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ABSTRACT

This paper designs a maize interplant weeding machine to address issues like high seedling injury, low
efficiency, and excessive tool stress in corn weeding. Using MATLAB, parameter optimization for plant
spacing, protection zone radius, and tool radius results in a maximum weeding area coverage of 78.69%.
Trajectory analysis improves adaptability in complex environments. A soil trough model based on EDEM
identifies key factors affecting tool stress, with weeding depth having the greatest impact. The optimized
parameters—plant spacing of 2560 mm, weeding depth of 62 mm, and forward speed of 0.25 m/s—achieve
86.06% weeding rate and 2.76% seedling injury.
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INTRODUCTION

Maize is one of the major grain crops in northern China, and by the end of 2024 its national planting
area reached 44,740.7 thousand hectares, accounting for 44.54% of all grain crops, with a total output of
294.917 million tons (NBS, 2023). However, weeds significantly affect maize yield by competing with seedlings
for water, nutrients, and space, especially under high-temperature conditions due to their large root systems
and species diversity (Du et al., 2024; Wang et al., 2024; Zhang et al., 2023; Nosratti | et al., 2024). Weeding
is therefore a critical operation during the maize growth cycle, also improving soil aeration, increasing surface
temperature, and promoting seedling development (Jia et al., 2020; Gobor et al., 2013).

In recent years, research on inter-row mechanical weeding has become relatively mature (Zhang et al.,
2021), but studies on intra-row weeding mechanisms remain limited and mainly rely on experimental testing,
with room for improvement in weeding performance (Leblanc et al., 2006; Ye et al., 2024). Li Linhong applied
binocular cameras and YOLOv4 technology to accurately identify wolfberry plants and achieve autonomous
navigation, improving robotic weeding usability (Li et al., 2023). Haff developed an X-ray-based intra-row
weeding system capable of identifying tomato stems with 90.7% accuracy at 1.6 km/h (Haff et al., 2009). Zhang
Chun long optimized a notched-blade intra-row weeding tool and identified the optimal parameters of 140°
notch angle and 87.5 mm radius, achieving a weeding rate of 88.5% with low seedling damage (Huang et al.,
2014). Hu Lian used photoelectric sensors to obtain plant position information and guide a claw-type oscillating
weeding mechanism, achieving a seedling-damage rate below 8% when spacing exceeded 20 cm (Hu et al.,
2012). Yu Changchang designed a vineyard trellis weeding machine with automatic width adjustment and
obstacle avoidance, achieving 90.02% coverage and dual-side operation (Yu et al., 2019). Zhang Zhien
developed a cam-motion-based intra-row weeding device for lettuce, achieving a mean weeding rate of
91.09% (Zhang et al., 2023). Zhao Xu investigated shear characteristics of maize root—soil composites through
simulations and found soil moisture to be the most significant factor affecting ultimate shear stress (Zhao et
al., 2013).
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MATERIAL AND METHODS
CYCLOIDAL WEEDING DEVICE STRUCTURE AND WORKING PRINCIPLE

The structure of the visual interplant weeding device is shown in Figure 1 (actual device photo). It mainly
consists of a visual recognition mechanism, weeding tool mechanical mechanism, and leveling mechanism.
The stepper motor is connected to the slide rail through a plum blossom coupling, and a DC motor is installed
on the slider to control the rotation of the weeding tool. The stepper motor is connected to the stepper motor
controller, which is linked to the microcontroller, and further connected to the camera module and computer
processing unit.

8 Stepper Motor

Stepper Motor Driver

B8 Power Supply

Arduino Controller

Fig. 1 — Corn Interplant Weeding Device

Initial Setup and Image Acquisition: At the start of the operation, the weeding device was in its preset
initial state, with the camera precisely aligned with the center line of the crop row. Two sets of weeding tools
were positioned at the extreme ends of the slide rail: the first set was at the far left, and the second set was at
the far right. The monocular camera was mounted at the front of the device, with the following positional
parameters: 100 cm height above the bed surface (adjustable), 30 cm horizontal distance from the first set of
tools, and 80 cm from the second set of tools. During operation, a speed synchronization mechanism ensured
that the camera captured a high-definition image of the plants on the bed every 10 cm of forward movement.
This interval design prevented plant oversight, ensuring overlap between adjacent images based on the actual
plant spacing, which was approximately 25 cm. With a 10 cm capture interval, even with slight variations in
plant spacing, any plants missed in one image were captured in subsequent ones. The adjustable camera
height allowed the horizontal field of view to expand with greater height, ensuring flexibility in the camera's range.
Even at the lowest setting, the 10 cm interval guaranteed sufficient image overlap to reliably cover plant positions.

