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Abstract 

Dangers in aerial work will cause huge economic losses and casualties. To improve this problem, this paper designs a track 

climbing robot based on the Halbach square magnetic array, which can be used for the inspection and maintenance of large 

steel structures. First, the adsorption unit uses the Halbach square magnetic array to arrange permanent magnets. The load-

bearing mechanism transfers the weight of the robot body to the track plate while sharing the load of two axes and assisting the 

track to stick to the wall. The tensioning mechanism is used to support the track. Then, the critical states of the two failure types 

of sliding and overturning of the climbing robot are analyzed, and the magnetic adsorption force provided by the single track 

plate required for the stable adsorption of the robot is determined; the two motion states of the robot, straight and turning, are 

analyzed, and the torque provided by the drive device required when the robot moves is determined. Finally, the adsorption 

force of the adsorption unit is calculated by COMSOL simulation; the axial and circumferential movement of the track along 

the curved surface is simulated and analyzed to verify the feasibility of the climbing robot. The results show that the robot can 

be stably adsorbed on the wall, the adsorption force of a single track shoe should be no less than 48.59N for the robot to move 

flexibly on the wall, and the driving torque provided by the drive device of the single-side track should be greater than 20.47N, 

the adsorption unit using N42 permanent magnet can bring an adsorption force of 27.812N. 

© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

High-altitude operations are highly prone to significant 

accidents, resulting in considerable economic losses and 

casualties [1]-[3]. To mitigate these risks, the use of 

climbing robots to replace manual labor in such tasks is 

crucial [4]. However, current climbing robots face 

challenges such as poor load-bearing capacity, high 

environmental requirements for wall surfaces, heavy 

weight, and high energy consumption[5]. 

There are three primary types of climbing robots: bionic, 

negative pressure, and magnetic adhesion. Bionic climbing 

robots draw design inspiration from the climbing 

mechanisms of insects or animals. Mark et al.[6]-[10] 

developed the Stickybot, a gecko-inspired robot with four 

flexible feet made from anisotropic adhesive materials, 

enabling it to climb various vertical surfaces. Guan et 

al.[11]-[15] designed the Climbot, a modular inchworm-

inspired climbing robot with strong flexibility and 

maneuverability, capable of climbing various rod-like 

structures and overcoming obstacles. Xu et al.[16], inspired 

by the adhesion characteristics of flies and gobies, proposed 

a climbing robot with ratchets, capable of climbing within a 

0-360 degree range under a maximum load of 0.5 kg. Chen 

et al. [17][18] introduced a gecko-inspired climbing robot 

based on a vibration suction cup, which uses a negative 

pressure technique called vibration suction, achieving a 

maximum vertical climbing speed of 13.75 mm/s and a 

maximum turning angle of 20°. Liu et al. [19][20], inspired 

by the oriental silk moth (SericaorientalisMotschulsky), 

developed a tracked climbing robot with bionic spines, 

capable of climbing on sandpaper, bricks, rough plaster, and 

pebble walls. In 2021, the Hong Kong Polytechnic 

University [21] designed a soft rigid pipe climbing robot for 

safety inspection on the pipe network with uncertain 

obstacles, which can hold pipes of different diameters with 

controllable adhesion. With no load, the robot is able to 

climb at a rapid speed of 1.09m/s, with a maximum speed 

of 0.828m/s when carrying a 500g load. Despite these 

advancements, bionic climbing robots often suffer from 

slow climbing speeds, poor load capacity, and high costs 

associated with the design and manufacture of bionic 

mechanisms and materials[22-23]. 

Negative pressure climbing robots rely primarily on 

pressure differentials to firmly adhere to wall surfaces, 

offering good adhesion capabilities and wide applicability. 

Yoshida et al. [24]designed a climbing robot using passive 
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suction cups as attachment devices, requiring no additional 

energy to maintain adhesion and achieving climbing with 

low energy consumption. Cao et al. [25]proposed a rolling-

adsorption wall climbing robot (RWCR), capable of bearing 

loads up to 6.2 kg on smooth glass walls and up to 4.2 kg 

when moving laterally. However, these robots demand high 

wall surface flatness, and cracks can cause suction cup air 

leaks, reducing adhesion and load capacity, and potentially 

leading to falls. Zhao et al. [26]introduced the Vortexbot, 

featuring a suction device utilizing vortices to generate 

suction, maintaining adhesion without direct wall contact, 

even on rough surfaces or obstacles. Liu et al. [27]designed 

a climbing robot using a vortex fan to create pressure 

differentials, similar to a centrifugal pump, achieving a 

maximum speed of 7.11 cm/s and a maximum load of 1 kg. 

However, this method generates significant noise and 

requires extra energy for negative pressure creation, 

increasing system energy consumption. 

