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A novel mechanical-laser
collaborative intra-row weeding
prototype: structural design and
optimization, weeding knife
simulation and laser
weeding experiment
Rui Hu, Long-Tao Niu and Wen-Hao Su*

College of Engineering, China Agricultural University, Beijing, China
Introduction: The competition between intra-row weeds and cultivated

vegetables for nutrients is a major contributor for crop yield reduction.

Compared with manual weeding, intelligent robots can improve the efficiency

of weeding operations.

Methods: This study proposed a novel mechanical-laser collaborative intra-row

weeding device structure. A slider-crank mechanism size optimization algorithm

was proposed, and the correctness of the algorithm was verified by ADMAS

software. Finally, the crank and link lengths were determined to be 87 mm and

135 mm, respectively. The resistance of triangular weeding knives with different

penetration angles and edge angles in the soil was simulated and analyzed using

EDEM software. The simulation results show that the triangular weeding knife

with a soil penetration angle of 0 ° and an edge angle of 30 ° encountered the

least resistance. In addition, weed control experiments with different powers and

lasers were conducted using 200WNIR and 200W blue lasers. The experimental

results show that the time it took for a 50 W blue laser and a 100 W NIR laser to

remove small weeds was approximately between 0.3 and 0.4 s, and the time it

took for a 50 W blue laser to remove larger weeds was approximately between

0.5 and 0.6 s. The time it took for 75 W and 50WNIR lasers to remove weeds was

more than 1 s.

Results: Based on the above research results, a prototype of a mechanical-laser

collaborative intra-row weeding device was successfully built.

Discussion: This study provides a new idea for the field of intelligent weeding.

The simulation and experimental results can provide a reference for the research

and development of mechanical weeding and laser weeding equipment.
KEYWORDS

mechanical weeding, laser weeding, structure design, EDEM, weeding device, slider-
crank mechanism
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1 Introduction

Field weeds compete with vegetables such as lettuce for

resources, resulting in a decrease in vegetable yields. Therefore,

the removal of weeds from fields is crucial to increase vegetable

yields. Field weed removal is mainly divided into inter-row weeding

and intra-row weeding. Inter-row weed removal has become

mature because it does not require avoiding vegetable seedlings

and is technically easy. Intra-row weed removal is technically

difficult because it requires protecting vegetable seedlings from

being harmed. It is a research difficulty in the field of weeding.

The main methods of intra-row weed removal include manual

weeding, chemical weeding, mechanical weeding and laser weeding.

Manual weeding is inefficient and costly. Herbicides are widely used

to control weeds due to their low cost and effectiveness (Raja et al.,

2020a, 2020b; Wu et al., 2020; Alanaz et al., 2023; El-Mastouri et al.,

2024; Li et al., 2023; Liu et al., 2024; Pingarron-Cardenas et al., 2024;

Xie et al., 2024; Zhang et al., 2023). Long-term use of herbicides can

cause serious environmental pollution (Tudi et al., 2021).

Environmentally friendly weeding methods such as mechanical

weeding and laser weeding have become research hot spots in

recent years. In addition, Michaliszyn-Gabry´s research shows that

farmers have a positive attitude towards the introduction of new

pollution-free weed control technologies such as laser weeding

(Michaliszyn-Gabryś et al., 2024a, 2024b).

Mechanical weeding has many advantages, including being

environmentally friendly and suitable for fields with any weed

density. Dedousis and Godwin (2008) proposed a disc weeding

knife for intra-row weed removal, established a mathematical model

of the disc weeding knife, and obtained the appropriate size

parameters of the disc weeding knife. They also built a prototype

for field experiments. The experimental results showed that the

weeding device can remove 62-87% of field weeds (Tillett et al.,

2008). Sellmann et al. (2014) had developed a robot called BoniRob

for intra-row weed removal. The BoniRob robot uses a parallel

mechanism with four degrees of freedom (one rotational and three

translational) to control the tube-stamp weeding tool

(Langsenkamp et al., 2014). Pérez-Ruıź et al. (2014) proposed a

hydraulically driven triangular weeding knife and developed a

weeding robot for weed removal in tomato intra-row.

Experimental results showed that the weeding robot can reduce

the manual weeding workload by 57.5%. Saber et al. (2015)

developed an automated mechanical intra-row weeding machine

prototype based on a pair of rotating pinch-roller weeding

mechanisms for intra-row weeding of large spacing vegetable

crops. The test results showed that the control effects of the

weeding device on Southern crabgrass, Benghal dayflower and

Purple nutsedge were 33.9%, 18.3% and 5.4% respectively. Jiang

et al. (2023) developed an intra-row weeding system based on a

vision system and opening and closing weeding knives. The

weeding system successfully removed weeds intra-row at a speed

of 3.28 km/h with an accuracy of 80.25%. With the development of

technology, the weed control rate of mechanical weeding can reach

more than 80%, but it is still impossible to completely remove the

intra-row weeds. Ju et al. (2024) proposed a rice field weeding robot
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based on MW-YOLOv5s. The results of field experiments showed

that the weeding rate was 82.4% and the seedling injury rate was

2.8%. Jiao et al. (2024) designed a double-layer elastic rod intra-row

weeding device that can press weeds into the soil while avoiding

damage to rice. Field tests were conducted under experimental

conditions of a weeding depth of 15 mm and a weeding speed of 0.9

m/s. The test results showed that the optimal position of the

adjustment mechanism was 270 mm, the weeding rate was

80.65%, and the seedling injury rate was 3.36%. The weeds that

are not removed are mainly distributed around crops such as

vegetables. Removing this part of weeds can easily damage crops.

How to use a weeding knife to remove weeds around crops without

damaging vegetables and other crops is a difficult problem that

mechanical weeding needs to solve now. Quan et al. (2022)

developed a new deep learning-based intelligent intra-row

mechanical robot weeding system for crop and weed detection.

Three types of weeding knives were designed. Field test results

showed that among the three types of weeding knives, plow weeding

knives were most suitable for flat plowing and wedge-shaped

weeding knives were most suitable for ridge farming. The final

weeding rate was 85.91%, and the crop damage rate was 1.17%. The

rotary weeding knife further improves the weeding rate of

mechanical weeding, but the weeding rate of mechanical weeding

still has a lot of room for improvement.

Laser technology is widely used in fields such as medicine,

material processing, and radioactive contaminated surface

decontamination. Due to its mature basic theory and excellent

performance, many scholars have devoted themselves to the

application of laser in intra-row weeding in recent years

(Andreasen et al., 2022; Zhang et al., 2024). Marx et al. (2012)

studied the effects of CO2 laser radiation (10,600 nm) on three

growth stages of Amaranthus aurantia and Amaranthus retroflexes

under 3 spot diameters, 3 spot positions and 6 laser intensities.

