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Abstract

:

The operation of the semi-automatic pepper pot seedling transplanter has the problem of a low frequency of manual operation. We designed a new automatic transplanting mechanism based on a clamping stem. Through the movement law of a double-crank connecting rod mechanism, the static trajectory of beak shape and the dynamic trajectory of N shape were designed to meet the requirements of backward transplanting. The kinematics equation of the seedling picking mechanism was established and the mechanism parameter optimization program was developed based on MATLAB. The effect of the mechanism parameter changes on the seedling movement trajectory was analyzed. A group of parameter combinations that met the requirements of seedling picking and planting were optimized. After optimization, the trajectory height was 220.8 mm, the picking angle was 21.03° and the planting angle was 64.15°. The plant spacing was 260 mm, which meets the agronomic requirements of pepper transplanting. Through the combination of theoretical analysis and prototype tests, the test results showed that the theoretical trajectory was basically consistent with the actual trajectory, verifying the feasibility of the mechanism design. In this study, pepper pot seedlings in the suitable planting period of 60 days were selected and planted at the rotation speed of 60, 70 and 80 r/min, respectively. The success rate of seedling selection was more than 91.1%, the success rate of planting was more than 78.5%, the qualified rate of erect degree was 94.9%, and the coefficient of variation of plant spacing was stable below 14.1%. The results show that the integrated automatic transplanting mechanism for pepper pot seedlings was effective.
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1. Introduction


China is the world’s largest producer of pepper, with 40% of the world’s total pepper planting area being located in the country. As of April 2020, 28 provinces in China have planted pepper, covering an area of more than 2 million hectares, accounting for 12% of the total vegetable planting area [1]. At present, about 60% of the vegetable crop is produced by seedling transplantation [2]. Transplanting has many advantages compared with traditional cultivating. For example, transplanting only needs to maintain one point and one seedling, and therefore reduces soil-borne disease. Transplanting technology can advance crop growth by about 15 days, thereby effectively avoiding severe weather such as frost, hail and low temperatures [3]. The pepper transplanting machines popularized in China are mainly semi-automatic transplanting machines. The automatic planting process can be completed, but the process of picking seedlings depends on labor. The transplanting speed is limited by the speed of the artificial seedling picking [4]. Therefore, we need to develop a pot seedling automatic transplanter to meet the requirements of pepper agronomic production in China. The important matter is to solve the problems of injured seedlings and leaking seedlings in the process of transplanting.



The key point of this research is the design and parameter optimization of the seedling picking mechanism of the automatic transplanting machine [5]. Foreign and domestic scholars have conducted in-depth research on seedling picking mechanisms. These mechanisms can be divided into matrix type [6,7], clamping bowl type [8,9,10], top-out type [11,12,13], pneumatic type [14,15], etc. Han et al. [16] proposed a top-out seedling picking mechanism for the top clamping combination. It used bilateral parallel guide rails to limit the top-out action of the top seedling rod. They optimized the parameters of the top seedling mechanism using MATLAB to ensure its accuracy and stability. Sun et al. [17] designed a planetary wheel system linkage mechanism, in which the seedling picking parts were inserted into the matrix at a certain angle. The seedlings were put into the seedling planting parts in an upright attitude to complete the whole transplanting process, therefore ensuring the accurate seedling picking trajectory. Li et al. [18] proposed a seedling picking mechanism based on a gear-link-type semi-automatic transplanting machine. Ye et al. [19] proposed an eccentric non-circular gear planetary automatic seedling picking mechanism based on the Japanese automatic transplanter. To a certain extent, the mechanism solved the problems of the complex structure and low efficiency of the Japanese transplanter and realized the automation for planting. Guo et al. [20] designed the air-blowing seedling drop device. They studied the influence of gas pressure, angle and other factors on orderly seedling planting. They obtained the best combination of various factors and provided a theoretical basis for the research around hole tray seedling picking devices.