Magnetic adhesion methods require lower wall surface 

flatness and are less affected by cracks. Song et al. [28] 

designed a permanent magnet adhesion wheeled climbing 

robot, with a prototype weight of 97 kg, a maximum 

effective load of 62.9 kg, and an average speed of 4 m/min, 

capable of overcoming 6 mm high obstacles. Magnetic 

wheel climbing robots can achieve wall adhesion and 

movement, but variations in wall thickness or surface 

curvature can cause changes in air gaps, leading to 

insufficient adhesion. Thungod et al. [29]designed an 

adaptive electromagnetic adhesion mechanism for magnetic 

wheel-based curved surface climbing robots, utilizing a PID 

controller to adjust electromagnetic force, providing 

flexible adhesion on ferromagnetic curved surfaces [30]-

[34]. 

Magnetic adhesion includes electromagnetic and 

permanent magnetic adhesion. Electromagnetic adhesion 

maintains adhesion through a magnetic field generated by 

electromagnetic coils, requiring a continuous power supply. 

Permanent magnetic adhesion generates adhesion through 

the magnetic field of permanent magnets, requiring no 

power supply and offering high stability. Due to the lack of 

continuous energy consumption, permanent magnetic 

adhesion is more energy-efficient compared to 

electromagnetic adhesion. Tao et al. [35][36] designed a 

permanent magnet adhesion climbing robot, with a 

prototype weight of 74 kg, capable of bearing an effective 

load of 173 kg without slipping in a static state. Gao et al. 

[37] designed a climbing robot utilizing tracks with multiple 

magnetic adhesion units, weighing 7.5 kg and measuring 

430×145×234 mm, capable of carrying a 10 kg load and 

overcoming 10 mm obstacles on vertical walls. Magnetic 

adhesion provides significantly greater adhesion force than 

other methods, enabling climbing robots to have a stronger 

load-bearing capacity [38][39]. 

However, permanent magnetic adhesion often uses 

chain drives and requires many permanent magnets, 

resulting in heavy robot weight. Zhang et al. [40, 41] 

proposed a tracked wall-climbing robot suitable for ship 

wall characteristics, consisting of two passive adaptive track 

mechanisms and a connecting module, employing a 

Halbach array to reduce robot weight. This robot can 

achieve adaptive curvature movement and has a certain 

load-bearing capacity. However, the permanent magnets are 

installed inside the tracks, causing variations in the distance 

between the magnets and the wall, significantly impacting 

adhesion force stability. 

This paper presents the design of a tracked climbing 

robot based on a Halbach rectangular magnetic array. The 

adsorption units employ a Halbachsquare magnetic array to 

arrange the permanent magnets, achieving greater 

adsorption force with fewer magnets, thereby reducing the 

robot's weight. The designed load-bearing mechanism 

transmits the robot's gravity to the track plates, sharing the 

two-axis load, enhancing load capacity, and assisting the 

tracks in adhering to the wall. The designed tensioning 

mechanism supports the tracks, reducing energy loss caused 

by slack and vibration of the non-contacting track segments. 

2. Structural Design of the Climbing Robot 

The structure of the climbing robot designed in this 

study is illustrated in Figure 1. To enhance the robot's 

flexibility, both the front and rear wheels can function as 

drive wheels. A cross-pin universal joint is employed 

between the drive wheels and the drive device to allow the 

tracks on both sides of the robot to adjust their position and 

better conform to the wall surface. For lightweight 

construction, a toothed drive system is utilized, where the 

drive wheel's gear teeth engage with the track plate's drive 

holes to transmit motion. 

 
Figure 1. Structure of the climbing robot. 

 
Figure 2. Cross-pin universal joint. 

2.1. Design of the Adsorption Structure 

Given the need for the climbing robot to operate on 

curved surfaces, permanent magnets are installed on the 

track plates to maintain a consistent distance from the wall, 

thereby ensuring stable adsorption force. 

 
Figure 3. Structure of the trackplate. 

The trackplate of the climbing robot, shown in Figure 3, 

consists of track plates and adsorption units. Each 
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adsorption unit contains an embedded nut connect to the 

track plates via screws. To minimize magnetic leakage and 

maximize the use of the magnets' magnetic energy, the 

adsorption units employ a Halbach rectangular magnetic 

array. 

A single permanent magnet adsorption unit is depicted 

in Figure 4, where the arrows indicate the magnetization 

direction of the permanent magnets. During climbing, the 

adsorption units move with the track plates, continually 

adhering to and detaching from the curved wall surface, 

which inevitably leads to collisions and friction. To protect 

the permanent magnets within the adsorption units from 

damage, protective casings are used. 

 
Figure 4. Structure of an adsorption unit. 

2.2. Design of the Track Load-Bearing Mechanism 

When the robot is positioned on the upper part of a wall, 

the tracks' two axles bear the robot's weight. Conversely, 

when the robot is on the lower part of the wall, the hinged 

connections between the track plates, torque cannot be 

transmitted between track plates, causing the weight-

induced overturning torque to act primarily on the track 

plates at both ends of the contact section with the wall. In 

this scenario, many adsorption units cannot function 

effectively against the overturning torque [9]-[11]. 