Experimental results showed that the fresh weight of weeds dropped

by 90% after two weeks of irradiation. Rakhmatulin and Andreasen

(2020) designed a cheap laser weeding device and experimentally

explored the weeding efficiency of 0.3 W, 1 W and 5 W lasers.

Experimental results show that 0.3 W, 1 W and 5 W need to

irradiate weeds for 76 s, 23 s and 6 s respectively to achieve better

weeding effects. Wang M. et al. (2022) proposed a new laser

weeding device equipped with a 90 W, 810 nm, 1.8 mm spot

diameter laser and a two-degree-of-freedom five-turn rotating

parallel manipulator for dynamic intra-row weed removal. Under

dynamic conditions, the weeding success rate was 99.2%, the

weeding efficiency was 0.73 s/weed, and the residence time was

0.64 s, the weed positioning speed is 0.1 m/s. Zhu et al. (2022)

designed a corn seedling field weeding robot based on YOLOX

convolutional neural network, verifying the feasibility of blue laser

as a non-contact weeding tool. Experimental results showed that the

average dry weight prevention effect of the weeding robot was 85%.

Yu et al. (2024) conducted an experiment on laser cutting weed

stems of four common weeds in farmland (Chenopodium album,

Amaranthus spinosus, Setaria viridis, and Eleusine indica). The

experimental results show that when the irradiation time was 10 s

and the irradiation distance was 2 m, the 3.892 W/mm2 laser was
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sufficient to eliminate weeds and plants. When the irradiation

distance was 1 m and the irradiation time was within 1 s, the 2.47

W/mm2 laser was more effective. Sahin and Cay (2024) used a diode

laser with a power of 5500 mW and a wavelength of 450 nm to

conduct four irradiation experiments on three weeds (Galium

aparine, Scabiosa columbaria, Euphorbia helioscopia), and

concluded that laser application to the apical meristem region of

weeds may not be effective enough after the cotyledon stage, while

application to the plant stems can successfully control these three

weeds. Andreasen et al. (2024a) used a 50w thulium-doped fiber

laser with a diameter of 2 mm and a wavelength of 2 μm to conduct

laser weeding experiments. The experimental results found that

when the grass plant (Alopecurus myosuroides) has one leaf and the

dicotyledonous plant is in the cotyledon stage, the laser irradiation

Highest efficacy. In addition, they found that different categories of

weeds had different sensitivities to lasers. At the 4-leaf stage, most

species would regrow after irradiation. Therefore, irradiating the

weeds when they were in the cotyledon to 2-leaf stage could prevent

them from regrowth. Christian Andreasen’s team also investigated

how to use lasers to kill the widespread and aggressive perennial

weed Elymus repens after cutting the rhizomes into pieces. The

experiments showed that Elymus repens plants can be killed using

small doses of laser light (less than 1.6 J mm−2 in many cases). In

general, the best results were achieved when treating small rhizomes

at the 3-leaf stage (Andreasen et al., 2024b). Qin et al. (2024) built

an intelligent weed detection and laser weeding system and

conducted laser weeding experiments. The experimental results

showed that laser weeding was feasible at a power of 100 W and

a scanning speed of 80 mm/s. The activity of Veronica officinalis

was significantly lost within 15 days after weeding, and it did not re-

sprout. The laser weeding robot developed by CARBON

ROBOTICS is a model of the current commercial application of

laser weeding. The latest generation of intelligent laser weeding

robots uses a 150 W CO2 laser with a 30 mm level accuracy and can

work 24 hours a day. Laser weeding has many advantages, including

being environmentally friendly and not damaging the root system

of crops. However, the cost of laser is high, and one irradiation can

only remove one weed. Therefore, laser weeding can only be applied

to fields with only a few weeds in the row, taking cost into account

and weeding speed. How to use a smaller number of lasers while

ensuring weed control efficiency and quickly removing weeds in

high-density intra-rows is the main challenge facing laser

weed control.

Currently, the challenges faced by mechanical, chemical and

laser weeding cannot be effectively addressed using a single weeding

method. Multiple weed control methods in synergy to remove

weeds were proposed (Bawden et al., 2017). Fang et al. (2022)

explored the possibility of mechanical-chemical synergistic weed

control. Field experiments showed that compared with mechanical

weed control and chemical weed control, mechanical-chemical

synergistic weed control had the best effect, reducing chemical use

by 50%. Reducing the amount of chemical application had no

significant effect on crop growth and yield. Recently, another study

has proved that the combination of mechanical and chemical

weeding is more effective than a single mechanical weeding and

chemical weeding (Parasca et al., 2024). To solve the difficulties
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faced by mechanical weeding and laser weeding, this study

proposed a mechanical-laser collaborative intra-row weeding

method. This method mainly uses mechanical weeding, with laser

weeding as an auxiliary. The idea of this weeding method is to use

mechanical weeding when the intra-row weed density is high, and

laser weeding when the intra-row weed density is low. When there

are no weeds in the intra-row, the weeding device does not perform

any operation. In addition, weeds adjacent to crops are also

removed using lasers. This not only solves the problem that

mechanical weeding cannot remove weeds close to crops, but also

solves the problem of using a small number of lasers to remove

high-density weeds. At the same time, mechanical weeding and

laser weeding are environmentally friendly. Currently, there is no

intelligent weeding equipment suitable for the mechanical-laser

collaborative intra-row weeding method. here are three main

challenges in developing a mechanical-laser collaborative intra-

row weeding device, including the structural design of the device,

the identification and positioning of vegetables-weeds and intra-

row weed severity classification, and the development of the

control system.

In this study, the structure of a mechanical-laser collaborative

intra-row weeding device was proposed for weed control in lettuce

fields. To make the design of the device more reasonable, the

following research was conducted: (1) A size optimization

algorithm for the slider-crank mechanism was proposed. (2)

EDEM simulation was used to analyze the stress of weeding

knives with different parameters in the soil. (3) The removing

capabilities of Near-infrared (NIR) and blue lasers with different

powers, Irradiation time and wavelength on weeds were explored.