Real-time Image Processing and Decision-making: The captured images are transmitted in real-time to
the host computer for processing. The core image processing task is to calculate the plant spacing between
adjacent crops (Kunz et al., 2018; Yang et al., 2018). Using image recognition technology, the center positions
of each plant are accurately identified, and the trajectory equation is constructed on the host computer to avoid
the protected zones (areas to be bypassed by the tools). The image processing algorithm is highly efficient;
the YOLOVS5 algorithm typically processes agricultural crop images at 150-250 ms per image (Liang et al., Assirelli
et al., 2018). However, the algorithm used in this device reduces the processing time to 70 ms, only 28%-47% of
the average processing time of YOLOV5, enabling the device to perform weeding operations without delay.

Tool Movement Control and Collaborative Operation: Due to the 30 cm horizontal distance between the
camera and the first set of tools, the host computer had sufficient time (determined by the distance from the
camera to the tools and the device's forward speed) to plan the obstacle avoidance path for the first set of
tools. Similarly, the 80 cm distance between the camera and the second set of tools provided a longer time
window for processing and response. The host computer calculated the required lateral obstacle avoidance
movement trajectory for the tools, considering the device’s speed and the real-time position information of
adjacent plants. Control instructions were sent to the microcontroller system, which generated pulse signals to
drive the stepper motor and precisely controlled the lateral movement of the tools along the slide rail.
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The combined movement resulted in a cycloidal trajectory traced by the tool tip, closely approximating
the ideal path. The weeding tools rotated continuously under the stepper motor's control, with the blades cutting
into the soil following the cycloidal path, effectively severing the weed roots and slightly disturbing the surface
soil structure. Weeds and soil clumps in the tool’s path were loosened and detached due to the loss of adhesion
to the soil. The loosened weeds and soil were then separated by the device's soil-breaking mechanism,
completing the weeding operation.

The dynamically generated plant protection zones ensured that the tools efficiently weeded while
avoiding plant damage, significantly reducing seedling injury rates. By optimizing the cycloidal path and
combining real-time sensing and decision-making, the system effectively increased the coverage rate of weed
removal between rows and between plants. The automated image recognition, real-time decision-making, and
control greatly enhanced the efficiency and intelligence of the overall weeding operation.

Key component design and parameter determination

This study focused on interplant weeding machinery for maize at the seedling stage. Since maize was
usually planted in late May to early June, when temperatures were higher, both maize and weeds grew rapidly,
and weeds tended to occur in clusters. The peak weeding period typically occurred when maize reached the
3- to 5-leaf stage, which was also the critical period for weed management (Jia et al., 2021). At this stage, the
maize’s main root system began to thicken, and some secondary roots (permanent main roots derived from
underground stem nodes) started to grow. These roots, located in the soil's surface layer, were distinctly
different from the roots of weeds during the same period, allowing for optimal weeding efficiency. Additionally,
maize images at the 3- to 5-leaf stage showed significant differences from weeds, providing better results
during subsequent image dataset training. Based on this, this study selects this stage for operation. According
to the measurement data from the Jiamusi University Experimental Canter’s soil trough base, the maize root
depth hz is approximately 10-20 cm, plant height Hz is 15-30 cm, plant spacing H1 is 20-30 cm, and row spacing
Hs is 50-70cm. Weed root length h1 is generally 5—10 cm after about 15 days, and the plant diameter is around
1 cm. The field environment for interplant weeding in maize is shown in Figure 2. Modern agricultural machinery
components such as tools, wheel tracks, and sensors are designed according to standard row spacing.
Although slight variations in row spacing may exist, the agricultural machinery can compensate for deviations
automatically through the auto-navigation system and flexible adjustment mechanisms to ensure operational
accuracy. The research team from China Agricultural University reported that, during navigation trials of a
maize weeding robot, the standard deviation of the lateral offset of plant centers at the V3 growth stage (third
leaf fully expanded) ranged from 1.2 to 2.8 cm (maximum < 3 cm). This deviation was primarily attributed to
seed drill vibration and soil loosening during the seedling emergence period (Lai et al., 2023). Since the
deviation value is smaller than the protection zone range, the plant's center remains within the protection zone,
albeit with some deviation at the protection zone’s location (illustrated in Figure 4 of the subsequent sections).
Therefore, this study did not consider row spacing deviations.