 
Figure 5. Load-bearing mechanism. 

To address this issue, a load-bearing mechanism as 

shown in Figure 5 is proposed. This mechanism consists of 

internal and external parts. The internal load-bearing 

mechanism transfers the overturning torque caused by the 

robot's weight to the track plates in contact with the wall and 

limits the lateral displacement of the track plates. When the 

robot is on the lower part of the wall, this mechanism helps 

the track resist the overturning torque. The external load-

bearing mechanism primarily distributes the forces of the 

two axles on the tracks. When the robot is on the upper part 

of the wall, a portion of the robot's weight is directly 

transferred to the tracks via this mechanism, reducing the 

load on the axles. Additionally, the external mechanism 

assists the tracks in adhering to the wall, aiding in obstacle 

traversal. 

The internal load-bearing mechanism is divided into six 

segments, each consisting of fixed bolts, tension springs, 

limit plates, and load-bearing guide slots. Fixed bolts attach 

the robot's main frame to the tension springs, which transfer 

the robot's weight to the connected load-bearing guide slots. 

Limit plates constrain the position of the guide slots. The 

guide slots feature T-shaped grooves, allowing the guide 

blocks on the track plates to slide within them, restricting 

lateral displacement and transferring the robot's weight to 

the track plates in contact with the wall. When the robot is 

on the lower part of the wall, the overturning torque due to 

the robot's weight is distributed across all contact track 

plates. The contact surfaces of the guide blocks' protrusions 

in the T-shaped grooves are curved to compensate for 

vertical misalignment when the tracks bend while climbing 

over curved surfaces or obstacles, ensuring smooth passage 

of the guide blocks through the segments of the internal 

load-bearing mechanism. 

 
Figure 6. Internal load-bearing mechanism. 

The external load-bearing mechanism comprises 

compression springs, baffles, rubber-coated rollers, and 

guide bolts. Baffles fixed to the robot's main frame transfer 

the robot's weight to the compression springs, which then 

transfer the force to the rubber-coated rollers, which in turn 

apply the force to the tracks. This arrangement reduces the 

load on the axles and assists in maintaining track adhesion 

to the wall when traversing obstacles. The guide bolts 

restrict the deformation of the compression springs and 

prevent the springs from failing due to bending. 

Additionally, the bolts limit the rotation of the rubber-

coated rollers, preventing them from slipping and reducing 

friction. 

 
Figure 7. External load-bearing mechanism. 

2.3. Design of the Tensioning Mechanism 

When the tracks adhere to the wall, the sections between 

the wheels not in contact with the wall tend to sag due to 

gravity, causing vibration and energy loss during 

movement. The track tensioning mechanism, as shown in 

Figure 8, is designed to prevent sagging. It consists of 

tensioning wheels, guide bolts, compression springs, and 

baffles. The tensioning wheels, under the action of 
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compression springs, support the sagging tracks, reducing 

or eliminating slack. When the robot climbs over obstacles 

and the tracks bend, the deformation of the compression 

springs increases, but this does not interfere with the robot's 

ability to traverse obstacles. 

 

Figure 8. Tensioning mechanism. 

3. Mechanical Performance Analysis of the Robot 

To ensure the safety and reliability of the robot's 

operation, its mechanical performance must be analyzed. 

When the robot rotates around a curved surface, its 

movement can be approximated as climbing a slope with a 

certain inclination angle, considering the relatively small 

size of the robot compared to the curved surface. The 

varying angle between the robot and the ground 

significantly alters the force conditions during operation. 

Therefore, a mechanical model of the robot climbing an 

inclined surface is established, as shown in Figure 9. Here, 

𝑂𝑥0𝑦0𝑧0 represents the global coordinate system, and the 

slope inclination angle 𝜃 is variable. 

 

Figure 9. Robot on an inclined surface. 

3.1. Static Analysis 

During operation, the robot may fail in two primary 

ways: sliding downward due to gravity when stationary, or 

the adsorption units detaching sequentially from top to 

bottom due to the overturning moment caused by gravity 

[9]. The critical conditions for these two failure types are 

analyzed below. 

  
(a)Critical sliding condition. 

(b)Critical overturning 
condition. 

Figure 10. Static analysis of the robot. 

3.1.1. Critical Sliding Condition 

The primary reasons for the robot sliding downward 

when stationary are insufficient adsorption force of the units 

and low friction coefficient between the contact material 

and the wall surface. When the robot is adsorbed on an 

inclined wall, as shown in Figure 10, the forces acting on 

the robot include gravitational force 𝐺, the adsorption force 

𝐹𝑠, and friction force 𝐹𝑓. For simplicity, only the scenario 

where the wall inclination angle 𝜃 is less than 90° (Figure 

10a) is considered, as gravity can provide supportive force 

increasing friction when 𝜃 is greater than 90°. 
The components of the robot's gravitational force in the 

𝑂𝑥𝑦𝑧coordinate system are 

{

𝐺𝑥 = 0
𝐺𝑦 = 𝐺𝑠𝑖𝑛𝜃

𝐺𝑧 = 𝐺𝑐𝑜𝑠𝜃
(1) 

Where 𝐺 = 𝑚𝑔, 𝑚 is the total mass of the robot and its 

load, and 𝑔 is the acceleration due to gravity.  