Finally, based on the above research results, a prototype was

produced. As far as we know, the intra-row weeding method

combining mechanical weeding and laser weeding is a new

method, and the weeding device suitable for the weeding method

proposed in this article is also novel.
2 Materials and methods

2.1 The overall structure of the new
weeding device

The mechanical-laser collaborative weeding method is a new

weeding method. There is currently no weeding robot that uses this

weeding method. Therefore, this study proposed a novel

mechanical-laser collaborative intra-row weeding device for intra-

row weed removal in vegetable fields. The front view, side view and

top view of the 3D model of the weeding device are shown in

Figures 1-3 respectively. The weeding device was divided into a

mechanical weeding part and a laser weeding part. The structure of

the mechanical weeding part is shown in Figures 1, 3. It was mainly

composed of motor, slider-crack mechanism, slider block, guide rail

and weeding knife. The motor reduced the speed and increased the

torque through the reducer. Then, the motor and reducer were

connected with the slider-crank mechanism through a coupling.

Finally, the slider-crank mechanism was connected to the weeding

knife. In this way, the rotational motion of the motor can be
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converted into linear motion through the slider-crank mechanism,

thereby controlling the motion of the weeding knife. To make the

movement of the weeding knife more precise, the weeding knife and

the guide rail slider mechanism were connected through the

weeding knife-sliding block connector. The structure of the laser

weeding part are shown in Figures 2 and 3. The laser weeding part

mainly consisted of laser head, synchronous belt, motor, and laser

head fixture. The motor and the synchronous belt were connected

through the motor support II and coupling. The laser head was

connected with the synchronous belt through the laser head fixture.

In this way, the rotational motion of the motor was converted into

the linear motion of the laser head through the synchronous belt.

The laser weeding part was connected to the lower load-bearing

plate through the Synchronous belt-lower load-bearing plate

connector. The upper load-bearing plate and the lower load-

bearing plate were connected through a load-bearing plate

connector, and the mechanical weeding part is fixed. The entire

weeding device was connected to the mobile robot platform via the

weeding device-vehicle platform connector.
2.2 Design and analysis of slider-
crank mechanism

2.2.1 Dimensional optimization of slider-
crank mechanism

The slider-crank mechanism can convert the rotary motion of a

motor into a linear motion and widely used in a variety of devices,

such as internal combustion engines, presses and high-speed

printing presses. The performance of a slider-crank mechanism is

affected by many factors, including size, transmission angle, and

working space. In this section, an optimization algorithm for the

slider-crank mechanism will be proposed, which comprehensively

considers the crank length, link length, transmission angle and

working space.

Figure 4 shows the method of the slider-crank mechanism to

control the weeding knife to avoid crops. In Figure 4, L1 represents
FIGURE 2

Side view of a 3D model of the mechanical-laser collaborative intra-
row weeding device. 14-Motor II, 15- Motor II support, 16-Laser
head fixture, 17-Synchronous belt, 18-Laser head, 19-Synchronous
belt-lower load-bearing plate connector.
FIGURE 3

Top view of a 3D model of the mechanical-laser collaborative intra-
row weeding device.
FIGURE 1

Front view of a 3D model of the mechanical-laser collaborative
intra-row weeding device. 1-Weeding device-vehicle platform
connector, 2-Motor I, 3-Reducer, 4-Motor support, 5-Coupler, 6-
Upper load-bearing plate, 7-Load-bearing plate connector, 8-
Weeding knife, 9-Lower load-bearing plate, 10-Slider-crank
mechanism, 11- Guide rail, 12-Slide block, 13-Weeding knife-sliding
block connector.
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the crank length, L2 represents the link length, the slider-crank

mechanism rotates along the point O, y represents the rotating

range of the crank, and S represents the working range of the weed

knife (slider). In stage 1, the crank of the slider-crank mechanism

rotates from B1 to B2 under the drive of the motor, and the weed

knife move into inter-row. In stage 2, the crank of the slider-crank

mechanism rotates from B2 to B1 under the drive of the motor, and

the weeding knife moves into intra-row.

Figure 5 shows the equivalent model of the slider-crank

mechanism. g denotes the transmission angle of the slider-crank

mechanism, S1 denotes the shortest distance of the weed knife

(slider) from point O, and S2 denotes the longest distance of the

weed knife (slider) from point O. During the motion of the slider-

crank mechanism, the transmission angle g varies periodically.

Therefore, it is assumed that the range of values for the minimum
Frontiers in Plant Science 05
transmission angle (gmin) is [gmin1, gmin2] and the range of values for

the maximum transmission angle (gmax) is [gmax1, gmax2].

In the right triangle OBA, gmin is related to L1 and L2 as shown

in Equation 1.

cos (gmin) =
L1
L2

(1)

In the right triangle CA2B2, gmax is related to q, L1 and L2 as

shown in Equation 2.

cos (gmax) =
L1 � sin q

L2
(2)

The Equation 3 can be obtained from Equations 1 and 2.

cos (gmax) = cos (gmin)� sin q (3)

Therefore, the range of values of q is [ sin−1 ( cos gmax2cos gmin
),   sin−1 ( cos gmax1cos gmin

)].

In triangle CA2B2, S1 is related to q, L1 and L2 as shown in

Equation 4.

S1 = L2 � cos (90° − gmax) − L1 � cos q (4)

Similarly, S2 is related to q, L1 and L2 as shown in Equation 5.

S2 = L2 � cos (90° − gmax) + L1 � cos q (5)

Thus, S can be expressed by Equation 6.

S = S2 − S1 = 2� L1 � cos q (6)

Ultimately, the relationship of L1 with q and S can be expressed

by Equation 7.
FIGURE 4

The principle of weeding knife avoiding seedlings under the control of crank slider mechanism.
FIGURE 5

Solution model of slider-crank mechanism optimization.
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L1 =
S

2� cos q
(7)
2.2.2 Design of optimization algorithms
In Section 2.1.1, the relationships between some of the

parameters of the slider-crank mechanism were derived. In this

section, these parametric relationships were used to design the

sizing optimization algorithm for the slider-crank mechanism. The

algorithm was developed in MATLAB software. The optimization

process for sizing the slider-crank mechanism is described in

Algorithm 1. Where S, gmin1, gmax1, gmin2, gmax2, gmin, L1, L2 have

the same meaning as in Section 2.1.1. gmint represents the minimum

transmission angle of the mechanism after the values of L1 and L2
have been determined. The parameters gmaxt and qtruth have a

meaning like that of gmint. Considering issues such as row spacing

in lettuce planting, the initial input parameters gmin1, gmin2, gmin,

gmax1, gmax2, and S were set to 49°, 51°, 50°, 60°, 70°, and 120

mm, respectively.
Fron
Input: S; gmin1; gmax1; gmin2; gmax2; gmin.

Output: L1; L2; gmint; gmaxt; qtruth.

