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The performance of existing rice-paddy weeding machines is not optimal. In this study, the influence of the installation angle of the weeding-wheel blade on cutting resistance and soil-slippage ability was analyzed. The optimal blade angle of the weeding wheel (i.e., the angle at which the resistance to the weeding wheel is minimal and the disturbance speed of the soil maximal) was shown to be< 20°; numerical simulation showed the actual optimal value to be 0°. Different weeding depths (30, 40, and 50 mm), rotation speed of weeding wheel (120, 180, and 240 r/min), and weeder forward speeds (0.3, 0.6, and 0.9 m/s) were used as test factors, and the rates of seedling injury and weeding were used as performance-evaluation criteria to optimize the machine in a secondary orthogonal-rotation combination test. Field experiments showed that the weeding wheel can exhibit optimal working performance under the operating conditions of weeding depth of 39 mm, rotation speed of 175 r/min, and forward speed of 0.6 m/s. The seedling injury and weeding rates were 4.4% and 88.2%, respectively, which were consistent with the numerically predicted results and met the agronomic requirements. This study provides a technical reference for the improvement of paddy-field weeding components.
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1 Introduction

Weeds spread easily in the rice-field ecosystem and cause great harm to the growth of rice (Zhang et al., 2015; Zhang et al., 2016; Kaur et al., 2018). Weed control in paddy fields is an important part of yield assurance (Armengot et al., 2013; Pannacci and Tei, 2014). Mechanical weeding has attracted wide attention as a non-chemical weed-control method (Shaner and Beckie, 2014). It has the advantages of low labor intensity, high work efficiency, and low cost (Fontanelli et al., 2013); it can also disturb the field soil and increase its oxygen content, promoting the growth of crop roots. Different types of weed control machinery for paddy fields have been developed, among them battery-assisted inter-row weeders (Jiao et al, 2022), self-propelled inter-row weeders (Tang et al., 2021a), and vision-based weeding robots (Wang et al., 2018). However, most of these studies focused on the light simplification and intelligent design of the whole machine rather than on the optimization of the characteristics of key components. Only a few studies have been conducted on the relationship between the structure of key weeding components and weeding performance. In actual operation, weeding machines are prone to problems such as excessive working resistance, low weeding rates, and excessive damage to crop seedlings.

In other branches of agriculture, the influence of the parameters of soil-contacting components on the working resistance and effectiveness has been studied. Fang et al. (2016) approached this problem through numerical simulation, using discrete-element methods. Bentaher et al. (2013) used three-dimensional reconstruction and the finite-element method to simulate the interaction between the plow and the soil, obtaining the working angle of the minimum resistance of the plow. These researchers assumed dryland soil, but a similar approach may be applicable to weeding in paddy fields. The soil in rice fields has a strong adhesive force, and the weeding wheel is subject to great resistance during operation. Discovering the optimal installation angle for the blade of the weeding wheel would reduce the operating resistance and improve the weeding performance.

In this study, the weeding-wheel blade-mounting angle and the field-operation parameters are optimized. The relationship between the installation angle of the weeding-wheel blade and the resistance and weeding performance of the weeding wheel is determined through theoretical analysis and simulation, and the optimal combination of parameters for weeding-wheel operation is determined through orthogonal-rotation tests. The operational performance of the weeding wheel is verified by conducting field experiments.



2 Material and methods


2.1 Overall structure of weeder

The team has developed a paddy-field inter-row weeder (Figure 1) that typically contains rake-tooth weeding wheels, a frame, front and rear vehicle wheels, a hoeing-depth-adjustment device, and related accessories (Tian et al., 2022). The most important working part is the inter-row weeding device, installed in front of the driver’s seat between the front and rear wheels of the weeding machine.




Figure 1 | Schematic diagram of a paddy field weeding device: (A) top view; (B) bottom view. (1. Suspension device. 2. Hoeing-depth-adjusting device. 3. Frame. 4. Walking device. 5. Anti-winding knife. 6. Intra-row weeding device. 7. Mud scraper. 8. Inter-row weeding device. 9. Depth-limit plate.).



The weeding device includes a square shaft, weeding wheels, and a gearbox (Figure 2A). Each weeding wheel is composed of a shaft sleeve, blades, blade-mounting seats, and side plates, as shown in Figure 2B. The width of a weeding wheel is 220 mm; its radius is designed to be 125 mm. The six blades have rake teeth; the blade length is 120 mm (Tian et al., 2021).