The friction force is given by 
𝐹𝑓 = 𝜇(𝐹𝑠 − 𝐺𝑧) (2) 

where 𝐹𝑠 = 2𝑛𝐹, 𝜇 is the static friction coefficient, 𝑛 is 

the number of track plates in contact with the wall on one 

side, and 𝐹 is the adsorption force of a single track plate. 

At the critical sliding condition 
𝐹𝑓 = 𝐺𝑦 . (3) 

Combining these equations, the adsorption force of a 

single track plate at the critical sliding condition is 

𝐹 =
mgsin 𝜃

2𝑛𝜇
+
mgcos 𝜃

2𝑛
. (4) 

3.1.2. Critical Overturning Condition 

Under the influence of gravity, an overturning moment 

acts on the robot. When the robot begins to overturn, the 

upper track plates in contact with the wall will detach first, 

followed sequentially by the others, leading to the robot 

falling. Based on the torque calculation formula, the 

overturning moment exerts a larger force on the upper track 

plates and a smaller force on the lower ones. Additionally, 

since torque cannot be transmitted between track plates, 

only the upper and lower plates in contact with the wall are 

truly effective. Therefore, the upper track plates will detach 

from the wall first. With the internal load-bearing 

mechanism, the track plates in contact with the wall jointly 

resist the overturning moment, as illustrated in Figure 10, 

showing the critical state of the robot overturning. 

The overturning moment due to the robot's gravity is 

given by 
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𝑀𝐺 = 𝑚𝑔 cos 𝜃 ⋅
𝐿

2
+𝑚𝑔 sin 𝜃 ⋅ 𝐻 (5) 

where 𝐿 is the length of the track segment in contact with 

the wall, and 𝐻 is the distance from the robot's center of 

mass to the wall. 

The moment resisting the overturning is mainly 

provided by the track plates in contact with the wall on both 

sides of the robot. According to the torque calculation 

formula, the total moment provided by these track plates is 

𝑀 = 2 ⋅∑𝐹

𝑛

𝑖=1

⋅ (𝑖 − 1)
𝐿

𝑛
. (6) 

At the critical overturning condition 
𝑀 = 𝑀𝐺 . (7) 

Combining equations (5) to (7), the adsorption force of 

a single track plate at the critical overturning state is 

𝐹 =
mgcos 𝜃

2(𝑛 − 1)
+
mgsin 𝜃 ⋅ 𝐻

(𝑛 − 1)𝐿
. (8) 

3.2. Dynamic Analysis 

In the previous section, we analyze the two instability 

conditions of the robot in a static state and determined the 

required adsorption force provided by a single track plate. 

This section will analyze the robot's straight-line and 

turning motions on a wall and determine the parameters of 

the drive device. 

3.2.1. Straight-Line Motion State 

During straight-line motion, the main sources of 

resistance for the robot include gravity, the resistance torque 

generated by lifting the track plates during track movement, 

and the inertia torque caused by acceleration. When the 

robot has a certain acceleration, its kinetic energy increases, 

and gravitational potential energy decreases during 

downward motion. The energy output by the drive device, 

along with the decreased gravitational potential energy, 

contributes to the increase in the robot's kinetic energy. 

During upward motion, the gravitational potential energy 

increases, requiring the drive device's output energy to be 

converted into both kinetic energy and gravitational 

potential energy. Thus, the drive torque required for upward 

motion is not less than that for downward motion, so we 

only need to analyze the upward motion condition. To 

analyze the forces on the robot during upward straight-line 

motion, the robot is divided into three parts as shown in 

Figure 11, where the lower wheel is the driving wheel. 

 
Figure 11. Force analysis of the robot during upward straight-line 

motion. 

The lower wheel is subjected to the drive torque 𝑀 

provided by the drive device, the resistance torque 𝑇𝑀 from 

lifting the adsorption units, the normal force 𝐹𝑁1 from the 

wall, the forces 𝐹1 and 𝐹2 from the robot frame, the track 

tension 𝐹𝑇, and the circumferential force 𝐹𝑀 applied to the 

lower wheel by the track segment in contact with the wall. 

The balance equations are 

{
𝐹𝑁1 + 𝐹2 = 0
𝐹1 + 𝐹𝑇 + 𝐹𝑀 = 𝑚1𝑎
𝑀 − 𝑇𝑀 + 𝐹𝑇𝑅 − 𝐹𝑀𝑅 = 𝐽1𝛼

(9) 

where 𝑎 is the robot's straight-line acceleration, 𝛼 is the 

angular acceleration of the lower wheel, 𝑚1 is the mass of 

the lower wheel part, 𝐽1 is the rotational inertia of the lower 

wheel part, and 𝑅 is the wheel radius. 