Fig. 2 — Field Environment for Maize Weeding

According to the design principles of the weeding device, the main factors affecting the weeding rate
and seedling injury rate were the protection zone radius, tool radius, and tool depth. Compared to traditional
interplant weeding devices, the cycloidal weeding device offered several advantages: its speed curve was
continuous and differentiable, making it easier for the controller to track the trajectory and reducing overshoot
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or delay. The power demand was smooth, preventing instantaneous motor overloads, thereby reducing energy
consumption and heat generation. Additionally, the stress variation on the components was gradual, which
helped to reduce material fatigue.

Based on the field survey of the maize row spacing, in order to minimize the seedling injury rate while
maximizing the weeding area:

v =(n +1f2)cos(%j—r2

1)
X

v, =(n, +7f2)cos(—)+r2
a

a is the plant spacing between two adjacent plants (mm); r; is the set protection zone radius (mm); r: is the

weeding tool radius (mm); y; is the tool boundary trajectory function 1; y is the tool boundary trajectory function 2.
After defining the tool trajectory equation, the subsequent step is to calculate the weeding omission area.
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In the above equation: §, is the weeding omission area near the protection zone; §,is the boundary

omission area; S is the total omission area; and B is the weeding area omission rate.

Using MATLAB to analyze the impact of three parameters on S .The following figure illustrates the
impact of parameters on S.

S1 s(mmz)vsr1 and rz(a=30 (mm) )

80

c) d)
Fig. 3 — The relationship between weeding omission area and various factors
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To achieve the minimum omission area rate (maximum weeding area coverage rate) and to ensure that
the protection zone was not encroached upon, the tool radius, protection zone radius, and plant spacing during
planting were determined. This study used MATLAB to analyze the scenario where the adjacent plant spacing

was a (ranging from 10-30 cm), the protection zone radius is 7, (3-4 cm), and the tool radius is 7, (4-8 cm). By

fixing one of the three factors, the effects of the other two factors on the operational indicators were examined
to determine the value range and level division of each factor, providing a theoretical basis for the subsequent
soil trough experiments. Where a represented the motion trajectory and omission area, and b, ¢, and d
represented the effects of the remaining two parameters on experimental indicators after fixing the plant
spacing, protection zone radius, and tool radius parameters. Simulation results showed that when the plant
spacing was 15.5 cm, the protection zone radius was 3.98 cm, and the tool radius was 7.95 cm, while ensuring
the tool did not encroach on the protection zone (as shown in Equation 3), the maximum weeding area
coverage rate was 78.74%. In subsequent practical situations, with a plant spacing of 155 mm, protection zone
radius of 40 mm, and tool radius of 80 mm, and ensuring that the tool did not intrude into the protection zone,
the maximum weeding area coverage rate was 78.69%.

To ensure that the tool did not encroach on the protection zone, as shown in Equation (3), the minimum
curvature of the trajectory had to be greater than the curvature of the protection zone, satisfying the
requirement that the tool did not invade the protection zone.

2
+
e = Lzrz) ~1.027
a

! 3
kcircle =—=0.251 ( )

1
k. =1.027>k,, =025

Weeding tool motion trajectory analysis

To achieve flexible movement of the weeding tool between plants, a stepper motor was used for control.
The stepper motor offered advantages such as high precision, quick response, and low cost, making it well-
suited for complex field environments. The rotation speed was adjusted in real-time by changing the pulses.
The weeding action directly affected the weeding tool's movement range in the field, which in turn impacted
the effectiveness of weed removal. During weeding operations in the field, the maize root system growth often
influenced the work. To minimize the impact of the tool on the maize roots, this study linked the weeding
mechanism to the slide rail. By constructing a system that included a plant protection zone, a reciprocating
variable speed motion of the tool along the slide rail was formed. Combined with a constant forward speed of
the device, this resulted in a cycloidal weeding operation. This significantly improved the work efficiency of the
interplant weeding mechanism. Compared to other methods, this approach was simple and efficient, and it
could effectively move between plants without causing excessive seedling damage.

