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ABSTRACT 

This study addresses the inefficiency, high crop damage, and poor adaptability of traditional cornfield weeding 

machinery. A High-Clearance Inter-Row Weeding Robot Chassis was developed and tested through 

simulations and experiments. With a refined suspension and floating wheels, it achieves 800 mm ground 

clearance for dual-row weeding. Simulations show maximum chassis stresses of 124.7 MPa and 134.88 MPa 

under sharp turns and braking. Stability assessments indicate theoretical climb angles of 26.5° longitudinally 

and 35° transversely, with experimental test results of 22° and 32°, respectively. The robot operates at speeds 

exceeding 0.8 m/s, overcomes obstacles of up to 370 mm, and traverses trenches narrower than 350 mm or 

wider than 600 mm. Results confirm its stability, obstacle-crossing ability, and precision, offering a viable 

solution for intelligent weeding in complex fields. 

 

摘要 

本研究针对传统玉米田除草机械存在的低效率、高作物损伤率和适应性差等问题，研制并测试了一种高离地间

隙的行间除草机器人底盘。通过设计浮动轮悬架结构，该底盘实现了 800 mm 的离地间隙，可用于双行除草。

仿真结果表明，在急转弯和制动工况下，底盘的最大应力分别为 124.7 MPa 和 134.88 MPa。稳定性评估显示，

理论纵向爬坡角为 26.5°，横向爬坡角为 35°，实际测试结果分别为 22° 和 32°。机器人运行速度大于 0.8 m/s，

可跨越 370 mm 高的障碍物，并可通过宽度小于 350 mm 或大于 600 mm 的沟渠。结果表明，该机器人具备

较高的稳定性、优异的越障能力和精确的作业性能，为复杂农田环境下的智能除草提供了一种可行方案。 

 

INTRODUCTION 

 Weed infestation significantly impacts crop production by competing for resources such as water, 

nutrients, light, and space, especially during the seedling stage. Weeds hinder crop growth, reducing yields 

and potentially causing crop failure. While chemical weeding is effective, it poses risks to food security, and 

manual weeding is labor-intensive and inefficient. Intelligent weeding robots could provide a viable solution 

(Upadhyay et al., 2024; Yang, L. et al., 2023; Zhang, Z. et al., 2024). 

 Research on domestic weeding robots is mainly conducted by academic institutions. For example, Xin 

Li from Northeast Agricultural University designed a tracked weeding robot for paddy fields. Wei Li's team at 

China Agricultural University developed a tractor-drawn robot with crescent-shaped hoes and machine vision 

for efficient weeding. Liang'an Zhang from Anhui University of Technology created a four-legged laser weeding 

robot, offering better mobility and adaptability. Additionally, researchers at Nanjing Forestry University 

designed a robot for targeted pesticide application. However, most of these robots are limited to inter-row 

operation and have small payloads and short battery life (Bručiené et al., 2022; Guo, 2022; Hussain et al., 

2023; Mao, 2020; Zhang L. et al., 2020). 

 To address labor intensity, plant damage, soil compaction, and the limitations of traditional methods, 

developing a high-clearance inter-row intelligent weeding robot is essential for improving precision in field 

operations. 
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MATERIALS AND METHODS 

Suspension System Design 

 To enhance the robot's adaptability to complex operating environments and improve its off-road 

performance, the chassis suspension incorporates a front-and-rear cross-floating design. The two side wheels 

are mounted on a cross axle, and each wheel is equipped with an independent shock-absorbing damper, 

enabling vertical movement and rotational flexibility within a defined range around the cross axle. Furthermore, 

to prevent forward or backward tilting of the robot's body, the left and right cross arms are interconnected via 

linkages and a balance bar (Băzăvan and Ionita, 2024; Yao et al., 2023; Zhao et al., 2024). The installation 

configuration of the entire suspension system is presented in figure 1. 