The upper wheel is subjected to the normal force 𝐹𝑁2 

from the wall, the forces 𝐹3 and 𝐹4 from the robot frame, 

and the track tension 𝐹𝑇
′. The balance equations are 

{

𝐹𝑁2 + 𝐹4 = 0

−𝐹3 − 𝐹𝑇
′ = 𝑚2𝑎

−𝐹𝑇
′𝑅 = 𝐽2𝛼

(10) 

where 𝑚2 is the mass of the upper wheel part and 𝐽2 is 

the rotational inertia of the upper wheel part. 

The robot frame is subjected to the forces from the upper 

and lower wheel parts and its weight. The balance equations 

are 

{
 

 
𝐺𝑧 − 𝐹4

′ − 𝐹2
′ = 0

𝐹3
′ − 𝐹1

′ − 𝐺𝑦 = 𝑚0𝑎

𝐹1
′(𝐻 − 𝑅) − 𝐹2

′
𝐿

2
− 𝐹3

′(𝐻 − 𝑅) + 𝐹4
′
𝐿

2
= 0

(11) 

where 𝑚0 is the mass of the robot frame. 

Combining (9) to (11), we get the required drive torque 

for the robot during upward straight-line motion 

𝑀 = 𝑇𝑀 + 𝐽𝛼 + 𝑚𝑎𝑅 +𝑚𝑔𝑅 sin(𝜃) . (12) 

Turning Motion State 

The designed climbing robot turns by differential 

movement of the tracks on both sides. The turning speed 

and radius depend on the speeds of the tracks on both sides. 

When the speed directions of both tracks are the same, the 

robot rotates around a point outside its body, with a turning 

radius greater than half the robot's width. When the speed 

directions are opposite, the robot rotates around a point 

inside its body, with a smaller turning radius. Taking right 

turns as an example, these two cases are shown in Figure 

12, where 𝑂 is the robot's turning center, 𝑎 and 𝑏 are the 

center points of the tracks on both sides, 𝑐 is the robot's body 

center point, 𝑟 is the turning radius, 𝑊 is the robot's body 

width, 𝑣 is the turning linear speed, and 𝑣𝑙 and 𝑣𝑟 are the 

speeds of the tracks on both sides. 

When the climbing robot turns, the resistance torques it 

experiences include the resistance torque due to the robot 

body’s gravity, the friction torque between the tracks and 

the wall, and the resistance torque generated by lifting the 

adsorption units. The force analysis for the robot during 

turning is shown in Figure 12, where 𝑎0 and 𝛼0 represent 

the linear and angular accelerations of the robot body center 

during turning, and 𝐹𝑞𝑙 and 𝐹𝑞𝑟 represent the driving forces 

of the tracks on both sides. 
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(a) The speed directions on 

both sides are the same. 

(b) The speeds on both sides 

are in opposite directions. 
Figure 12. Force analysis of the climbing robot during turning. 

The resistance torque due to the robot body's gravity is 

given by 
𝑀𝐺 = 𝐺𝑦 ⋅ 𝑟. (13) 

The friction torque between the tracks and the wall is given 

by 

𝑀𝑓 = 2∑𝜇𝐹𝑁𝑖𝑑𝑖

𝑛

𝑖=1

(14) 

where 𝐹𝑁𝑖 is the normal force exerted by the 𝑖-th track 

plate's adsorption unit on the wall, and 𝑑𝑖 is the distance 

from the 𝑖-th track plate's adsorption unit to the track center 

point. For ease of calculation, assume that each track plate 

exerts an equal normal force on the wall. In this case, the 

normal force 𝐹𝑁 exerted by a single track plate on the wall 

can be expressed as 

𝐹𝑁 = 𝐹 −
𝐺𝑧
2𝑛
. (15) 

When the speed directions of the tracks on both sides are 

the same, the driving torque for turning is 

𝑀𝑞 = 𝐹𝑞𝑙 (𝑟 +
𝑊

2
) + 𝐹𝑞𝑟 (𝑟 −

𝑊

2
) . (16) 

The balance equations for the entire robot are 

{
𝐹𝑞𝑙 + 𝐹𝑞𝑟 − 𝐺𝑦 = 𝑚𝑎0
𝑀𝑞 −𝑀𝐺 −𝑀𝑓 = 𝐽0𝛼0

(17) 

where 𝐽0 is the rotational inertia of the climbing robot 

around the turning center. Combining equations (13), (16), 

and (17), the driving forces 𝐹𝑞𝑙 and 𝐹𝑞𝑟for the tracks on both 

sides can be derived as 

{
 
 

 
 
𝐹𝑞𝑙 =

𝐺𝑦

2
−
𝑚𝑎0 (𝑟 −

𝑊
2
)

𝑊
+
𝐽0𝛼0 +𝑀𝑓

𝑊

𝐹𝑞𝑟 =
𝐺𝑦

2
+
𝑚𝑎0 (𝑟 +

𝑊
2
)

𝑊
−
𝐽0𝛼0 +𝑀𝑓

𝑊
.