1: qmin ← sin−1 ( cos gmax2
cos gmin

);//The minimum value of q

2: qmax ← sin−1 ( cos gmax1
cos gmin

);//The maximum value of q

3: for q = qmin to qmax do

  L1 ← ⌊S ÷ (2� cos q) ⌋

L2 ← ⌊L1 ÷ cos gmin ⌋

q  truth ← cos−1 (S ÷ (2� L1))

gmint ← cos−1 (L1 ÷ L2)

gmaxt ← cos−1 ( cos gmin � sin qtruth)

4: if gmax1 ≤ gmaxt ≤ gmax2 and gmin1 ≤ gmint ≤ gmin2 then

5: Output L1; L2; gmint; gmaxt; qtruth;

6: q← q + 0:01;

7: else:

8: q← q + 0:01;

9: if q > qmax then

10: break;
Algorithm 1. Optimization of slider-crank mechanism dimensions.

2.2.3 Verification of dimensional
optimization results

ADAMS is a multi-rigid body dynamics software. Users can use

the software to analyze the statics, kinematics, and dynamics of

virtual mechanical systems very easily. In this section, ADAMS

software was used to validate the correctness of the slider-crank

mechanism optimization algorithm for dimensioning proposed in

Sections 2.2.1 and 2.2.2. First, the lengths of the crank and link were

determined based on the initial input parameters using the

proposed Algorithm 1. Then, a 3D model of the slider-crank
tiers in Plant Science 06
mechanism was established in SOLIDWORKS and saved in .x_t

format. Finally, the .x_t file imported into the ADAMS software and

set constraints, drive parameters, and measurements. The

simulation time was 1 s. The crank rotation speed was (180-

2×qtruth) deg/s. The direction of motion was clockwise.
2.3 Weeding knife simulation experiment

Weeding knife is a key part of mechanical weeding robots. Weeding

knives with different parameters are subjected to different forces in the

soil. The resistance of the weeding knife further affects the parameters of

the motor. Therefore, the lower the resistance of the weeding knife, the

smaller and less costly the weeding device will be. In this section, the

triangular weeding knife was used as a prototype, and the resistance of

weeding knives with different penetration angles and edge angles under

the same simulation environment was simulated and analyzed in

EDEM software. Finally, the parameters of the weeding knife were

determined based on the simulation results. EDEM is a specialized

software for simulating the behavior of granular materials and is widely

used to simulate cases of force analysis of farming tools in mutual

contact with soil (Aikins et al., 2021b; Liu et al., 2023; Wang et al., 2019,

Wang X. et al., 2022). The accuracy of the simulation results is related to

the soil model, the farming tools-soil contact model, and the soil-soil

contact model. Therefore, the parameter settings in the relevant

literature published in recent years were summarized as shown in

Table 1. The two main contact modeling options in published articles

were Hysteretic Spring + Linear Cohesion (Aikins et al., 2021a, 2021b,

2021c; Awuah et al., 2022; Makange et al., 2020; Saunders et al., 2021;

Shi et al., 2019; Wang et al., 2020) and Hertz-Mindlin + bonding (or

bonding V2) (Liu et al., 2023; Wang X. et al., 2019, Wang Y. et al., 2019;

Zhang L. et al., 2023, Zhang P. et al., 2023). In addition, there were some

articles using both EEPA (Kim et al., 2021; Sun et al., 2020) and Hertz-

Mindlin with JKR + bonding (bonding V2) (Song et al., 2022; Zhang

et al., 2022; Zhao et al., 2023) as contact models.

In summary, the soil property settings for the simulation experiment

in this section are shown in Table 2. The contact model was set to

Hysteretic Spring + Linear Cohesion V2 (https://2022.help.altair.com/

2022.1/EDEM/Creator/Physics/Additional_Models/Linear_

Cohesion_V2.htm). Linear Cohesion V2 was an improvement on the

Linear Cohesion model as it was better for non-uniform particle size

distributions. More importantly, Linear Cohesion V2 can use GPU,

which greatly reduces simulation time. The main configuration of

the computer used for simulation is AMD Ryzen 5 5600X 6-core

processor and NVIDIA RTX 3080Ti.

The soil-to-soil and soil-to-weeding knife contact model

properties were set as described in Table 3.

The properties of the weeding knife in EDEM were set as

described in Table 4.

The design of the simulation experiment with edge angle and

penetration angle of the weeding knife as variables is shown in

Table 5. Test 1 shows that the blade angle and penetration angle of

the weeding knife are 30° and 0° respectively, and the others are

similar. The weeding knife is an equilateral triangle with a side
frontiersin.o
rg
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length of 75 mm and a thickness of 5 mm.

The edge angle and penetration angle of the weeding knife are

shown in Figure 6.

As shown in Figure 7, the soil particles were filled in a soil bin.

The length, width and depth of the soil bin were 600 mm, 500 mm

and 100 mm respectively. The depth of the weeding knife into the

soil was 10 mm, and the simulation time was 0.5 s. The path of

movement of the weeding knife Consisted of stages 1 to 5. The time

of each stage was 0.1 s. Stages 1 and 5 simulated the movement of

the weeding knife in the inter-row with a forward speed of 1 m/s.

Stage 2 simulated the weeding knife entering intra-row, moving

forward at 1 m/s and moving to the right at 1 m/s. Stage 3 simulated

the movement of the weeding knife in the intra-row at a speed of 1

m/s. Stage 4 simulated the weeding knife entering inter-row,

moving forward at 1 m/s and moving to the left at 1 m/s.
2.4 Laser weed control experiment

As researchers delve deeper into laser weed control, it has been

proven to be a very promising intelligent weed control technology.

However, there are still many issues that need to be studied urgently

regarding the effect of laser parameters on weed control, such as
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wavelength and irradiation time, and the types of weeds. For

example, different types of weeds have different sensitivities

(absorption rates) to different wavelengths. Larger weeds require

more energy to be killed. The energy generated by the laser is related

to the laser power and light emission time.

In this section, 200 W NIR and 200 W blue lasers (HAN’S TCS,

Beijing, China) with adjustable power and irradiation time were used to

explore the effects of wavelength, power, and irradiation time on

weeding efficiency. The parameters of the lasers used in the

experiment are described in Table 6. The experimental site is shown

in Figure 8. The weeds used in the laser experiment came from the

vegetable greenhouse in Haidian, Beijing. To make the experimental

results as accurate as possible, the weed seedlings (2 - 4 leaves) used to

explore the wavelength, power and irradiation time were all Portulaca

oleracea L. There is no strict requirement for the species of large weeds

to be consistent, in the hope that the experimental results will be more

applicable. These weeds were collected from the greenhouse the day

before the experiment and placed in culture trays to ensure the activity

of the weeds during the experiment the next day. For the experiment,

the laser spot diameter is controlled at about 1 mm and the laser was

stationary and pointed vertically downward at the center of the weed

stem. Laser weed control is considered successful when the leaves of the
TABLE 1 Summary of EDEM properties.

