor.
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In (b) and (e), the movement trajectories of legs two and six are similar, and their 
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Figure 22. (a) The motion trajectory of the foot of the leg two; (b) the movement locus of the slider of
the leg two; (c) the movement locus of the slider of the leg two; (d) the motion trajectory of the foot of
the leg six; (e) the movement locus of the slider of the leg six; (f) the movement locus of the slider of
the leg six.
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source. The entire mechanism consists of a two-degree-of-freedom motion mechanism 
composed of a linkage mechanism, which meets the operational requirements of the leg 
with a low delay response and reduced complexity of control algorithms, thereby reduc-
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number of drive sources, the manufacturing cost of the leg is also reduced, and the water-
proofing cost in humid environments is decreased, thereby reducing the likelihood of 
damage. Moreover, with the structural change, the motor power is transmitted through 

Figure 23. Variation in the leg-lifting angle.

4.2.2. Simulation Analysis

The actual operation of the motor is analyzed. When the motor starts and stops, it
will produce a very short acceleration and deceleration stage. We slow down the leg-lifting
action so that it is completed within 5 s. The angular velocity and linear velocity of the foot
end when the leg is lifted are analyzed. As depicted in Figure 24, the speed is in the slow
change stage in the start and stop stages, but the time it occupies is relatively short. It can
be seen that in the actual operation process, the impact of this part on the operation of the
mechanism can be ignored. The changes in angular velocity and linear velocity are from
slow to fast, which can help the legs overcome the resistance of the external environment.
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Figure 24. (a) Angular velocity of θ3; (b) linear velocity of the motion trajectory of the foot.

In summary, the movement pattern of the leg joint is restored by the linkage group,
and a unified driving joint is adopted to achieve the bending of the leg with a single power
source. The entire mechanism consists of a two-degree-of-freedom motion mechanism
composed of a linkage mechanism, which meets the operational requirements of the
leg with a low delay response and reduced complexity of control algorithms, thereby
reducing the control cost of the biomimetic spider robot. Furthermore, with the reduction
in the number of drive sources, the manufacturing cost of the leg is also reduced, and the
waterproofing cost in humid environments is decreased, thereby reducing the likelihood of
damage. Moreover, with the structural change, the motor power is transmitted through the
transmission mechanism to achieve leg movement, which maximally reduces direct motor
loading, allowing the motor’s output efficiency to be fully applied to the leg’s movement,
avoiding unnecessary energy consumption. This reduction also lowers the size and cost
of the power source carried by the robot, facilitating low-cost popularization of the robot.
When a component of the leg fails, modular replacement is convenient, as the connecting
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pins and installation components can be separated to complete the disassembly without
rewiring, which improves the maintenance efficiency of the robot in specific situations and
reduces time losses.

4.2.3. Uncertainty Analysis

We partially adjusted the length of each part of the leg to analyze its impact on
the movement trajectory. We used the variable analysis method to analyze the foot end
trajectory.

The values of EG were changed, as seen in Figure 25.
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In Figure 25, when EG is 25 mm, although its peak change trend is faster, it will form
a lower height than the initial height when lifted, causing deep friction between the legs
and the ground, which is not conducive to the rapid lifting of the legs. Increasing this
parameter will cause the movement speed of the foot to slow down. Therefore, the change
in this parameter will affect the movement speed of the foot and the lifting height.

As can be seen in the Figure 26, the change in DE has a small impact on the x and
y directions, but a large impact on the z direction. As DE increases, the overall ground
clearance of the robot increases, but at 135 mm and 165 mm, it is obvious that the z
coordinate of the foot end during operation is smaller than the z coordinate in the static
state; that is, if it is in actual operation, the leg will lift the entire robot and move, which
will consume more energy. Therefore, it is not advisable. Among these five parameters,
150 mm is the best connection, so it is the final value selected for this simulation.
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4.2.4. Comparative Analysis

We selected the bionic spider robots in recent years for comparison, as shown in
Table 7.

Table 7. Comparative analysis.

Criteria
Sketch of the Overall Structure

of the Lunar Exploration
Hexapod Robot [44]

Hexapod Robot Model
HexaV4 [28] Two-DOF Design (Our Study)

Control Complexity High, requiring advanced gait
optimization algorithms.

High, requiring heuristic
algorithms for gait switching.

Low, with simplified control
architecture using a multi-link

mechanism.

Energy Consumption
Optimized for stability and
energy efficiency using an
improved triangular gait.

Reduced through heuristic
gait switching.

Lowered through a simplified
design and dual-motor system.

Maintenance Costs Moderate, due to complexity in
gait optimization systems.

Moderate to high, depending
on the complexity of heuristic

control systems.

Low, with fewer moving parts
and a simpler design.

4.3. Initial Verification

In this study, we developed a biomimetic spider robot prototype using the Fisher
Technik system, as shown in Figure 27, which validated our proposed new leg design
with two degrees of freedom and hexagonal body structure. The two-degree-of-freedom
leg structure combines a multi-link mechanism and a dual-motor system, enhancing the
control of leg movement and improving leg strength. The hexagonal body structure
and triangular gait were carefully designed to align weight with support points, thereby
enhancing stability.
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4.4. Summary

Through the above analysis, it is evident that during the design process of a hexapod
robot’s body, the connection points between the legs and the body are crucial for the robot’s
ability to move quickly and stably. A well-designed connection point can ensure that the
robot’s legs are subjected to uniform forces, thereby reducing the wear rate of each leg.
It is observed that, under the condition of equal width, the choice of a convex hexagonal
structure better meets the requirements for center-of-gravity distribution. For the analysis
of the legs, the movement characteristics meet the requirements of robot walking.

5. Conclusions

This paper explores the theoretical elements of the structural design of a biomimetic
spider robot, specifically focusing on its leg configuration and body structure. The robot
obtains enhanced mobility and flexibility by employing a composite linkage system and
altering its leg structure, resulting in a two-degree-of-freedom design. The body structure
of the robot is designed in a convex hexagon shape, which is inspired by the analysis of
spider movement, in order to replicate all-terrain capabilities. The biomimetic technique
streamlines the leg structure by utilizing a dual-motor system. This not only reduces
the complexity of the robot, but also enhances the stability of the control system, while
increasing the speed of the reaction.

In addition, the D-H parameter method was used to carry out static analysis, which
effectively verified the final operating state of the robot, including not only the speed
during operation, but also the angular velocity. Through analysis, it is proved that it can
react quickly and has the ability to navigate obstacles. These capabilities are indispensable
to ensure its trafficability characteristic in complex environments. For the body structure,
the total center of gravity of the robot is considered in order to ensure that the robot has
the optimal framework of stability. The convex hexagonal structure can realize the same
position coordinates of the two sets of center of gravity, so as to ensure the continuous
stability of the robot during its operation. After this theoretical analysis, we will use
the existing model to complete the structural analysis according to the actual working
conditions, conduct physical prototype trials, improve the relevant control algorithms,
complete the actual operation test, and further optimize the control and structure.

Author Contributions: Methodology, Y.N., D.Z., Y.C. and L.W.; software, Y.N., D.Z. and Y.C.;
validation, Y.N., D.Z. and Y.C.; formal analysis, Y.N. and D.Z.; investigation, Y.N. and Y.C.; writing—
original draft preparation, D.Z. and Y.C.; writing—review and editing, X.H. All authors have read
and agreed to the published version of the manuscript.
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