(18) 

When the speed directions of the tracks on both sides are 

opposite, the driving torque for turning is 

𝑀𝑞 = 𝐹𝑞𝑙 (𝑟 +
𝑊

2
) + 𝐹𝑞𝑟 (

𝑊

2
− 𝑟) . (19) 

The dynamic balance equations for the entire robot are 

{
𝐹𝑞𝑙 − 𝐹𝑞𝑟 − 𝐺𝑦 = 𝑚𝑎0
𝑀𝑞 −𝑀𝐺 −𝑀𝑓 = 𝐽0𝛼0.

(20) 

Combining equations (13) and (19) into (20), the driving 

forces for the tracks on both sides are 

{
 
 

 
 
𝐹𝑞𝑙 =

𝐽0𝛼0 +𝑀𝑓

𝑊
+
𝐺𝑦

2
+
𝑚𝑎0 (

𝑊
2
− 𝑟)

𝑊

𝐹𝑞𝑟 =
𝐽0𝛼0 +𝑀𝑓

𝑊
−
𝐺𝑦

2
−
𝑚𝑎0 (𝑟 +

𝑊
2
)

𝑊
.

(21) 

By analyzing equations (18) and (21), it is evident that 

regardless of whether the speed directions of the tracks on 

both sides are the same, the driving force on the left track is 

greater than that on the right track. The expression for the 

driving force on the left track is the same, but the value of 𝑟 

changes, resulting in a positive or negative 
𝑊

2
− 𝑟. 

Therefore, when the robot turns left with a turning radius of 

0, the left track's driving force is maximized. The maximum 

driving force 𝐹𝑞𝑚𝑎𝑥 is 

𝐹𝑞𝑚𝑎𝑥 =
𝐺𝑦 +𝑚𝑎0

2
+
𝐽0𝛼0 +𝑀𝑓

𝑊
. (22) 

When the speed directions of the tracks on both sides are 

opposite, the driving torque is 

𝑀𝑞 = 𝐹𝑞𝑙 (𝑟 +
𝑊

2
) + 𝐹𝑞𝑟 (

𝑊

2
− 𝑟) . (23) 

Combining equations (1), (14), and (15), we obtain 

𝑀 =
mgcos 𝜃 +𝑚𝑎0

2
𝑅 +

𝐽0𝛼0
𝑊

𝑅

+
2𝜇𝑛𝐹 − 𝜇mgcos 𝜃

𝑛
𝑅∑𝑑𝑖

𝑛

𝑖=1

+ 𝑇𝑀 + 𝐽1𝛼1. (24)
 

3.3. Numerical Calculation 

Based on the previous analysis of the critical conditions 

for the climbing robot's slip instability and overturning 

instability, to ensure that the robot can stably adhere to the 

wall, the minimum adsorption force for a single track plate 

should be the maximum value from equations (4) and (8). 

To determine the adsorption force of a single track plate, we 

perform numerical calculations using MATLAB. Inspired 

by [40], the requirements of total mass of the robot body and 

load 𝑚 = 50𝑘𝑔. According to the design of the robot, the 

length of the contact section between the track and the wall 

𝐿 = 300𝑚𝑚, the distance from the center of mass to the 

wall 𝐻 = 120𝑚𝑚, the Number of track plates in contact 

with the wall on one side 𝑛 = 10. Assume the static friction 

coefficient between the contact material and the wall 𝜇 =
0.6.The relationship curve between the adsorption force of 

a single track plate and the wall angle is shown in Figure 13. 

 
Figure 13. Adsorption force of a single track shoe 

The adsorption force required for the robot to resist slip 

instability reaches its maximum at a wall angle of 31∘, while 

the adsorption force required to resist overturning instability 

reaches its maximum at 51.3∘. When the wall angle is less 

than 80∘, the primary form of instability for the robot is slip 

instability. When the wall angle approaches 90∘, 
overturning instability becomes the main form of instability. 

To ensure the robot can stably adhere to the wall, the 

adsorption force of a single track plate should be no less 

than 48.59𝑁. For safety, the adsorption force of a single 
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track shoe is set to 55N.Each track plate of the robot in this 

paper has two adsorption units. If the adsorption unit’s 

magnetic force could be 27.5N, the magnetic force of the 

track shoe will be 55N. 