 
Fig. 1 – Installation position of the weeding robot suspension system 

1. Side cross-arm; 2. Shock absorber; 3. Wheel; 4. Suspension lower arm; 5. Cross axle; 6. Connecting rod;  
7. Balance bar; 8. Balance bar axle 

 

Robot Chassis Stability Analysis 

 In SolidWorks, appropriate materials are assigned to each component of the robot, and their mass 

properties are analyzed to determine the robot's overall center of mass and center of gravity  (Tao, 2024). 

Figure 2 illustrates the robot platform in a fully loaded state. The height of the center of gravity from the 

ground is approximately 730 mm. As shown in figure 3, the distance from the center of gravity to the front 

wheel axle is 370mm, while the distance to the rear wheel axle is 443mm. 

 
Fig. 2 – Relative position of the center of gravity and front axle under full-load conditions 

 

 

Longitudinal stability analysis 

 When the robot operates on a field or roadway slope (moving along the slope), excessive slope 

angles may lead to longitudinal slip or overturning.  
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 During actual operation, the robot's slow speed allows the effects of inertia, air resistance, and 

sliding resistance on its motion to be neglected (Mou et al., 2023; Zhou et al., 2024). 

 
Fig. 3 – Schematic diagram of force distribution during longitudinal movement 

 

 As illustrated in figure 3, L0 denotes the distance between the front and rear wheel axles of the high 

ground clearance, inter-row weeding robot; L1 represents the distance from the robot's center of gravity to the 

front wheel axle center; L2 is the distance from the center of gravity to the rear wheel axle center; G signifies 

the robot's weight; θ is the longitudinal slope angle; h is the height of the center of gravity; F1 and F2 are the 

tangential reaction forces at the contact points of the front and rear wheels, respectively; and N0 and N1 are 

the normal reaction forces at the contact points of the front and rear wheels, respectively. 

 (1) Conditions for Longitudinal Overturning 

 When the robot operates on a slope, the standard and tangential reaction forces acting on the front 

wheel are influenced by the terrain and slope angle. Longitudinal overturning occurs when these reaction 

forces reduce to zero (N0=0, F0=0), causing the robot to pivot around the rear wheel's contact point with the 

ground. The critical condition for longitudinal overturning is defined by the limit equilibrium equation at this 

point: 

 

 
1 2 1cos sin 0G L G h  −  =

 
 (1) 

Simplified, it becomes (2): 

 2
1 1tan

L
i

h
= =   (2) 

where: 

 G - Gravity acting on the robot; i1 - longitudinal rollover stability; α1 - slope angle, [°]; h - height of the 

center of gravity, [mm]; L2 - distance from the robot's center of gravity to the rear axle along the direction of 

travel, [mm]. 

 

 From the equation, both the height of the center of gravity and its distance from the wheel axles 

influence overturning stability. A greater distance between the center of gravity and the rear wheel axle 

increases the maximum climbing overturning angle, while a greater distance from the front wheel axle 

enhances the maximum descending overturning angle. When the longitudinal slope angle remains below 

the robot's overturning limit, the high ground clearance weeding robot maintains stability without 

overturning. 

 (2) Conditions for Longitudinal Sliding 

 During operation on a longitudinal slope, the robot may also experience wheel slip. The critical 

balance condition for longitudinal sliding is expressed as: 

 
2sin 0kG P − =

 
 (3) 
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where:  

 PK - driving load on the robot's wheels, [N]; 𝜇 - road adhesion coefficient.  

 2cosKP G =   (4) 

 Substituting the values, it will result: 

 2 2tani  = =   (5) 

where: 

 i2 - longitudinal slip stability; α2 - critical angle for longitudinal slip, [°]; 𝜇 - adhesion coefficient. 

 

 According to the formula, longitudinal sliding stability depends on the coefficient of friction between the 

ground and the tires. When the slope angle is below the critical sliding angle, the robot operates normally. 

However, if the slope angle exceeds this critical value, the robot loses traction, leading to longitudinal sliding 

and reduced stability. 

Transverse stability analysis 

 When the high ground clearance inter-row weeding robot operates transversely on a slope, a height 

difference may arise between its left and right sides, potentially resulting in transverse overturning or sliding. 

Neglecting the influences of air resistance, inertial resistance, and rolling resistance during the robot's motion, 

the force analysis of the robot moving transversely on a slope is illustrated in figure 4. 