Property Value

Poisson’s Ratio 0.3 - 0.4

Solids Density (kg/m3) 1130 - 2680

Shear Modulus (Pa) 1 × 106 - 1.02 × 108

Young’s Modulus (Pa) 5.2 × 107 - 1.8 × 108

Particle physical Radius (mm) 3 - 10

Coefficient of restitution (soil - soil) 0.2 - 0.6

Coefficient of static friction (soil - soil) 0.107 - 0.775

Coefficient of rolling friction (soil - soil) 0.02 - 0.6

Coefficient of restitution (soil - tool) 0.05-0.6

Coefficient of static friction (soil - tool) 0.24-0.85

Coefficient of rolling friction (soil - tool) 0.05-0.6
TABLE 2 Soil particle properties in EDEM simulation.

Property Value

Poisson’s Ratio 0.3

Solids Density (kg/m3) 2000

Young’s Modulus (Pa) 1.8 × 108

Particle physical Radius (mm) 0.9 - 1.5

Particle size distribution random

Coefficient of restitution 0.3

Coefficient of static friction 0.36

Coefficient of rolling friction 0.18
TABLE 3 Property values for soil-to-soil and soil-to-weeding knife
contact modeling.

Property Value

Particle to Particle (base) Hysteretic Spring

Particle to Particle (additional) Linear Cohesion V2

Damping factor 0.05

Stiffness factor 0.85

Yield Strengths (Pa) 2.8 × 106

Energy Density (J/m3) 46400

Particle to Geometry (base) Hysteretic Spring

Particle to Geometry (additional) Linear Cohesion V2

Damping factor 0.05

Stiffness factor 0.85

Yield Strengths (Pa) 3.8 × 108

Energy Density (J/m3) 14900
TABLE 4 Weeding knife properties in EDEM simulation.

Property Value

Poisson’s Ratio 0.29

Solids Density (kg/m3) 7801

Shear Modulus (Pa) 8.023× 1010

Coefficient of restitution 0.6

Coefficient of static friction 0.712

Coefficient of rolling friction 0.216
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weeds are knocked off or the stems are burned. By adjusting the power

of the laser output, 200 W, 100 W, 75 W and 50 W NIR laser weeding

experiments were carried out. In addition, 100W, 50W blue laser weed

control experiments (2 - 4 leaves). Not all weeds in the field are in the

seedling stage. Therefore, after the laser parameters were initially

determined, experiments were also conducted to control larger weeds

with laser irradiation. Each set of experiments was performed three

times to prevent chance events. The experiment was successful only if all

three experiments removed the weeds.
3 Results

3.1 Dimensional optimization and
simulation verification of slider-
crank mechanism

To obtain the optimized dimensions of the slider-crank

mechanism and verify the correctness of the algorithm. Input the

initial input parameters into the algorithm and run the code to get

L1 = 87 mm, L2 = 135 mm, qtruth = 46.397187°, gmint = 49.875965°,

gmaxt = 60.717813°. Figure 9 is the kinematic simulation result of the

slider-crank mechanism. The red solid line in the figure represents

the real-time distance change of the slider (weeding knife), and the

blue dotted line represents the real-time transmission angle change

of the crank slider mechanism. The simulation results showed that

gmint = 50.067°, gmaxt = 60.1558°, and S = 120.0085 mm. The

simulation results were basically consistent with the theoretical

calculation results.
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3.2 Results of EDEM
simulation experiments

Before determining the soil penetration angle and edge angle

parameters of the weeding knife, a simulation experiment was

carried out using EDEM simulation software. During the simulation

time of 0.5 s, the EDEM software recorded 1000 data points. The

original data results of simulating the resistance of the weeding knife in

the soil in EDEM software are shown in Figuress 10, 11. During the

simulation process, the changing trends of the resistance of the weeding

knife with different parameters were consistent. Among the 5 stages,

the resistance of the weeding knife in the 1st (0 - 0.1 s), 3rd (0.2 - 0.3 s)

and 5th (0.4 - 0.5 s) stages was smaller than that in the 2nd (0.1 - 0.2 s)

and 4th (0.3 - 0.4 s) stages. In the 1st, 3rd and 5th stages, the weeding

knife only moved inter-row or intra-row. The total resistance of the

weeding knife varies in the range of 0 - 2 N, and the resistance in the X

direction varies around 0 N. In the 2nd and 4th stages, the weeding

knife moved in the X direction to avoid the crop seedlings. Therefore,

the weeding knife was subject to resistance in two directions. The total

resistance varies between 2 - 4 N, and the resistance in the X direction

absolute varies between 1 - 6 N. The positive or negative value of the

resistance in the X direction represents the direction of the force, not

the magnitude. The weeding knife has the greatest resistance at 0.1 s

and 0.3 s. At 0.1 s, the weeding knife began to move from inter-row to

intra-row. At 0.3 s, the direction of movement of the weeding knife was

opposite to that at 0.1 s. In general, the simulation results were credible

and consistent with the actual situation.

To more clearly compare the resistance of weeding knives with

different parameters, the maximum value of each simulation result
frontiersin.org
TABLE 5 Results of the design of simulation experiments for weeding knife.

Penetration angle
Edge angle

0° 1° 2° 3° 4° 5°

30° Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

45° Test 7 Test 8 Test 9 Test 10 Test 11 Test 12

60° Test 13 Test 14 Test 15 Test 16 Test 17 Test 18
FIGURE 6

Explanation of the edge angle and penetration angle of the weeding knife.
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was extracted, as shown in Figure 12. The total and X directional

resistance of the weeding knife at a soil penetration angle of 4° and

an edge angle of 60° were the largest among all simulation

experiments at 20.4714 N and 17.9137 N, respectively. The total

and X directional resistance of the weeding knife when the angle of

penetration was 0° and the edge angle was 30° were the smallest in

all experiments at 12.5680 N and 11.0664 N, respectively. Therefore,

based on the simulation results, the weeding knife of the weeding

device designed in this research has a soil penetration angle of 0°

and an edge angle of 30°.
3.3 Results of laser weed
control experiments

To determine the power and type of laser in the mechanical-

laser cooperative intra-row weeding device, a laser weeding

experiment was carried out. The experimental results of the NIR

laser irradiation of weeds are shown in Table 7. When the power

was 200 W, the irradiation time of 1 s, 0.5 s and 0.4 s successfully

removed the weeds in all three experiments. When the irradiation

time was 0.25 s, only one of the three experiments succeeded in

removing the weed. Therefore, it can be inferred that the minimum
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time for a 200 W NIR laser to remove a weed was between 0.25 and