Trajectory with fixed plant spacing on one side of the maize

Tool center path

Fig. 4 — Cycloidal Trajectory with Fixed Plant Spacing

Note: The black marks in the figure represent the possible actual maize plant positions, and the curve in the
figure represents the weeding trajectory as given by Equation (4).
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y = Acos(wt + @) (4)
x=vt (5)
Given that the period of the curve in the previous section is 2a , the following formula (6) applies;
2
2a=T==" (6)
w

where: T - the period of the tool trajectory function; 4- the amplitude of the trajectory function; v - forward speed
of the device. From formulas (4), (5), and (6), formula (7) can be derived:
y = Acos(wt) (7)
By differentiating formula (7) with respect to time, the formula for the lateral movement speed, formula
(8), can be obtained:

v, = 4% sin(E) ®8)
a av
v, = —lbJ A z sin(ﬂj 9)
a av

The above formula represents the speed formula for one side entering the plant zone. To ensure the
continuity of the entire curve, a rounding function is added to the formula.

Trajectory during single-sided maize missed sowing
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Fig. 5 — Trajectory during Single-Sided Maize Missed Sowing

When the computer detected that the plant spacing was greater than the originally set normal plant
spacing, the tool's composite movement remained a cycloidal motion. However, at this point, the processing
unit reconstructed the new trajectory equation based on the new plant spacing value and solved for the
lateral displacement speed formula. The trajectory equation remained as formula (9).

Trajectory during single-sided maize reseeding
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Fig. 6 — Trajectory during Single-Sided Maize Reseeding

When the computer detected that the actual plant spacing was too small, a plant protection zone was
still created. If the adjacent plant spacing was less than 1.2 times the tool diameter, the operation did not enter
the plant spacing area. Instead, the operation was carried out along the forward direction of the machine at

the positions where the plant protection zone's upper and lower boundaries were tangent. At this point v, = 0.
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Discrete element method (DEM) and weeding tool simulation

When the weeding tool cut into the soil and weed roots, the tool generated additional torque to better
penetrate the soil. To ensure that the tool could cut through the weed roots at the specified rotational speed,
the shear force generated by the tool’s rotation had to exceed the shear strength of the weed roots and soil.
Therefore, DEM simulations were conducted to test the forces experienced by the tool under different plant
spacing conditions. Since the discrete element model of the weed roots was quite complex and the tool
resistance during soil operation mainly originated from the soil, a simplified representation of the weed root
trunks was adopted. Later, the weeding effect was determined by assessing the tool's cutting performance on
weed particles. A finite element analysis was added for the primary weed root systems, and an EDEM software-
based DEM simulation model was built for the "tool-weed-soil" interaction. The soil's DEM model parameters
were calibrated using slump test data. The material parameters of the soil model and weeding device were
shown in the table below.

Table 1
Soil Model and Tool Parameter Calibration
Parameters Value
soil Density(kg*m?3) 2680
Soil Particle Poisson's Ratio 0.38
Soil Particle Elastic Modulus 1e®
Density/(kg*m?) 7850
Poisson’s Ratio 0.3
Shear Modulus/ MPa 2.1*10e8
Coefficient of Static Friction 1
Coefficient of Rolling Friction 0.15
Coefficient of Restitution 0.5
Coefficient of Rolling Friction between Soil Particles and the Tool 0.2
Coefficient of Static Friction between Soil Particles and the Tool 0.4
Coefficient of Restitution between Soil Particles and the Tool 0.5

Based on the data in the table above, the EDEM particle model and material parameters were
constructed. The Hertz-Middle in with JKR model, which was embedded in the software, was used for the
interaction between particles, effectively simulating the cohesiveness of Northeast black soil. For other
interactions, the Hertz-Middle (no slip) model was used. Based on a 13 mm equivalent particle diameter, Peng
Cheng Wan Li determined the shape sizes for four types of soil particles: single ball, double ball, triple ball,
and four-ball. Various packing methods, such as single ball, single ball with variable particle diameter, double
ball, triple ball, four-ball, and multi-ball mixtures, were used to establish six virtual soil models. Subsequently,
simulation tests on the plowing process were conducted with tillage resistance, post-tillage angle of
accumulation, and simulation time as experimental indicators. The results showed that the relative error
between the simulated and measured tillage resistance for the six virtual soil models was less than 8% (Wan
etal., 2021). Furthermore, using a single particle type can speed up the simulation process, which is beneficial
for the simulation of tool resistance and reduces the amount of simulated data. The soil trough simulation
model was constructed with dimensions of 600 mm * 460 mm * 180 mm. The 3D models of the tool and shaft,
designed in Creo software, were imported into the EDEM pre-processor. The soil particles were selected to

be spherical, the blade was set as structural steel, and the mesh size was set to 3R_min (where R, is the

minimum radius of the soil particles).