 

Fig. 4 - Schematic of transverse forces during travel 

 

 (1) Conditions for Transverse Overturning of the high ground clearance Inter-Row Weeding Robot 

 When the robot undergoes transverse overturning while traversing a slope, the standard and tangential 

reaction forces on the upper wheels reduce to zero. The robot will then rotate around the contact point between 

the lower wheel and the ground, leading to overturning. The critical balance equation for transverse overturning 

is as follows: 

 
1 1 5sin cos 0G h G L  −  =

 
 (6) 

 Simplified, it becomes: 

 5
3 1tan

L
i

h
= =

 
 (7) 

where: 

 i3 - denotes the transverse overturning stability; L5 - represents the horizontal distance from the center 

of gravity to the lower wheel, [mm]; β1 - indicates the slope angle, [°]; h - corresponds to the vertical distance 

from the center of gravity to the ground, [mm]. 
 

 From the above equation, it is evident that both the height of the center of gravity and the horizontal 

distance from the center of gravity to the lower wheel significantly influence transverse overturning stability.  
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 For a fixed track width, a lower center of gravity and a greater horizontal distance between the center of 

gravity and the lower wheel result in a larger critical angle for transverse overturning. Consequently, the risk 

of transverse overturning is reduced, thereby enhancing the robot's transverse stability. 

 (2) Conditions for Transverse Sliding of the high ground clearance Inter-Row Weeding Robot 

 In addition to the risk of overturning, transverse movement of the robot on slopes may also result in 

sliding. When the robot approaches the critical sliding condition, the limit equilibrium equation can be 

expressed as: 

 
h

L
βi 5

23 tan ==    (8) 

 Simplified, it becomes: 

 μβi == 2tan4   (9) 

where: 

 i4 - denotes transverse sliding stability; β2 - represents the slope angle in degrees, [°]; μ′ - transverse 

adhesion coefficient. 

 

 From this equation, it is evident that the robot can maintain normal transverse operation without 

slipping when the slope angle is smaller than the sliding angle. 
 

Chassis Structural Strength Analysis 

Analysis of Emergency Turning Conditions and Result Interpretation 

 During emergency turning maneuvers, transverse forces are exerted on the chassis frame components, 

generating transverse loads (Dharma et al., 2024; Dudescu et al., 2023; Kiran, 2024; Deulgaonkar et al., 2022). 

Given the robot’s relatively low maximum speed, the centrifugal acceleration was set to 0.2g, based on its 

minimum turning radius and maximum operating speed. This results in transverse inertial forces acting on the 

chassis frame and its components. The load and constraints under steady-state driving conditions remain 

unchanged, with the inertial force applied in the direction of centrifugal force. The force magnitude is calculated 

as F=0.2g, where M represents the combined mass of the battery and water tank. 

 The analysis results for the emergency turning condition are shown in figure 5. The maximum stress of 

124.7 MPa occurs at the contact point between the main beam of the platform's upper plate frame and the 

vertical side plate. The deformation contour map indicates a maximum deformation of 1.71 mm, which satisfies 

the strength requirements. 

 
Fig. 5 - Analysis results of emergency turning conditions 
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Analysis of Emergency Braking Conditions and Result Interpretation 

 During field operations, the high ground clearance Inter-Row Weeding Robot may undergo emergency 

braking or reverse operation. In such scenarios, the chassis frame experiences significant inertial loads, acting 

in the direction opposite to the motion. The braking acceleration was estimated based on the robot’s maximum 

speed, with the load and constraints under steady-state driving conditions remaining unchanged. The inertial 

force, applied to the upper components, acts opposite to the direction of motion. The braking acceleration was 

set to 0.4g, and the inertial force magnitude was calculated as F=0.4g, where M represents the combined 

mass of the battery and water tank. 

 The analysis results for the emergency braking condition are shown in figure 6. The maximum stress of 

134.88 MPa occurs at the connection between the tie rod and the middle balance connecting rod. The 

deformation contour map shows a maximum deformation of 4.52 mm on the upper plate of the chassis, 

primarily attributed to the large 125 l pesticide tank mounted on the upper side. 