To ensure that the climbing robot can move flexibly on 

curved surfaces, the required driving torque of the robot's 

drive device is calculated. According to the design of the 

robot, the width of the robot is 𝑊 = 377𝑚𝑚, the radius of 

the drive wheel 𝑅 = 50𝑚𝑚. Assume the rotational inertia 

of the robot around the turning center 𝐽0 = 10𝑘𝑔 ⋅ 𝑚
2, the 

rotational inertia of the drive wheel 𝐽1 = 0.05𝑘𝑔 ⋅ 𝑚
2, the 

resistance torque generated by lifting a single track plate 

𝑇𝑀 = 5𝑘𝑔 ⋅ 𝑚
2, the robot's acceleration during straight 

motion is 0.1𝑚/𝑠2, and the angular acceleration of the drive 

wheel is 2𝑟𝑎𝑑/𝑠2. When turning, both the linear 

acceleration of the robot and the angular acceleration of the 

drive wheel are zero. The driving torque 𝑀 and angle 𝜃 

during straight and turning motions are calculated using 

MATLAB, as shown in Figure 14. 

 
Figure 14. The driving torque of the driving device 

From the calculations: The required driving torque for 

straight motion and turning both reach their maximum at 

𝜃 = 0∘.The driving torque required for turning is always 

greater than that required for straight motion. To ensure the 

robot can move flexibly on the wall, the driving torque 

provided by the drive device on one side of the track should 

be greater than 20.47𝑁 ⋅ 𝑚. 

4. Simulation Analysis 

After completing the structural design of the climbing 

robot, simulation analysis is conducted using virtual 

prototyping technology. This approach helps identify 

defects and shortcomings promptly. Optimizing the robot 

based on simulation results can effectively save costs and 

shorten the development cycle. 

4.1. Adhesion Force Calculation 

The permanent magnet used is made of NdFeB, a hard 

and brittle material, in the form of a 5mm × 5mm × 5mm 

cube. 

 
Figure 15. COMSOL simulation model. 

The total force on a charged particle within an object due 

to an electromagnetic field can be obtained by integrating 

the following equation 

𝒇 = 𝜀0(∇ ⋅ 𝑬)𝑬 +
1

𝜇0
(∇ × 𝑩) × 𝑩 − 𝜀0

∂𝑬

∂𝑡
× 𝑩. (25) 

For calculating the adhesion force of the permanent 

magnet, the electric field can be ignored, making the first 

and third terms zero. Using COMSOL simulation, the 

adhesion forces of NdFeB permanent magnets of grades 

N52, N42, and N35 were calculated. To simulate a real work 

situation, the air gap is set to 1.2mm, the wall material is set 

to S350 with a maximum relative permeability of 850 and 

its thickness are 26mm. In Figure 15, the purple area 

represents the permanent magnet, the area below is the wall 

and the rest is air. The calculated adhesion forces on the wall 

are shown in Table 1. 

Table 1. Adhesion force of different magnet grades. 

Grade Type Adhesion force (N) 

N52 Halbach array 33.057 

N42 
Halbach array 27.812 

Ordinary 9.213 

N35 Halbach array 23.402 

From the static analysis, it is determined that for the 

robot to stably adhere to a curved surface, the adhesion force 

provided by the unit on a single track plate should exceed 

55N. In the design of the robot, every track shoe of the robot 

in this paper has two adsorption units. Then, if an adsorption 

unit’s magnetic force could be 27.5N, the magnetic force of 

a track shoe will be 55N. According to Table 1, the 

adsorption force of the square Halbach array using N42 is 

27.812N. Therefore, N42 permanent magnets are selected 

for the adhesion unit. 
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Figure 16. COMSOL simulation results: (a) Magnetic induction 

intensity of N42 permanent magnet Halbach array (front view), (b) 
Magnetic induction intensity of N42 permanent magnet with 

parallel arrangement (front view), (c) Magnetic induction intensity 

of N42 permanent magnet Halbach array (top view), (d) Magnetic 
induction intensity of N42 permanent magnet with parallel 

arrangement (top view). 

 

 
Figure 17. COMSOL simulation results of ordinary adsorption 

devices (N42) 

From Figure 16 and Figure 17, it can be seen that the 

magnetic induction intensity at the edges of the Halbach 

array is smaller. Compared to the parallel arrangement of 

permanent magnets, the magnetic induction intensity 

beneath the adhesion unit is larger and more concentrated. 

The Halbach array's magnetic adhesion force is primarily 

concentrated at the corners, while the force is more 

uniformly distributed in the parallel arrangement. The 

Halbach array enhances the magnetic field effect and 

improves the utilization of the permanent magnet's 

magnetic energy. 

4.2. Axial Movement of the Track 

The robot track model is established in SOLIDWORKS 

and imported into ADAMS for virtual simulation. During 

the simulation, the track started to move at 0.5s and stopped 

at 3s, as shown in Figure 18. Figure 19 is the curve of the 

track center of mass position changing with time. It can be 

found that under the action of the tensioning mechanism, 

the track is relaxed and shaken to a very small extent. 