Based on the physical and mechanical characteristics of the above hole tray seedling and pepper stem simulation analysis studies [21,22,23], we knew that the stem of the pepper tray seedling was thick and had good tensile and compression performance, so the stem clamping seedling picking method was adopted. We designed an integrated automatic transplanting mechanism suitable for backward transplanting which adopted a double-crank connecting rod mechanism to realize a complete picking and planting seedling movement trajectory. We carried out kinematics modeling [24,25,26], analyzed the influence of various structural parameters on the trajectory, and obtained the optimal parameter combination [27,28]. The automatic transplanting mechanism not only completed the ideal movement trajectory of seedling picking and planting, but also maintained a good quality of transplanting.




2. Materials and Methods


According to the previous reports, the transplanting mechanisms for pepper hole tray seedlings have mainly adopted a forward transplanting trajectory. The height of the dynamic trajectory was an important consideration. When the transplanting mechanism bypassed the hole tray seedlings on its return movement, it risked knocking over the planted hole tray seedlings. The seedling picking mechanism also needed a large installation space. Therefore, we developed a backward transplanting seedling trajectory to realize the ideal seedling trajectory.



2.1. Backward Transplanting Movement Trajectory Planning


The transplanting mechanism of the pepper hole tray seedlings adopted a backwards transplanting trajectory. The direction of the seedling picking mechanism was opposite to the advance direction of the transplanter. After completing a transplanting process, the seedling picking mechanism would reach the next seedling picking point along with the movement of the transplanter. There was no need to bypass the planted hole tray seedling.



A complete transplanting cycle for the backward transplanting of the pepper hole tray included four stages: picking the seedling, holding the seedling, planting the seedling and returning. The seedling movement trajectory was planned as shown in Figure 1.



In order to realize the smooth process of transplanting, the seedling movement trajectory was planned. Upon reaching the position of the seedling picking point, the grippers simulated a human hand action and clamped the hole tray seedling stem along the clamping seedling trajectory (7). Next, the seedling picking action was completed along the seedling picking trajectory (4). After the hole tray seedling was successfully removed, the seedling holding stage was completed along the holding seedling trajectory (5). The hole tray seedling was maintained upright during holding until being transplanted at the planting point (3).




2.2. Working Principle and Mechanical Design


The integrated automatic transplanting mechanism designed in this paper is shown in Figure 2. It consisted of a flexible clamp mechanism and a double-crank linkage mechanism. The flexible clamp mechanism was the end actuator to clamp and hold the hole tray seedlings during the transplanting process. As shown in Figure 2a, under the action of the CAM, the push rod pushed the rack to complete the reciprocating movement. The rack meshed with the gear to drive the clamping grippers to open and close, and completed the clamping and releasing action.



The double-crank linkage mechanism was an important part to realize the seedling movement trajectory. As shown in Figure 2b, the double-crank linkage mechanism mainly included: the spur gears, the crank, the connecting rod, and the clamping mechanism. The spur gear had a transmission ratio of 1. Gear (1) was connected with the drive shaft and rotated clockwise around the center of the circle. Gear (4) rotated counterclockwise around its center. Connecting rods were fixed with the two gears, respectively, serving as the crank (2) and (3) of the double-crank linkage mechanism, and rotating the gears in the opposite direction with the rotation of the gear. The connecting rods (5) and (6) were driven by the cranks. They were reciprocated in a plane following a certain trajectory and the degree of freedom of the whole rod mechanism was 2. The connecting rod (7) and the clamping mechanism (8) were always maintained at a fixed angle and could be regarded as one. The trajectory that formed at the end point of the clamping mechanism (8) during the movement cycle was the seedling movement trajectory.