 
Fig. 6 - Analysis results of braking conditions 

 

RESULTS 

Weeding Robot Speed Test 

 Based on the theoretical design specifications, the high ground clearance Inter-row Weeding Robot 

achieves a speed exceeding 0.8 m/s on flat terrain. To validate whether the robot meets the theoretical speed 

requirements, a 50-meter test section on a flat farm road was selected. The robot's forward and reverse speeds 

were measured at both 50% and 100% throttle settings. The detailed testing procedure is illustrated in figure 

7 (Cen, 2023; Jiang et al., 2023; Yang Z., 2023). 

 
Fig. 7 - Test diagram of the weeding robot's deviation rate 
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Table 1 

Test Results of the Weeding Robot's Speed on Field Terrain 

 Forward Reverse  

Test 
number 

50% Throttle 100% Throttle 50% Throttle 100% Throttle 

Time of the 
experiment 

(s) 
Speed (m/s) 

Time of the 
experiment 

(s) 

Speed 
(m/s) 

Time of the 
experiment 

(s) 

Speed 
(m/s) 

Time of the 
experiment 

(s) 

Speed 
(m/s) 

1 84.3 0.593 56.8 0.880 85.2 0.587 55.4 0.923 

2 83.5 0.600 57.4 0.871 84.8 0.590 56.8 0.880 

3 83.8 0.597 55.1 0.907 86.9 0.575 56.4 0.887 

Average 83.87 0.596 56.4 0.887 85.63 0.584 56.2 0.890 

 

 As presented in Table 1, the average forward speed at 50% throttle is 0.596 m/s, while the reverse 

speed is 0.584 m/s. At full throttle (100%), the average forward and reverse speeds increase to 0.887 m/s and 

0.890 m/s, respectively. These results indicate that the welding robot's operational speed on field roads 

complies with the design specifications. 

Weeding Robot Obstacle-Crossing Performance Test 

 The high ground clearance Inter-Row Weeding Robot may encounter obstacles such as potholes or 

uneven terrain during field operations. To address these challenges, the robot is equipped with a specialized 

suspension system featuring independent suspension on all four wheels and cross arms on both sides. The 

four-wheel drive configuration ensures continuous ground contact for all wheels during obstacle traversal. To 

validate the effectiveness of this mechanism, the robot's obstacle-crossing performance must be 

experimentally evaluated to determine its maximum obstacle-crossing capacity. 

 (1) Single Wheel Vertical Obstacle Test 

 This test simulates scenarios where the robot encounters sudden obstacles, such as rocks or raised 

surfaces, as well as more considerable obstacles during regular operation. A brick is utilized to replicate these 

obstacles, with each brick having a thickness of approximately 50 mm. By stacking multiple bricks, obstacles 

of varying heights are simulated. The robot is gradually driven toward the vertical obstacle and attempts to 

traverse it. The height of the obstacle is incrementally increased until the chassis is no longer capable of 

crossing. The results are documented in Table 2. 

 

Table 2 

Single Wheel Vertical Obstacle Test 

Test number Obstacle height [mm] Crossing Result 

1 53 Passed 

2 106 Passed 

3 159 Passed 

4 212 Passed 

5 265 Passed 

6 318 Passed 

7 371 Passed 

8 424 Failed 

 

 
Fig. 8 - Aspects from the experiment of crossing vertical obstacles with a single wheel of the weeding robot 
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 (2) Single Wheel Trench Crossing Test 

 This experiment simulates scenarios in which the weeding robot encounters depressions or trenches in 

the field. The study evaluates the robot's trench-crossing capability by testing its performance on artificially 

dug trenches of varying widths. The trench width is incrementally increased until the robot fails to cross, and 

the corresponding data are recorded in Table 3. 