0.4 s. When the power was 100 W, the three groups of experiments

with irradiation times of 1 s, 0.5 s and 0.4 s successfully removed the

weeds. At irradiation times of 0.25 s and 0.3 s, all three experiments

succeeded only once. Therefore, it can be roughly inferred that the

minimum time for a 100 W NIR laser to remove a weed was

between 0.3 s and 0.4 s. When the power was 75 W and 50 W,

irradiating the weeds for 1 s succeeded only once in all three

experiments. The NIR lasers with two powers, 75 W and 50 W,

will remove weeds in more than 1 s, and will no longer be suitable

for real-time laser weeding robots. Therefore, no further

experiments were done. Figure 13A shows some experimental

results of removing weeds after irradiating weeds with a 200 W

NIR laser for 1 s, 0.5 s, and 0.4 s, respectively. Figure 13B shows

some experimental results of removing weeds after irradiating

weeds with a 100 W NIR laser for 1 s, 0.5 s, and 0.4 s, respectively.

The experimental results of the blue laser irradiation of weeds

are shown in Table 8. When the power was 100 W, the laser

irradiated the weeds for 1 s, 0.5 s, and 0.25 s, respectively, and the

weeds were successfully removed in all experiments. When the

irradiation time was 0.2 s, one of the three experiments was

successful. When the irradiation time was 0.1 s, all three

experiments were unsuccessful. Therefore, it can be inferred that

the minimum time for the 100 W blue laser to remove weeds was

between 0.2 s and 0.25 s. When the power was 50 W, the laser

irradiated the weeds for 1 s, 0.5 s and 0.4 s, the weeds were

successfully removed in all experiments. When the irradiation

time was 0.3 s, two of the three experiments were successful.

When the irradiation time was 0.25 s, all three experiments failed.

Therefore, it can be inferred that the minimum weed removing time

of the 50W blue laser was between 0.3 s and 0.4 s. Figure 14A shows

some experimental results of removing weeds after irradiating

weeds with a 100 W blue laser for 1 s, 0.5 s, and 0.25 s,

respectively. Figure 14B shows some experimental results of

removing weeds after irradiating weeds with a 50 W blue laser for

1 s, 0.5 s, and 0.4 s, respectively.

Table 9 describes the removing ability of the 50 W blue lasers

for large weeds. By gradually decreasing the irradiation time, it was

found that when the time was 0.5 s, two experiment was not able to
FIGURE 7

Simulated motion path of the weeding knife.
TABLE 6 Basic parameters of the two lasers.

Laser type
Parameters

NIR Blue

CW output power (W) 200 200

Center wavelength (nm)
915 ± 10
980 ± 10

450 ± 10

Spectral width (90% of
Power) (nm)

< 10.0 4.0

Power adjustment range (W) 0 - 200 0 - 200

Spot size (mm) 1 1

Output method Continuous output Continuous output

Control method Local control RS232

Cooling method Water cooling
(25°C)

Water cooling
(25°C)
FIGURE 8

Description of the laser weeding experimental site and equipment.
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remove the weeds. Therefore, it can be concluded that the

minimum time for the 50 W blue laser to remove large weeds

was between 0.5 s and 0.6 s.

Comparison of NIR and blue lasers in weed control experiments

revealed that the weed control effect of a 50 W blue laser was

basically the same as that of a 100 W NIR laser. Therefore, as far as

NIR and blue lasers were concerned, blue lasers would be more

suitable for laser weed control.
3.4 Prototype

Figure 15 shows the first-generation prototype of the

mechanical-laser collaborative intra-row weeding device.

Technologies such as machining, welding, laser cutting, and 3D

printing were used in the processing of the device. In addition, some

standard parts, such as guide rail slider modules, aluminum profile,

screws, nuts and synchronous belt modules, were also purchased.

Among all the machined parts, the weeding knife was made of 304

stainless steels, and the others were made of aluminum alloy. The

weeding device was fixed to a body constructed from 40-type

aluminum profiles. The laser used fiber output mode. The output

end of the laser (laser head) was a focusing lens with an irradiation

distance of 120-130 mm and a spot size of 1 mm. The power of the

laser was 50W. The edge angle of the weeding knife was 30° and the

soil penetration angle was 0°. The crank length in the prototype was

87 mm, and the link length was 135 mm.
4 Discussion

4.1 Algorithms and simulations

The optimization of the slider-crank mechanism is an important

part of structural design. Many scholars will propose targeted
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optimization methods (algorithms) for slider cranks based on actual

needs. In this research, starting from the basic formula of the slider-

crank mechanism, the relationship between the crank, link, working

space, and transmission angle was derived. A size optimization

algorithm for the slider-crank mechanism was proposed based on

these relationships. The algorithm was developed in MATLAB

software. The results obtained by the algorithm are often not

integers. Many results meet the design requirements but do not meet

the processing requirements. To this end, the algorithm was further

optimized. When the algorithm obtains the optimization result for the

first time, the result will not be output. Instead, the result will be

rounded off to verify whether it meets the design requirements, and the

optimization result that meets the design requirements will be output.

In this way, the crank and link lengths calculated by the optimization

algorithm meet the design and processing requirements. In the study,

ADAMS was used to perform kinematic simulation verification on the

crank slider mechanism. The simulation results were basically

consistent with the algorithm operation results. The slight deviation

may be due to the retention of two valid values when setting the

simulation parameters. This algorithm considers the crank, link,

transmission angle, and working space of the slider-crank

mechanism. These four factors mainly affect the kinematic

characteristics of the slider-crank mechanism, while the factors

affecting the dynamic characteristics of the slider-crank mechanism,

such as vibration force, vibration torque, and clearance, are not

considered in this study (Chaudhary and Chaudhary, 2015; Chen

et al., 2021; Huang et al., 2010). Compared with the fields of engines,

the application of the slider-crank mechanism in the weeding field is

not high-frequency and delicate. Therefore, under the condition of

limited resources, only considering the kinematic characteristics will

not have a great impact on the weeding robot. When iterating the

structural design of the weeding robot, you can consider conducting

deeper research.