Simulation test method

During the weeding operation of the device, the forward speed was kept constant in the design, so the
weeding depth and plant spacing had a significant impact on the tool resistance. Therefore, this study took
weeding depth, forward speed, and adjacent plant spacing (which directly determined the magnitude and
frequency of the tool's instantaneous speed adjustment in the y-axis direction during the weeding operation)
as experimental factors. The resistance of the tool in the soil was used as the experimental indicator for the
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orthogonal combination simulation test. The weeding depth was defined as the distance from the lowest point
of the tool to the average height of the soil surface; plant spacing referred to the distance between two adjacent
plants in the same row, and the forward speed was the speed of the device along the plant row. The
experimental factor level coding table was shown below:

Table 2
Factor Level Coding Table
Codes Row spacing Weeding depth Forward speed
X1/ mm X2/cm m/s
1 300 10 0.4
0 200 8 0.3
-1 100 6 0.2

The resultant force on the tool was calculated through post-processing in the EDEM software, as shown
in Figure 7. During the operation of the mechanism, due to the particle generation and tool placement time in
the initial seconds of the simulation, only the resultant force diagram of the tool after this period was exported,
and the magnitude of the resultant force was recorded.

Total Force—Time

56.2
46.3
364

264

Total Force (N)

16.5

9.9

Time (s)
1.2 1357 1514 1.671 1.828 1985 2.142 2299 2456 2535 2.692
Fig. 7 — EDEM Simulation Post-Processing Interface
RESULTS
The secondary orthogonal experimental design and results were shown in Table 3. The pressure
variance analysis and significance results were shown in Table 4. The experimental data and results from
Table 3 were input into Design-Expert 13 software for regression analysis, establishing the regression equation
between the experimental indicator resultant force and the experimental factors, as shown in the following
equation:
Y =46.78-2.69X, +11.66X,+7.73X,+4.07X, X, + 5.27)(22 (10)

Table 3
Test Scheme and Results
Test Number Plant Spacing Weeding Depth Forward Speed Total Force

x1/(mm) x,/(mm) x3/(m/s) Y/(N)
1 100 60 0.3 47.5
2 300 60 0.3 34.1
3 100 100 0.3 63.2
4 300 100 0.3 66.1
5 100 80 0.2 42.8
6 300 80 0.2 37.3
7 100 80 0.4 58.6
8 300 80 0.4 53.1
9 200 60 0.2 34
10 200 100 0.2 56
11 200 60 0.4 48.3
12 200 100 0.4 71.9
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Test Number Plant Spacing Weeding Depth Forward Speed Total Force

x1/(mm) Xx,/(mm) x3/(m/s) Y/(N)
13 200 80 0.3 46.8
14 200 80 0.3 46.3
15 200 80 0.3 47.2
16 200 80 0.3 46.6
17 200 80 0.3 47

(Note: x, is the coded value for plant spacing ; X, is the coded value for weeding depth; X, is the coded value

for forward speed; Y is the magnitude of the tool resultant force.)

Table 4
Pressure Variance Analysis Table
Source df Mean Square F-value P-value
Model 1814.12 9 201.57 1072.58 < 0.0001 significant
X1 57.78 1 57.78 307.46 < 0.0001
X2 1088.11 1 1088.11 5790.03 < 0.0001
X3 477.41 1 477.41 2540.35 < 0.0001
X1xX2 66.42 1 66.42 353.45 < 0.0001
X1xX3 0 1 0 0 1
X2xX3 0.64 1 0.64 3.41 0.1075
X2 1.9 1 1.9 10.13 0.0154
X2 117.05 1 117.05 622.84 < 0.0001
X2 1.04 1 1.04 5.55 0.0507
Residual 1.32 7 0.1879
Lack of Fit  0.8275 3 0.2758 2.26 0.2235 not significant
Pure Error 0.488 4 0.122

Cor Total 1815.44 16

From the table, it could be seen that the model, adjacent plant spacing, weeding depth, forward speed,
adjacent plant spacing x weeding depth, and the square of weeding depth had a significant impact on pressure
magnitude. However, adjacent plant spacing x forward speed, weeding depth x forward speed, the square of
adjacent plant spacing, and the square of forward speed did not significantly affect the pressure magnitude.
Additionally, the Lack of Fit was not significant, indicating that the model fit well, was stable, and the
experimental indicators could be analyzed using the regression model. Based on the F-values in the table, the
influence rates of the factors on pressure magnitude were: weeding depth > forward speed > adjacent plant spacing.