2.3. Kinematic Equation of the Integrated Automatic Transplanting Mechanism


We established the cartesian coordinates system, as shown in Figure 3. The transmission ratio of the two spur gears was 1 and the rate relationship was constant. We took the rotation center of the left gear as the origin O. The horizontal direction was the x-axis and the vertical direction was the y-axis. The known constants were the diameters of the two spur gears, the included angle between AE and EF, and the included angle between AB and AE. The parameters to be optimized were the initial phase angles of the crank OA and DC and the lengths of each connecting rod. From the variation of the angle of the crank rotation at each moment, we defined the involved angle as counterclockwise in the positive direction.



The displacement equation for point A is as follows:


         x A  =  l 1  cos    α 1  +  φ 1           y A  =  l 1  sin    α 1  +  φ 1           



(1)




where l1 is the length of the crank OA (mm); α1 is the initial phase angle of crank OA (°); and φ1 is the angle of rotation of the crank OA at each moment (°).



The displacement equation for point C:


       x C  = d +  l 4  cos    α 2  −  φ 2           y C  =  l 4  sin    α 2  −  φ 2         



(2)




where l4 is the length of crank DC (mm); α2 is the initial phase angle of crank DC (°); φ2 is the angle of rotation of the crank DC at each moment (°); and d is the diameter of the gear.



According to the vector relationship:   O  A →  + A  B →  = O  D →  + D  C →  + C  B →   .



The Displacement Equation for point C:


       x B  =  x A  +  l 2  cos    φ 5    =  x C  +  l 3  cos   −  φ 3           y B  =  y A  +  l 2  sin    φ 5    =  y C  +  l 3  sin   −  φ 3         



(3)




where l2 is the length of rod AB (mm); l3 is the length of rod BC (mm); φ5 is the angle of rod AB (°); and φ3 is the angle of rod BC (°). Thus, a = l2, b = l3,    c 1  = d +  l 4  cos    α 2  −  φ 2    −  l 1  cos    α 1  +  φ 1     ;    c 2  =  l 4  sin    α 2  −  φ 2    −  l 1  sin    α 1  +  φ 1     .



Equation (3) could be simplified as:


        a cos  φ 5  − b cos  φ 3  =  c 1        a sin  φ 5  + b sin  φ 3  =  c 2         



(4)







Equation (4) could be simplified as:


        cos  φ 5  = sin (  arcsin    a 2  −  c 1 2  −  c 2 2  −  b 2    2 b    c 1 2  +  c 2 2      − arctan    c 2     c 1     )       cos  φ 3  =    c 1  + a c o s  φ 5   b         



(5)







Then, φ3, φ4 could be expressed by φ2, φ1 and, bringing Equation (5) into Equation (3), we obtained the displacement equation for point B:


         x B  =  l 4  cos    α 2  +  φ 2    +  l 3  cos   π −  φ 3           y B  =  l 4  sin    α 2  +  φ 2    +  l 3  sin   π −  φ 3           



(6)






   φ 4  = θ −   2 π −  φ 5     











The displacement equation for point C:


         x E  =  x A  +  l 5  cos    φ 4           y E  =  y A  +  l 5  sin    φ 4           



(7)






   φ 6  = π +  φ 4  − γ  










   φ 4  = θ −   2 π −  φ 5     








where l5 is the length of rod AE (mm); φ4 is the angle of rod AE (°); φ5 is the angle of rod AB (°); and γ is the angle between AE and EF (°).



The displacement equation for point F:


         x F  =  x A  +  l 5  cos    φ 4    +  l 6  cos    φ 6           y F  =  y A  +  l 5  sin    φ 4    −  l 6  sin    φ 6           



(8)




where l5 is the length of rod AE (mm); φ4 is the angle of rod AE (°); l6 is the length of rod EF (mm); and φ6 is the angle of rod EF (°).



Equations (1), (2) and (6)–(8) could obtain the velocity and acceleration equations of each member by taking the first and second derivative of time t.