Analyzing the interaction between soil and farm tools is helpful to

improve farming efficiency. The use of simulation software to simulate
FIGURE 9

Kinematic simulation results of the slider-crank mechanism.
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FIGURE 11

The original data plot of the X direction resistance of the soil to the weeding knife during the simulation experiment. (A) The edge angle is 30° and
the angle of penetration is 0° - 5°. (B) The edge angle is 45° and the angle of penetration is 0° - 5°. (C) The edge angle is 45° and the angle of
penetration is 0° - 5°.
FIGURE 12

Summary plot of the maximum resistance suffered by weeding knives with different parameters in the simulation experiments. (A) Total resistance.
(B) X-direction resistance.
FIGURE 10

The original data plot of the total resistance of the soil to the weeding knife during the simulation experiment. (A) The edge angle is 30° and the angle of
penetration is 0° - 5°. (B) The edge angle is 45° and the angle of penetration is 0° - 5°. (C) The edge angle is 45° and the angle of penetration is 0° - 5°.
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and analyze the interaction between farm tools and soil is an effective

way to reduce experimental costs. This study uses EDEM software to

simulate and analyze the force conditions of triangular weeding knives

with different soil penetration angles and edge angles in the soil.

According to the simulation results, the soil penetration angle of the

weeding knife of the mechanical-laser collaborative intra-row weeding

robot was determined to be 0° and the edge angle was 30°. The

accuracy of simulation results is closely related to the setting of soil

parameters. In most of the current related studies, soil parameters are

experimentally measured (Yang et al., 2024; Zhang P. et al., 2023,

Zhang S. et al., 2023). However, the weeding device will perform
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weeding in different vegetable fields, and the soil parameters of different

vegetable fields are different. For weeding knives, the soil parameters

measured experimentally cannot fully represent the soil parameters in

actual work. Therefore, this study did not use the experimental

measurement method to obtain the soil parameters in the EDEM

software, but instead used the literature review method to summarize

the soil parameters in the literature published in recent years to

determine the soil parameters of this study. When the entire weeding

robot is developed, we will use force sensors to conduct field tests to test

the force conditions of weeding knives with different soil penetration

angles and edge angles.
TABLE 7 Experimental results of weed control with NIR lasers of different powers.

Power (W) Irradiation time (s) Test 1 Test 2 Test 3 Success rate (%)

200

1 ✓ ✓ ✓ 100

0.5 ✓ ✓ ✓ 100

0.4 ✓ ✓ ✓ 100

0.25 ✓ ✕ ✕ 33.3

100

1 ✓ ✓ ✓ 100

0.5 ✓ ✓ ✓ 100

0.4 ✓ ✓ ✓ 100

0.3 ✕ ✕ ✓ 33.3

0.25 ✓ ✕ ✕ 33.3

75 1 ✓ ✕ ✕ 33.3

50 1 ✓ ✕ ✕ 33.3
✓ indicates that the experiment is successful, and × indicates that the experiment is failed.
FIGURE 13

Diagram of the results of a laser weed control experiment. (A) 200 W NIR laser weeding experiment, (B) 100 W NIR laser weeding experiment.
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4.2 Laser weed control experiment

In this study, NIR and blue lasers were used to conduct laser

weed control experiments in a laboratory environment, and the

effects of wavelength, irradiation time and power on the laser weed

control effect were explored. Wang, M. et al. (2022) used a 90 W

NIR laser to irradiate weeds for 0.64 s to effectively control weeds. In

this experiment, a 100 W NIR laser takes about 0.4 s to stably and

effectively control weeds. Considering the differences between

laboratory and field environments, the results of the laser weeding

experiment in this study have a great reference basis. The success of

conventional laser weeding experiments is judged based on the

change in dry weight of weeds after laser irradiation (Zhu et al.,

2022). The success of the weeding experiment in this study was

judged when all the leaves of the weeds fell off or the stems of the

weeds were burned. The laser weeding method used in this study is

consistent with the laser weeding robot of CARBON ROBOTICS,
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both of which require causing significant damage to the weeds or

even killing them. Therefore, although field laser weed control

experiments have not been conducted, the possibility of effectively

controlling weeds in the field using the laser parameters determined

by this experiment is very high. Even if the weed control effect in the

laboratory cannot be achieved, it will have a serious impact on the

growth ability of weeds. Once the weeding robot is developed, laser

weeding experiments will be conducted in vegetable fields to further

optimize the laser parameters.
4.3 Energy, cost and environment

The laser dose was determined by the irradiation time (s) and

power (W), and the energy consumption was calculated using

Equation 8 (Andreasen et al., 2024a, 2024b). The experimental

results of this study show that when the NIR laser has a power of
TABLE 8 Experimental results of weed control with blue lasers of different powers.

Power (W) Irradiation time (s) Test 1 Test 2 Test 3 Success rate (%)

100

1 ✓ ✓ ✓ 100

0.5 ✓ ✓ ✓ 100

0.25 ✓ ✓ ✓ 100

0.2 ✓ ✕ ✕ 33.3

0.1 ✕ ✕ ✕ 0

50

1 ✓ ✓ ✓ 100

0.5 ✓ ✓ ✓ 100

0.4 ✓ ✓ ✓ 100

0.3 ✓ ✓ ✕ 33.3

0.25 ✕ ✕ ✕ 0
✓ indicates that the experiment is successful, and × indicates that the experiment is failed.
FIGURE 14

Diagram of the results of a laser weed control experiment. (A) 100 W blue laser weeding experiment, (B) 50 W blue laser weeding experiment.
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100 W, it requires an energy of 9.55 J mm−2- 12.73 J mm−2to stably

and effectively control weeds, while when the blue laser has a power

of 50 W, it requires an energy of 4.77 J mm−2- 6.36 J mm−2 to stably

and effectively control weeds. The irradiation time of both lasers

was 0.3-0.4 s. This shows that Portulaca oleracea L has a better

absorption effect on the wavelength of 450 nm than the combined

wavelength of 915 and 918 nm. The efficiency of laser weed control

is also related to the ability of weeds to absorb wavelength. Under

the same circumstances, blue lasers are more energy efficient.

Dose(J mm−2) = W � s=(22=7� 12mm2) (8)

The current mainstream laser weeding robots use CO2 lasers,

NIR lasers and blue lasers. This study consulted five laser production

companies in China (Beijing, Shenzhen, Shanghai and Changchun)

and a British laser company. According to consultation, the price of a

100 W NIR (wavelength: approximately 980 nm) laser is about

20,000-35,000 RMB, the price of a 50 W blue laser (wavelength:

approximately 450 nm) is 25,000-35,000 RMB, the price of a 150 W
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CO2 glass tube laser (wavelength: 10.6 mm) is about 3,000 RMB and

the price of a 150WCO2 radio frequency laser (wavelength: 10.6 mm)

is about 40,000 RMB. In terms of size, the length, width and height of

the blue and NIR lasers are approximately 50 cm × 50 cm × 15 cm

(air cooling mode), width and height of the CO2 radio frequency laser

approximately 66 cm × 20 cm × 22 cm, and the CO2 glass tube laser is

a cylinder about 170 cm long and 8 cm in diameter. The CO2 glass

tube laser is the cheapest of the four lasers, but also the longest. The

other four lasers are packaged by laser manufacturers, so they are

relatively expensive. Considering both weed control efficiency and

robot cost, buying the accessories and making them yourself is a

feasible idea. In addition, selecting a wavelength that is more

efficiently absorbed by weeds, such as 450 nm in this study

(compared to 980 and 915 nm), can reduce energy consumption

under the same conditions. In the future, as laser technology

develops, the performance of lasers will get better and better while

the price will also decrease.