In the first 0.5s of the simulation, the track does not 

move, but due to gaps between parts and the effect of 

gravity, the acceleration of the track's center of mass 

fluctuates slightly. At 0.5s, the rear wheels start to rotate, 

but the acceleration of the center of mass does not increase 

synchronously, as shown in Figure 20. During the track's 

movement, the acceleration continuously fluctuates, and 

larger fluctuations occur when the center of mass speed is 

higher. This is because the rear wheels drive the track, and 

gaps between parts cause asynchronous movement between 

the rear wheels and the track. The transmission between the 

rear wheels and the track plates is achieved through contact 

forces. The rotation of the drive wheels causes the track 

plates to experience impact movements, leading to 

continuous fluctuations in the acceleration of the track's 

center of mass. When the speed of the drive wheels is 

higher, they carry greater momentum, resulting in larger 

changes in the acceleration of the track's center of mass. 

Therefore, increasing the assembly precision to reduce gaps 

between parts and increasing the overall mass of the track 

plates should be considered to achieve smoother 

transmission and reduce acceleration fluctuations. 

 
Figure 18. Axial movement simulation. 

 
Figure 19. Time-position curve of the center of mass. 

During the axial movement of the track along the wall, 

as shown in Figure 21, the track's acceleration is relatively 

high between 1.25s and 2s, resulting in increased track 

tension. At other times, the track tension fluctuates around 

12.5N. 
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Figure 20. Time-acceleration curve of the center of mass. 

 

 
Figure 21. Track tension 

4.3. Circumferential Movement of the Track 

The simulation of the track moving along the curved 

surface's axial direction is shown in Figure 22. The total 

simulation time is set to 3s with 300 simulation steps, but 

the analysis is conducted only for the first 2s since the track 

exceeded the wall's range at approximately 1.7s. Figure 23 

shows the displacement-time curves of the center of mass in 

the x and z directions during circumferential movement. 

The simulation results indicate good conformity between 

the track and the curved wall surface. The rear side of the 

track do not detach from the wall when contacting the wall's 

edge, demonstrating the track's obstacle-crossing capability. 

 

 
Figure 22. Axial movement simulation. 

 

 
Figure 23. Time-displacement curve of the center of mass. 

 

 

(a) x-direction 

 

(b) z-direction 

Figure 24. Time-acceleration curve of the center of mass. 

Before the drive wheel starts rotating at 0.3s, the position 

of the track's center of mass changes in both the x and y 

directions due to gaps between parts. These gaps cause non-

uniform changes in the center of mass position, which are 

more pronounced in the z-direction. Figure 24 shows the 

acceleration-time curves of the center of mass in the x and 

z directions. In the first 0.3s, the acceleration fluctuates, 

with greater fluctuations in the z direction and remaining 

above zero for a certain period. This indicates that gaps 

between parts cause more significant position changes of 

the track's center of mass in the z direction compared to the 

x direction. After 1.5s, significant fluctuations in the 

acceleration of the center of mass occur in both the x and z 

directions as the track reaches the wall's edge and begins to 

contact the wall's corner. This suggests that while the track 

has some obstacle-crossing capability, significant impacts 

occur during this process. Increasing the track length or 

reducing the width of the track plates could be considered 

as improvements. 
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Figure 25. Track tension 

As shown in Figure 25, during the circumferential 

movement of the track along the wall, the gaps between the 

track components result in increased tension at the 

beginning of the simulation, causing greater interaction 

forces between the track plates. After 1.5s, the track reaches 

the edge of the wall and begins to contact the wall corner, 

leading to a significant increase in track tension. 

5. Conclusion and Outlook 

This paper presents the design of a track-based climbing 

robot utilizing a Halbach array magnetic configuration. The 

adhesion units are arranged using a Halbach square 

magnetic array of permanent magnets. The designed load-

bearing mechanism directly transfers the robot's weight to 

the track plates, while the tensioning mechanism supports 

the slack track, reducing energy loss due to slack vibration 

during movement. 

Static analysis revealed that the maximum adhesion 

force required for a single track plate to resist slip instability 

occurs at a wall angle of 31°, and the maximum adhesion 

force required to resist overturning instability occurs at 

51.3°. The robot predominantly experiences slip instability 

at wall angles less than 80°, while overturning instability 

becomes the primary form of instability as the wall angle 

approaches 90°.To ensure stable adhesion to the wall, the 

adhesion force of a single track plate should be no less than 

48.59N. 

Dynamic analysis shows that the driving torque required 

for the climbing robot to move straight and to turn on the 

wall reaches its maximum at θ=0°. The driving torque 

required for turning is consistently greater than that required 

for straight movement. During motion simulation, the track 

segment in contact with the wall adheres well, and the slack 

segment exhibits minimal vibration. However, fluctuations 

in the robot's acceleration are observed during movement, 

particularly at higher speeds and when the wall surface is 

uneven. These fluctuations are likely due to gaps between 

the robot's components, which can be mitigated by 

improving precision to reduce gaps, increasing the total 

mass of the track plates, extending the track length, and 

reducing the width of the track plates. 

Future research will focus on designing acontrol 

algorithm for the climbing robot and testing the robot's 

performance on a prototype through practical experiments. 
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