The velocity equation of point F:


         x F ′  =  x A ′  +  l 5  sin    φ 4     φ 4 ′  −  l 6  sin    φ 6     φ 6 ′         y F ′  =  y A ′  +  l 5  sin    φ 4     φ 4 ′  −  l 6  cos    φ 6     φ 6 ′         



(9)




where    x A ′    and    y A ′    are the horizontal and vertical coordinates of the velocity at point A, (mm/s);    x F ′    and    y F ′    are the horizontal and vertical coordinates of the velocity at point F, (mm/s);    φ 4 ′    is the first derivative of the angle of rod AE, (rad/s); and    φ 6 ′    is the first derivative of the angle of rod EF (rad/s).



Acceleration equation for point F:


         x F  ″   =  x A  ″   +  l 5    sin    φ 4     φ 4  ″   + sin    φ 4     φ 4 ′    −  l 6    sin    φ 6     φ 6  ″   + cos    φ 6     φ 6 ′           y F  ″   =  y A  ″   +  l 5    cos    φ 4     φ 4  ″   − sin    φ 4     φ 4 ′    −  l 6    cos    φ 6     φ 6  ″   − sin    φ 6     φ 6 ′           



(10)




where    x A ′    and    y A ′    are the horizontal and vertical coordinates of the velocity at point A, (mm/s);    x F ′    and    y F ′    are the horizontal and vertical coordinates of the velocity at point F, (mm/s);    x A ″    and    y A ″    are the horizontal and vertical coordinates of the acceleration at point A (mm/s2);    x A ″    and    y A ″    are the horizontal and vertical coordinates of the acceleration at point A (mm/s2);    φ 4 ′    is the first derivative of the angle of rod AE (rad/s);    φ 6 ′    is the first derivative of the angle of rod EF (rad/s);    φ 4 ″    is the first derivative of the angle of rod AE, (rad/s2); and    φ 6 ″    is the first derivative of the angle of rod EF (rad/s2).




2.4. Motion Trajectory Optimization Objective


According to the agronomic requirements of pepper transplanting operations, the transplanting distance was about 260 mm and the speed of the transplanter matched the pepper transplanting distance. We set the speed of the transplanter to 0.26 m/s.



Based on the kinematic equation of the integrated transplanting mechanism, the parameter optimization program was prepared using App Designer in MATLAB software, as shown in Figure 4. The parameter optimization program interface of the clamping stem seedling picking mechanism was mainly divided into three parts.



Part 1: We input the parameter value of each variable. Then, we clicked the Button 1 to determine the condition of the crank. If the input rod length met the conditions of the double crank, and the Signal Lamp would appear in green. If it did not meet the requirements, the Signal Light did not come on.



Part 2: After inputting the parameters, we clicked Calculate 1 and Calculate 2 to obtain the static trajectory and dynamic trajectory of the transplanting process, respectively.



Part 3: Finally, we clicked the Save button to import the optimized parameter values into the Excel table and clicked the Exit button to exit the program.




2.5. High-Speed Photography Test Method


According to the parameter optimization results in Table 1, the design and assembly of the pepper clamping stem seedling picking mechanism was completed in SolidWorks. we carried out the prototype and set up an automatic seedling transplanting test platform. The high-speed camera used in this study had a resolution of 1280 × 1024 and a frame rate of 1000 frames. The actual trajectory of the end point of the seedling picking mechanism during the transplanting operation cycle was collected by high-speed camera technology.





3. Results


3.1. Effect of Parameter Changes on the Seedling Trajectory


The parameter optimization program of the clamping stem seedling picking mechanism in Figure 4 was used to optimize the relevant parameters affecting the seedling’s movement trajectory. A single-variable control method was used to analyze the influence of single-parameter changes on the seedling movement trajectory. According to experience, each parameter was assigned to the initial value. On the basis of the initial value, only one parameter was changed each time. The parameters were constantly adjusted and optimized and finally the optimum parameters were obtained.



The results of the parameter analysis are shown in Figure 5.