Using Design-Expert 13 software, a response surface analysis of the experimental results was
performed, and the results were shown in Figure 8.

Total Force

8,
Ceq;,
]
"%r/,,,n
m)

Fig. 8 — Response Surface
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Adjacent plant spacing and weeding depth had an impact on pressure. From the figure, it could be seen
that the maximum pressure increased with the increase in weeding depth. When the plant spacing was less
than 200 mm, the range of change in maximum pressure gradually decreased as weeding depth increased.
When the plant spacing was greater than 200 mm, the increase in plant spacing caused a more significant
increase in maximum pressure. Maximum pressure increased with weeding depth, and when the weeding
depth was less than 80 mm, the trend of maximum pressure decreasing with increasing plant spacing became
significantly larger. When the weeding depth was greater than 80 mm, the range of change in maximum
pressure decreased significantly.

Using Design-Expert software to optimize the indicators, the optimization goal was to minimize the
maximum pressure on the tool. The best combination of experimental factors obtained from the analysis was
a plant spacing of 257.281 mm, weeding depth of 62.339 mm, and a forward speed of 0.244 m/s. At this point,
the maximum pressure was 33.268 N. To ensure the feasibility of future work, the parameters were rounded.
The optimal weeding parameters were rounded to a plant spacing of 250 mm, weeding depth of 62 mm, and
forward speed of 0.25 m/s. The best weeding plant spacing was 70% of this value, which was 175 mm, slightly
larger than the theoretical minimum plant spacing from the MATLAB experiment (below 155 mm, the tool would
intrude into the protection zone).

Experimental verification results

To verify the optimized parameters, an experimental field was set up. A colored circular ring with a radius
of 3 cm was used to replace the protection zone. Before transplanting, the soil was rototilled and leveled, and
the bed ridges were constructed. The weed species selected for the experiment were Amaranthus retroflexus
and Portulaca oleracea, which were randomly distributed across the experimental field. The weeding tool was
set at a depth of 62 mm, and the forward speed was selected as 0.25 m/s. Figure 9 showed the layout before
and during the operation of the equipment. In the figure, (a) showed the field before weeding, (b) showed the
field after weeding, and (c) showed the watering treatment applied to deepen the weeding trajectory.

a) b) c)
Fig. 9 — Comparison of the Equipment Before and After Operation

Five verification experiments were conducted, and the weeding rate and seedling injury rate for each
experiment were statistically analyzed to obtain the average value. The formula for calculating the seedling
injury rate is:

S=N—M

x100% (11)

In the equation, S is the weeding rate of the weeding machine (%); N is the number of weeds in the
experimental field before weeding; M is the remaining number of weeds in the experimental field after weeding.
The seedling injury rate formula is as follows:

_N-M

1 x100% (12)

In the equation, I is the seedling injury rate of the weeding machine (%); L is the number of colored rings
before weeding; H is the number of instances where the tool intrudes into the protection zone. The
experimental results are shown in Table 5.
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Table 5
Results of Five Field Experiments
Experiment ID Weed Control Efficacy Seedling Damage Rate

(%) (%)

1 85.6 2.8

2 84.7 26

3 86.9 1.9

4 88.7 23

5 84.4 42

Mean 86.06 2.76

In the test operations in the experimental field, the maize interplant weeding device achieved an average
weeding rate of 86.06% and an average seedling injury rate of 2.76% when the forward speed was 0.25 m/s,
plant spacing was 250 mm, and weeding depth was 62 mm. The experimental results indicate that the cycloidal
maize interplant weeding machine meets the agronomic requirements for weeding rate and seedling injury
rate.

CONCLUSIONS

A maize interplant weeding machine based on cycloidal oscillation was designed. The analysis showed
that the device could successfully perform weeding under variable plant spacing conditions without damaging
the crops. MATLAB simulations determined the optimal tool and protection zone radii (155 mm plant spacing,
40 mm protection zone, 80 mm tool), achieving a maximum weeding coverage rate of 78.7%. Discrete element
method (DEM) simulations combined with orthogonal tests revealed that weeding depth was the main factor
affecting the resultant force on the tool, followed by forward speed and plant spacing. Response surface
optimization provided the best operational parameters: plant spacing of 250 mm, weeding depth of 62 mm,
and forward speed of 0.25 m/s, which minimized the maximum resultant force in the simulation. In five field
tests, the machine using these parameters achieved an average weeding rate of 86.06% and a seedling
damage rate of 2.76%, validating the effectiveness of the calculated results.
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