 

Table 3 

Single-Wheel Trench Crossing Experiment 

Test number Trench width [mm] Through the effect 

1 200 Passed 

2 250 Passed 

3 300 Passed 

4 350 Passed 

5 400 Failed 

6 450 Failed 

7 500 Failed 

8 550 Failed 

9 600 Passed 

10 650 Passed 

 

 
Fig. 9 - Aspects from the experiment of the Weeding Robot's single-wheel trench crossing 

 

 The robot is capable of surmounting vertical obstacles with a maximum height of 371 mm. However, its 

trench-crossing performance varies depending on trench width: it can effectively traverse trenches narrower 

than 350 mm or wider than 600 mm. When the trench width is between 400 mm and 550 mm, the ditch width 

is close to the wheel diameter. When the wheels come into contact with the ditch walls, they are prone to 

slipping, resulting in temporary entrapment. 

 Experimental results demonstrate that the suspension system significantly improves the robot's 

obstacle-crossing capabilities by ensuring continuous ground contact for all four wheels during the traversal 

process. 

 

Stability Test of the Chassis Platform of the Weeding Robot 

 During field operations, the high-ground clearance weeding robot encounters sloped terrain, an 

evaluation of its stability to determine the maximum operational angles and suitable working environments 

being necessary. To replicate real-world conditions, the robot was positioned on a slope board at various 

incline angles. The water tank was filled, and additional weights were applied to the battery compartment to 

simulate the actual load distribution during operation. The robot's tipping and slipping thresholds were recorded 

under these conditions, as illustrated in figure 10. 
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Fig. 10 - Stability test of the Weeding Robot 

 

 For the high-clearance Inter-Row Weeding Robot, the position of the center of gravity is shown in figure 

2. After calculation, i1=0.602, and the friction coefficient μ=0.5. Thus, it is determined that i1 ≥ i2. This indicates 

that when the robot travels on a slope, sliding occurs before overturning. The critical climbing angle is 26.5°. 

By calculation, i3=1.14, and the typical dynamic friction coefficient is 0.71. Thus, it is determined that i3 ≥ i4. 

This indicates that sliding occurs first when the robot moves laterally on a slope, and the maximum operating 

angle is 35°. 

 The stability test results, summarized in Table 4, reveal that the maximum slope climb angle for 

longitudinal movement is 22°, while the robot can achieve up to 32° for transverse (horizontal) movement. A 

discrepancy exists between the measured values and theoretical calculations, primarily attributed to 

differences between the slope board surface and actual field conditions. Furthermore, theoretical analyses 

assume ideal conditions, such as rigid robot components and constant friction coefficients, which are seldom 

encountered in practical scenarios. As indicated in Table 4, the robot demonstrates a higher maximum climb 

angle during transverse (horizontal) movement compared to vertical (uphill) movement, highlighting its 

enhanced stability and reduced likelihood of slipping during field operations. 

Table 4 

Stability Test Results 

Test Item Theoretical Value (°) Actual Value (°) Instability Type 

Longitudinal Climb Angle 26.5 22 Slipping 

Transverse Climb Angle 35 32 Slipping 

 
CONCLUSIONS 

 1. A high-clearance, floating-wheel weeding robot was developed for weed control in maize seedling 

stages under complex field conditions. The robot features a floating suspension, electric drive, and differential 

steering, with a wheelbase of 1,800 mm. It can cover two rows of crops in a single pass. Static analysis using 

Ansys revealed maximum stress values of 124.7 MPa during braking and 134.88 MPa during turning, with 

corresponding deformations of 1.71 mm and 4.52 mm. These results confirm that the chassis meets the 

required specifications. 

 2. A stability analysis was conducted on the high-ground-clearance cross-row floating wheel weeding 

robot chassis system. The theoretical maximum climb angles for longitudinal and transverse movement on 

slopes were determined to be 26.5° and 35°, respectively. 

 3. Field experiments were conducted to evaluate the chassis of the weeding robot. The results 

demonstrated an average field travel speed exceeding 0.8 m/s. The robot could overcome vertical obstacles 

up to 371 mm in height on a single wheel. Additionally, it successfully traversed ditches with widths below 350 

mm and above 600 mm. Stability tests revealed maximum climb angles of 22° for longitudinal movement and 

32° for transverse movement. 
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