According to Figure 5a, by increasing the length of lOA the trajectory height gradually increased. This showed that changing the length of lOA would cause significant changes to the height of the trajectory. Figure 5b shows that the trajectory height did not change significantly by increasing of the length of lCD, but the overall trajectory moved down. Figure 5c shows that changes to the length of lBC did not cause a significant change in the trajectory height, but the overall trajectory moved upward. Figure 5d shows that the larger the length of lAB, the narrower the shape of the trajectory. The height of the overall trajectory became longer, but the picking seedling trajectory became shorter. Figure 5e shows that changing the length of lAE caused significant changes to the trajectory height. The larger the length of lAE, the narrower the shape of the trajectory. The results of Figure 5f show that the influence of changing the length of lEF was mainly reflected in the position of the seedling taking point: it had no effect on the trajectory height. When the length of lEF increased, the overall trajectory was shifted to the lower left.



In addition to the crank and connecting rod length affecting the seedling trajectory, the angle changes in the mechanism parameters also affected the trajectory shape. Figure 5g shows the effect of the angle θ between rod AE and rod AB on seedling trajectory. As the angle increased, the trajectory height was largely unchanged, but the overall trajectory shifted to the upper right. Figure 5h shows the effect of the angle γ between rod AE and EF on seedling trajectory. As the angle γ increased, the trajectory height remained unchanged, but the overall trajectory was translated to the lower right. Figure 5i,j show the effects of the initial angles of the crank DC and crank OA on the seedling movement trajectory, respectively. The trajectory height gradually decreased as the initial angle increased.




3.2. Optimization Results and Ideal Seedling Movement Trajectory


According to the working characteristics of the integrated transplanting mechanism of clamping stems, a seedling movement trajectory that met the requirements of backward transplanting was designed. The trajectory was planned as follows:



1. It needed to meet the requirements of monotonicity and the working conditions of the double-crank mechanism to avoid an unreasonable position and to ensure this did not affect the formation of the seedling movement trajectory;



2. The trajectory length of the seedling picking stage needed to be greater than the height of the hole tray (not less than 45 mm), otherwise the hole tray seedling would interfere with the mechanism. In addition, the trajectory height needed to be greater than 200 mm;



3. According to the agronomic requirements of pepper transplanting, the height difference between the seedling point and the planting point needed to be greater than 150 mm. In order to ensure the qualified rate of planting, the planting angle needed to be greater than 55°.



According to the changes to the mechanism parameters and the trajectory optimization plan, the parameters of the seedling mechanism were optimized by the trial-and-error method. The optimal combination of parameters was obtained by using the parameter optimization program of the clamping stem seedling picking mechanism. The optimized parameters are shown in Table 1.



Figure 6a shows the optimized static trajectory. The trajectory was shaped like a beak. Point 1 in the figure is the seedling picking point and Curve 2 is the trajectory of the seedling picking stage. The length of the trajectory of the seedling picking stage was greater than 45 mm, which met the requirement that the trajectory length of the seedling picking stage was greater than the height of the hole tray in the optimization plan. Curve 3 shows the trajectory of the seedling holding stage, and it can be seen that the seedling trajectory was smooth. Point 4 is the planting point, and Curve 5 shows the quick return stage to save transplanting time.



The height of the whole seedling movement trajectory reached 220.8 mm and the height difference between seedling picking point and planting point was 178.4 mm. The seedling picking angle was 21.03° and the planting angle was 64.15°. These optimization results met the agronomic requirements of pepper transplanting.



Figure 6b shows the optimized dynamic trajectory. The transplanter direction of the backward transplanting was in the positive direction of the x-axis. The optimized dynamic trajectory was in an n shape. Point 1 and Point 4 are the seedling picking point and planting point, respectively. Curve 2 and Curve 3 are the seedling picking and seedling holding stages. It can be seen that the whole trajectory was smooth without mutation. The next stage of seedling picking was carried out after the return stage. The distance between the adjacent planting points was 260 mm, which met the requirements of plant distance for pepper transplanting.