Figure 2 | Schematic diagram of (A) inter-row weeding component and (B) individual weeding wheel (1. Weeding wheel. 2. Gear box. 3. Square shaft. 4. Rake tooth. 5. Bearing sleeve. 6. Mounting base. 7. Side plate.).



During operation, the weeding wheel rotates. As it enters the soil, each blade produces a downward pressure on the soil and weeds. Subsequently, when the rake tooth is unearthed, the soil and weeds are thrown back; thus, weeds are removed and the soil is loosened.



2.2 Optimization range analysis of blade parameters of weeding wheel

Each blade is installed on the hexagonal wheel at a fixed angle α. As shown in Figure 3A, stands are installed between the blades and the wheel to ensure stability; thus, α is a constant. In actual operation, the existence of the stands means thathe blades cannot be completely buried. The installation angle (α) of the blade will affect the actual penetration length, and thus the resistance to the weeding wheel during operation. Figure 3B reveals that the relationship between α and the actual penetration length of the blade is




Figure 3 | Operation of weeding wheel: (A) side view of wheel; (B) enlarged view of blade-attachment site, showing the installation angle α; (C) soil-particle stress-analysis diagram.



 

 

where S1 is the length of blade not buried, L is the length of the blade-installation side, Smax is the total length of the blade, and all distances are in mm.

In Eq. (2), when the total length of the blade and the installation-side length are fixed, a smaller α corresponds to a smaller S. As per an established formula (Liu et al., 2019) and Eq. (2), the resistance of the weeding wheel to cut the soil can be expressed as

 

where Pc  is the resistance of the weeding wheel [N],  kc  is the specific energy consumption in cutting [N·m/mm 3], and  vm is the forward speed of the weeding wheel as it cuts the soil [m/s].

In Eq. (3), α is the only variable. It can be seen that Pc decreases when α also decreases; when α = 0°, the resistance of the blade to cutting the soil is the smallest.

When the blade is out of the soil, any soil wrapped with weed roots that has accumulated on it will slip off under the action of gravity. Different angles of α result in different values of the sliding force, which should be maximized for the best soil-desorption effect. To explore the influence of angle on the soil particle sliding force, mechanical analysis was conducted on soil particles on the blade out of the soil, as shown in Figure 3C.

The soil particles are subjected to gravitational force –mg , the supporting force of the blade –FN , and sliding friction Ff . (All forces are measured in newtons.) Decompose mg into a component force F0 perpendicular to the blade downward and a component force parallel to the blade plane reveals that

 

where F1 is the component that provides centripetal force to the soil, and F2 is the reaction to FN. The normal force, Fnf , on soil particles can be expressed as

 

where anv is the normal relative acceleration of soil particles [m/s2]. The normal relative force,  F1 , of the soil particles can be decomposed into the centripetal force, Fcf , and the tangential component, Fc , of the soil-implicated movement, related by

 

where ata is the soil-implicated acceleration [m/s2], ω is the angular speed of the weeding wheel [rad/s], rQ is the distance between the soil particle and the rotation center [mm], and β is the angle between the soil particles and the rotation center line and the blade plane[°].   The tangential force, Fta , of the soil particles parallel to the downward direction of the blade is

 

where atv is the tangential relative acceleration of the soil particles [m/s2] and μ is the coefficient of sliding friction between the soil particles and the blade of weeding wheel. According to Eq. (4) – (7), the resultant force Fp of soil particles is

 

To find the value of α that maximizes Fp , perform the following calculation:

 

It can be drawn by calculating Eq.(9) that when α is 20°,  Fp gets the maximum value.

To reduce the cutting resistance as much as possible and ensure the soil removal ability of the blade, the installation angle of the blade should be between 0° (where the resistance is smallest) and 20° (where the soil-removing ability is greatest).



2.3 Simulation test

In order to determine the best installation angle of the blade of the weeding wheel, five weeding wheel models were designed with α = 0°, 5°, 10°, 15°, 20°, and their operation was simulated and analyzed by EDEM discrete-element modeling software. Because weed growth in paddy fields is complex, directly analyzing a blade–water–soil model using simulation software is difficult. Therefore, in this study, α was evaluated from the resistance received by the weeding wheel in the process of operation and from the movement speed of soil particles.