Both laser weeding and mechanical weeding are environmentally

friendly (Krupanek et al., 2024). If the laser weeding robot wants to be

able to handle high-density fields, it needs to use multiple laser

modules. For example, the laser weeding robot developed by

CARBON ROBOTICS uses 32 lasers. But this means high cost and

high energy consumption. Compared with laser weeding robots,

mechanical weeding robots have lower manufacturing costs and

consume less energy. However, they are more likely to damage crops

when removing weeds very close to them. Therefore, most mechanical

weeding robots currently set up a safety circle around the crops. The

mechanical-laser collaborative intra-row weeding prototype designed

in this study is a new weeding device that combines the advantages of

mechanical weeding and laser weeding. It can further improve the

removal rate of intra-row weeds while ensuring the integrity of the

crop. With the development of renewable energy such as solar energy,

the energy cost of weeding robots will no longer be a problem.
TABLE 9 50 W blue laser removing capacity of large weeds with
different irradiation times.

Power (W) Irradiation time (s) Test

50

1 ✓

1 ✓

0.8 ✓

0.7 ✓

0.6 ✓

0.5 ✕

0.5 ✕
✓ indicates that the experiment is successful, and × indicates that the experiment is failed.
FIGURE 15

Prototype of mechanical-laser cooperative intra-row weeding device. (A) 3D Model, (B) First generation prototype.
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4.4 Mechanical-laser collaborative intra-
row weeding device

At present, bionic agricultural tools are a hot research direction

(Luo et al., 2024). Compared with the traditional ridger, the bionic

ridger designed based on the shape of a wild boar head reduced the

penetration resistance by 16.67% (laboratory test) at a speed of 4.2

km/h, and the penetration resistance decreased by 6.91% in field

tests (Li et al., 2017; Salem et al., 2021). The bionic electro-osmosis

technology inspired by the body surface of burrowing animals can

reduce the soil adhesion of tillage tools by 29.8%-90% (Massah et al.,

2021). Salem et al. (2021) designed and tested 27 domed discs

inspired by soil burrowing animals to determine the optimal

dimensions of the dome surface to reduce drag. Tests were

conducted under laboratory conditions and the results showed

that a properly designed dome surface can significantly reduce

drag in cohesive soils compared to a flat disc. Many studies have

shown that agricultural tools designed based on bionics have better

performance than traditional agricultural tools. However,

agricultural tools based on bionic design often have higher

processing costs than traditional agricultural tools. This study

used a traditional triangular weeding knife, which has the

advantage of low processing cost. In the future, when upgrading

and iterating the structural design of the weeding robot, finding

some animals with bionic shapes like triangles will be consider

developing bionic weeding knives. Perhaps this is a way to balance

the performance and manufacturing cost of the weeding knife.

Through the design and optimization of the structure, this study

realized the integrated structural design of mechanical weeding and

laser weeding and manufactured the first prototype. To ensure the

structural strength of the entire device, stainless steel and aluminum

alloy were mainly used in processing and manufacturing. In

addition, our developed a lightweight deep learning algorithm

with intra-row weed severity classification capabilities (Hu et al.,

2024). The algorithm classifies the severity of the intra-row weeds

three levels (no weeds, mild and severe), solving the problem of how

mechanical weeding and laser weeding can work together.

Currently, the control system is under development. After the

control system development and weed control device debugging

are completed, weed control tests will be carried out in the lettuce

field. This field test intends to test the actual weeding performance

of the weeding device through three modes: simple mechanical

weeding mode, laser weeding mode, and mechanical-laser

collaborative weeding mode. Based on the test results, the

weeding device will be upgraded by lightweight design, improved

control system, optimized identification and positioning system,

and bionic weeding knife design.
5 Conclusions

In this study, a novel mechanical-laser collaborative weeding device

structure was proposed for weed control in vegetable intra-row. A

slider-crank mechanism size optimization algorithm was proposed for
Frontiers in Plant Science 15
the design and optimization of the slider-crank mechanism. When the

initial parameters gmin1, gmin2, gmin, gmax1, gmax2, S were 49°, 51°, 50°,

60°, 70° and 120 mm, respectively. L1, L2, qtruth, gmint and gmaxt were 87

mm, 135 mm, 46.397187°, 49.875965° and 60.717813°, respectively. To

verify the correctness of the algorithm, the kinematics of the crank

slider mechanism was simulated using ADAMS software, and the

results were gmint = 50.067°, gmaxt = 60.1558°, and S = 120.0085 mm.

The simulation results were basically consistent with the algorithm

results. EDEM software was used to simulate and analyze the resistance

of triangular weeding knives with different soil penetration angles and

edge angles in the soil. The simulation results show that the weeding

knife encountered the least resistance when its soil penetration angle

was 0° and its edge angle was 30°. In addition, weed removal

experiments with different powers and lasers were conducted using a

200 W NIR and 200 W blue laser. The experimental results show that

the time it took for a 50W blue laser and a 100WNIR laser to remove

small weeds was approximately between 0.3 and 0.4 s, and the time it

took for a 50 W blue laser to remove larger weeds was approximately

between 0.5 and 0.6 s. The time it took for 75 W and 50 W NIR lasers

to remove weeds was greater than 1 s. A 50W blue laser is a good laser

for real-time laser weed control. Based on the above research results, a

prototype of a mechanical-laser collaborative intra-row weeding device

was built. The main processing technologies used were machining,

laser cutting, and 3D printing. The weeding device used a 50 W blue

laser with a spot size of 1mm and a focusing lens irradiation distance of

120-130 mm. The edge angle of the weeding knife used was 30°, and

the soil penetration angle was 0°. The crank and link lengths were 87

mm and 135 mm, respectively. The mechanical-laser collaborative

intra-row weeding method proposed in this study provides a new idea

in the field of intelligent weeding. The relevant experimental results can

provide a reference for the design of mechanical weeding equipment

and laser weeding equipment design.
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