3.3. The Results of the High-Speed Photography Test


We set the rotation speed of the seedling picking mechanism at 60 r/min. After the camera debugging was stable, the trajectory was collected, and the actual trajectory of the seedling picking mechanism was obtained. The red trajectory shown in Figure 7b is the actual trajectory of the end point of the seedling picking mechanism during the transplanting operation cycle. The actual trajectory was compared with the static trajectory after optimization, and the results showed that the trajectory height and shape of the two trajectories were basically consistent, which verified the rationality and feasibility of the parameter optimization program.




3.4. Seedling Picking and Planting Test


The seedling planting test parameters in Table 2 were determined according to the industry standards of NY T3486-2019 [29] and JB-T10291-2013 [30]. We carried out seedling picking and planting tests, as shown in Figure 8. Under the condition that the rotation speed of the seedling picking mechanism was set at 60, 70 and 80 times/min, the continuous seedling picking and planting situation was tested 60 times, respectively. The test results are shown in Table 2 and the transplanting quality of the seedling picking mechanism was evaluated.





4. Discussion


At present, automatic pepper transplanting machines have the problems of low seedling picking success rate and low seedling planting success rate [4]. The main reason for the low success rate of seedling picking is that the main seedling picking mechanism used is the clamping bowl type [8,9,10]. The unreasonable design of the seedling trajectory makes it impossible to accurately clamp the substrate. The main reason for the low seedling planting success rate is that the automatic pepper transplanting mechanism adopts forward transplanting. This type of machine needs to meet the height requirements of the seedling picking mechanism, which can affect the seedling planting success rate. Based on the strong characteristics of pepper seedlings, this paper aimed to identify a design that could accurately clamp the stems and improve the seedling planting success rate. In previous works of research, MATLAB was often used to optimize the static trajectory of the seedling picking movement [16]. On this basis, we developed the parameter optimization program of the clamping seedling picking mechanism, which not only optimizes the static and dynamic trajectory of the seedling picking mechanism, but also optimizes the parameters of the seedling picking mechanism. In order to improve the rate of planting uprightness, we propose the backward transplanting method, which does not need to meet the aforementioned height requirements. This way avoids knocking down the pots after they are planted by the seedling picking mechanism. Ultimately, the trajectory design is more reasonable. The height of the whole seedling movement trajectory is 220.8 mm, and the height difference between the seedling picking point and the planting point is 178.4 mm. The seedling picking angle is 21.03°, and the planting angle is 64.15°. These optimization results meet the agronomic requirements of pepper transplanting.



According to the results of the seedling picking and planting test, the success rate of seedling picking and planting were 94.7% and 84.2% when the rotation speed of the seedling picking mechanism was 60 r/min. At the speed of 80 r/min, the seedling picking success rate was 91.1%, and the planting success rate was 78.5%. In this study, the seedling picking mechanism was a double-crank connecting mechanism. However, we found that the rotation speed of the mechanism caused vibrations and affected the quality of transplanting. In the future, by studying the working principle of various types of mechanisms, we will design a seedling taking mechanism with better reliability and improve the frequency of transplanting. In addition, we will further optimize the automatic seedling transplanting mechanism for pepper hole tray seedlings.




5. Conclusions


In this study, we designed and integrated an automatic transplanting mechanism based on clamping stem seedling picking, and established a kinematic model of the double-crank connecting rod type to optimize seedling picking. We also designed a parameter optimization program for the clamping stem seedling picking mechanism and analyzed the effect of the length of each rod and related angle in the mechanism on the seedling trajectory.



Using parameter optimization, we optimized a group of ideal mechanism parameter combinations. The static trajectory of beak shape and the dynamic trajectory of n shape met the requirements of backward transplanting. The optimized mechanism parameters were as follows: crank lOA = 36 mm, crank lCD = 50 mm; rod lAB = 93 mm, rod lBC = 95 mm; rod lAE = 200 mm, rod lEF = 160 mm, θ = 170°, γ = 95°, α1 = 300°, α2 = 150°.