During the weeding of paddy fields, the soil in the tillage layer is saturated with water after irrigation and bubble-field treatment. In this study, two different particle sizes were chosen to represent soil and water in the paddy soil layer. To save simulation time and reduce storage space, the simulation of soil particles was appropriately enlarged. Soil particles with a radius of 5 mm were used to simulate paddy soil, and the shear modulus of water in the simulation experiment was set to 1.0×108 Pa. Based on a review of the paddy-soil literature (Yang et al., 2021), Poisson’s ratio of the paddy soil was taken to be 0.5, the shear modulus to be 1.0×108 Pa, the density to be 1860 kg/m3, and the surface energy to be 0.15 J/m2. The weeding wheel was made of steel, with Poisson’s ratio 0.3, elastic modulus 7.0 × 1010 Pa, and density 7800 kg/m3. To meet the requirements of the medium-tillage weeding simulation, a virtual soil tank was established with length × width × height 1000 mm × 450 mm × 100 mm, and a 20-mm-thick water layer was established on the soil tank (Jiang et al., 2020).

Table 1 lists the contact parameters of the simulation model. To ensure the continuity of the simulation process (Zhang et al., 2020), the fixed time step was set to 4.15×106 s (20% of the Rayleigh time step). The data storage interval was 0.01 s. After the simulation, the results were exported and analyzed using the EDEM software post-processing tool module.


Table 1 | Contact parameter table of simulation model.



Figure 4 shows the analyzed comprehensive resistance of the weeding wheels with different blade-installation angles according to the simulation results:

	When α=0°, the resistance fluctuated in the range of 40–130 N, and the average resistance was approximately 61 N.

	When α=5°, the resistance fluctuated in the range of 10–150 N, and the average resistance was approximately 68 N.

	When α=10°, the resistance fluctuated in the range of 20–150 N, and the average resistance was approximately 73 N.

	When α=15°, the resistance fluctuated in the range of 40–150 N, and the average resistance was approximately 82 N.

	When α=20°, the resistance fluctuated in the range of 40–160 N, and the average resistance was approximately 91 N.






Figure 4 | Comprehensive resistance diagram of weeding wheel at five installation angles.



Thus, with the increase in α, the resistance of the weeding wheel increases.

Figure 5 shows the relationship between soil particle velocity and blade installation angle of weeding wheel.




Figure 5 | Velocity map of soil particles at five installation angles.



During the weeding operation, the disturbance of the weeding wheel on the soil can be expressed by the velocity of the soil-particle movement:

	When α=0°, the maximum value of soil particle velocity was 3.51 m/s, and the average value was 1.81 m/s.

	When α=5°, the maximum value of soil particle velocity was 3.02 m/s, and the average value was 1.35 m/s.

	When α=10°, the maximum velocity of soil particles was 2.7 m/s, and the average velocity was 1.24 m/s.

	When α=15°, the maximum value of soil particle velocity was 2.33 m/s, and the average value was 0.9 m/s.

	When α=20°, the maximum value of soil particle velocity was 2.01 m/s, and the average value was 0.67 m/s.



It can be concluded that with the increase of α, the velocity of soil particles decreased. As α decreased, the resistance of the weeding wheel also decreased and the moving speed of the soil particles increased. When α=0°, the average resistance of the weeding wheel reached the minimum value of 61 N, and the movement speed of soil particles reached the maximum value of 3.51 m/s, as shown in Figure 6. At this time, the soil disturbance effect was the best. Therefore, the optimal value of α was 0°.




Figure 6 | Simulation diagram of soil particle velocity at installation angle α = 0°.



When the weeding wheel acts on the rice field, the disturbance of the soil is less when less of the blade has entered the soil. The smaller the reaction force of the soil on the blade of the weeding wheel results in less resistance of the weeding wheel. The cutting pitch of the weeding wheel also decreases, so less soil is cut in a single time, and better soil-breaking takes place. Therefore, when α=0°, the resistance of the weeding wheel is the smallest (Duan et al, 2015). The installation angle of the blade will affect the penetration angle and penetration point (Tang et al., 2021b), which in turn will affect the movement speed of soil particles. In the actual farming environment, if the penetration angle is too large, the backward movement speed of soil particles is reduced, so that the turning speed is lower than the throwing speed, resulting in backwater. Therefore, when α=0°, the penetration angle of the blade is the smallest and the movement speed of soil particles is the largest (Han et al., 2020).




3 Results and discussion


3.1 Test conditions

To verify the performance of the weeding machine designed in this study, field experiments were conducted in Fenghuang Town, Fengtai County, Huainan City, Anhui Province, China. The experiments were conducted nine days after transplantation, over a test area of ~1.4 hectares. The rice variety cultivated in the experimental field was Nanjing 9108; the average height of seedlings was 255 mm. The rice seedlings grew well, without any obvious diseases or insect pests. No herbicide was applied to the test field. The average height of the weeds was 105 mm; their average root depth was 27 mm. The average density of weeds between rows was approximately 100 plants/m2, and the average density of weeds between plants was approximately 25 plants/m2. Figure 7 shows the field-weeding experiment with the paddy-field weeding device.




Figure 7 | Field-weeding experiment.





3.2 Test method

Before weeding, the numbers of weeds and seedlings in the test area were determined. After the weeding test was completed, the numbers of weeds removed and not removed were both counted. Each group of data was collected three times, and an average was taken (Jia et al., 2021).

To verify the weeding performance of the rotary rake-tooth paddy-field weeding components designed in this study, the weeding rate (η1) and damaged-seedling rate (η2) were selected as the test indexes for field performance test:

 

 

In Eqs. (10) and (11), η1 is the percent weeding rate of the row-weeding device; Z is the total number of inter-row weeds in rice in the test area; Z1 is the total number of residual weeds among rice rows after weeding; η2 is the percent injury rate from weeding between rows; M1 is the number of damaged seedlings crushed, uprooted, and lodged in the test area after the operation; and M is the total number of seedlings in test area.



3.3 Experimental design

In the process of weeding, the weeding depth, rotation speed of the weeding wheel, and forward speed also affect the key factors of weeding rate and seedling injury rate. So, weeding depth A [mm], rotation speed B [r/min], and forward speed C [m/s] were used as test factors. Seedling injury rate R1 and weeding rate R2 were selected as test indexes. After the test, Design–Expert software was used to process the data, establish the regression equation and the optimization model, and obtain the primary and secondary relationship and the optimal combination of the influence of the test factors on the test indicators. Table 2 is the design-factor-level coding table.


Table 2 | Coding with factors and levels.





3.4 Multi-factor test results and analysis

The results of the quadratic orthogonal-rotation combination test are shown in Table 3.


Table 3 | Protocols and results.




3.4.1 Analysis of variance

F-test and variance analysis were conducted for each coefficient in the regression model. The results of variance analysis for the seedling injury rate R1 and the weeding rate R2 are shown in Table 4.


Table 4 | Anova of response surface quadratic model for R1 and R2..



The data in Table 4 were subjected to quadratic multiple-regression fitting, and the quadratic-term model was selected to establish the regression model between the seedling injury rate R1, the weeding rate R2, and various influencing factors. The following quadratic multiple-regression equations relating R1 and R2 to the soil depth A, the rotation speed B of the weeding wheel and the forward speed C are obtained:

 

 

As listed in Table 4, the P-values of the model-misfit terms of the objective functions R1 and R2 are 0.0613 and 0.0676, respectively; these are greater than 0.05, indicating no misfit factor. The aforementioned regression equation can be used to replace the real point of the test to analyze the test results.

The analysis of variance in Table 4 shows that the significant P-values of the R1 and R2 models are 0.0391 and 0.0221, respectively; these are less than 0.05, indicating that the model is statistically significant. For objective function R1, factor C2 is very obvious and factor B2 is obvious; for objective function R2, factors A2 and B2 are very obvious. The F values in Table 4 indicate the influence of each influencing factor on the test index: larger F values correspond to larger influence. From Table 3, experimental factor A was the factor exerting the most influence on R1 and the least on R2; factor C exerted the least influence on R1 and the most on R2.

The reason that weeding depth has the greatest impact on the rate of seedling injury is related to the characteristics of rice-root growth. Rice is a typical fibrous root plant (Chai et al., 2019). In the field experiment, when the rice roots were at the tillering stage, the lateral expansion was the largest (Lee et al., 2021); the root group was distributed in a flat oval shape in the range of 20 mm (Zheng et al., 2017; Kahriz and Kahriz, 2018), and the root length was generally between 40 and 60 mm. When the weeding depth is greater than 40 mm, the blade on the weeding roller will inevitably disturb and hurt the roots of rice seedlings (Van et al., 2008). With the movement of the roots, the seedlings will also swing towards the weeding-wheel operation area, leading to further damage. When the deepest depth of the weeding wheel increases, the thickness and area of the soil layer stirred by the weeding wheel also increases. While the weeds are buried and removed, some soil blocks are thrown onto the seedlings, so that the injury rate increases.