Based on the optimized mechanism parameters, SolidWorks was used for 3D modeling. We built a prototype for the high-speed camera test. From the test results, the actual static trajectory and dynamic trajectory were basically consistent with the static trajectory and dynamic trajectory generated by MATLAB. We proved the feasibility of the of clamping stem seedling picking mechanism using the parameter optimization program.



We designed a seedling picking and planting test. Under the operation frequency of 80 r/min, the success rate of seedling selection was more than 91.1%, and the success rate of planting was more than 78.5%. The qualified rate of erect degree was about 90% and the coefficient of the variation of plant spacing was stable below 14.1%. The results showed that the integrated automatic transplanting mechanism based on the clamping stem could meet the actual transplanting needs.
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Figure 1. Backward transplanting movement trajectory planning: 1—hole tray seedling; 2—ground; 3—planting point; 4—picking seedling; 5—holding seedling; 6—returning; 7—clamping seedling. 
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Figure 2. The automatic transplanting mechanism. (a) Flexible clamping mechanism. 1—Push rod; 2—rack mounting plate; 3—gripper; 4—rack; 5—wavy inner side. (b) Double-crank linkage mechanism. 1, 4—spur gear; 2, 3—crank; 5, 6, 7—connecting rod; 8—clamping mechanism. 
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Figure 3. Motion diagram of double crank linkage mechanism. 
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Figure 4. Parameter optimization program of clamping stem seedling picking mechanism. 
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Figure 5. Effect of parameter changes on seedling picking trajectory: (a) effect of crank OA length on trajectory; (b) effect of crank CD length on trajectory; (c) effect of rod BC length on trajectory; (d) effect of rod AB length on trajectory; (e) effect of rod AE length on trajectory; (f) effect of rod EF length on trajectory; (g) effect of the angle between AE and AB on trajectory; (h) effect of the angle between AE and EF on trajectory; (i) effect of the initial angles of the crank DC; (j) effect of the initial angles of the crank OA. 
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Figure 6. Trajectory of seedling picking after optimization: 1—The point of picking seedling; 2—The trajectory of clamping seedling stage; 3—The trajectory of holding seedling stage; 4—The point of planting seedling; 5—The trajectory of returning stage. (a) Static trajectory after optimization; (b) dynamic trajectory after optimization. 
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Figure 7. Actual trajectory of the seedling picking mechanism: (a) the prototype verification platform; (b) the actual seedling movement trajectory. 
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Figure 8. Seedling picking and planting test. 
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Table 1. Parameters of the seedling picking mechanism after optimization.
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	Parameter
	Name
	Value





	lOA
	The length of crank OA (mm)
	36



	lCD
	The length of crank CD (mm)
	50



	lAB
	The length of rod AB (mm)
	93



	lBC
	The length of rod BC (mm)
	95



	lAE
	The length of rod AE (mm)
	200



	lEF
	The length of rod EF (mm)
	160



	θ
	The angle of rod AE and AB (°)
	170



	γ
	The angle of rod AE and EF (°)
	95



	α1
	The initial angle of the crank OA (°)
	300



	α2
	The initial angle of the crank CD (°)
	150
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Table 2. Parameters of seedling picking and planting test.
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	Number of Hole Tray Seedlings
	The Rotation Speed (r/min)
	Number of Lack of Seedlings
	Number of Seedlings Picking
	The Success Rate of Seedling Picking (%)
	Number of Seedlings Planting
	The Success Rate of Seedling Planting (%)
	Qualified Rate of Planting Uprightness (%)
	Coefficient of Variation of Plant Spacing (%)





	60
	60
	3
	54
	94.7
	48
	84.2
	97.8
	11.4



	60
	70
	2
	53
	91.4
	47
	81.0
	95.7
	13.8



	60
	80
	4
	51
	91.1
	44
	78.5
	94.9
	14.1
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