The reason that the weeder forward speed has the greatest impact on the weeding rate is that when the rotation speed is fixed, a slower forward speed of the machine implies that a longer time is available for the weeding wheel to work on a given length of soil, increasing the cutting frequency of the blade (Wang et al., 2021) and causing greater soil disturbance (Qi et al., 2015); therefore, the weeding effect is better.



3.4.2 Response surface methodology

According to the response surface generated by the Design-Expert software, for the seedling injury rate, the forward speed of the fixed weeding machine is 0.6 m/s; as shown in Figure 8A, when weeding depth A is 34.93 mm and rotation speed B is 170.89 r/min, the seedling injury rate has the minimum value of 3.9%. For the weeding rate, the forward speed of the fixed weeding machine is 0.6 m/s. As shown in Figure 8B, when A is 37.76 mm, B is 174.67 r/min. The maximum weeding rate is 90.2%.




Figure 8 | Response surfaces for (A) injury rate and (B) weeding rate.



Because the optimal parameter combination of each test factor of the weeding wheel is different under different indicators, it is impossible to evaluate the optimal parameter combination directly; instead, it is necessary to consider the comprehensive impact of various factors on different indicators (Li et al., 2021). The main purpose of weeding between rows in a paddy field is to eliminate young grass between rows and create favorable conditions for crop growth (Shi et al., 2021), the ideal effect of inter-row weeding is to reduce the seeding injury rate as much as possible while ensuring a high weeding rate. Therefore, the weeding rate index should be given priority. Combining literature results (Colbach et al., 2014) with the actual situation of the field experiment, the optimal parameters of the weeding operation were determined to be A = 39 mm, B = 175 r/min, C = 0.6 m/s. According to the results displayed by the Design-Expert software, in this case, the seedling injury rate is 4%, and the weeding rate is 89%.




3.5 Field verification test

On July 5, 2021, a field verification test of the weeding device was conducted in the experimental field described in subsection 3.1, using the optimal parameter combination described in subsection 3.4.2. The seedling injury rate and weeding rate were taken as the test indexes. Five repeated tests were conducted in total, and an average value was taken subsequently. Section 3.2 describes the calculation method for the test structure. Table 5 lists the processed and analyzed results.


Table 5 | Field experiment results.



Note that in Table 5 that the weeding rate and seedling injury rate obtained from the verification test are 88.2% and 4.4%, respectively, very close to the software predictions (89% and 4%). This indicates that the software optimization parameters were accurate and feasible. The weeding quality of the machine under the optimal parameter combination was clearly quite good.




4 Conclusion

Existing rice-weeding machines encounter large operating resistances in paddy fields; they have low weeding rates and high seedling-injury rates. To solve these problems, the parameters of the weeding-wheel blades should be optimized. In this study, the key components of mechanical weeding in a paddy field were analyzed. The results showed that when the blade installation angle was 0°, the blade cutting resistance was the smallest; when the blade installation angle was 20°, the blade had the strongest soil-removal ability. Therefore, the range of the installation angle of the weeding-wheel blade should be 0–20°.

EDEM, a discrete-element software, was used to construct a fluid–solid-coupling simulation model of the components and water–soil. The installation angle of the blade of the weeding wheel was taken as the test factor, and the resistance of the weeding wheel and the velocity of soil particles were taken as the test indexes. The test results showed that when the blade installation angle was 0°, the resistance of the weeding roller was the smallest and the velocity of soil particles was the largest. The average resistance was 61 N and the average velocity of soil-particle movement was 1.81 m/s. Therefore, the optimal installation angle of the weeding wheel blade was determined to be 0°.

The combination of machine operation parameters was optimized by conducting a quadratic orthogonal-rotation combination test. The results revealed that the optimal weeding depth was 39 mm, optimal rotation speed was 175 r/min, and optimal forward speed of the machine was 0.6 m/s. The field verification test showed that, for this combination of parameters, the weeding rate was 88.2% and the seedling injury rate was 4.4%, meeting the design requirements of the rice-weeding device.

In this study, the installation angle of the blade of the weeding wheel was optimized, and the effects of the three other key factors (weeding depth, rotation speed, and forward speed) on the weeding and seedling injury rates were studied. However, in actual operation, many other factors (such as the stability of the forward direction of the machine and the cutting effect of the blade on the weed-root system) will affect the weeding rate and the seedling injury rate. Therefore, further research on the effect of the working parameters of key weeding components on weeding-operation quality is needed.
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