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Abstract

:

Aiming to solve the problems of poor performance and low stability in the automatic clip-feeding of a grafting machine, an automatic clip-feeding mechanism with a precise single-clip discharge mechanism was designed, and a clip-feeding performance test was carried out. Taking the grafting clip of the 2TJGQ-800 type of vegetable-grafting robot as the research object, the clamping-force analysis model of the grafting clip was constructed by ABUQUS finite-element analysis software, and the variation law of clamping force, steel wire diameter, and opening deformation, as well as the calculation equation of clamping force, were obtained. The grafting clip model was verified by mechanical test, and test results showed that the grafting clip with a steel wire diameter of 0.7 mm proved safe and reliable for grafted cucumber and watermelon seedlings; the grafting clip with steel wire diameter of 0.8 mm had a risk of producing injury to grafted cucumber and watermelon seedlings when clamping. The method of single-clip discharge in the inclined discharging slideway was put forward, and the components for clip discharge and clip pushing were designed. The critical thrust for sending out the grafting clip in the clip-feeding slideway was 0.603 N after analyzing the force status of the grafting clip in the clip-feeding slideway. Test results showed that the success rate of automatic clip-feeding reached 98.67% when inclination angle of row-discharging slideway was 50° and the thrust of clip-pushing cylinder (input air pressure of 0.4 MPa) was 8.04 N, which met the technical requirements of mechanical grafting. The inclination of the grafting clip and the damaged clip in the feeding slideway is the main reason for the failure of clip-feeding. The research results can provide theoretical and design references for the innovative research of the automatic clip-feeding mechanism of grafting robots.
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1. Introduction


Vegetable grafting is conducive to preventing continuous cropping obstacles and relevant pests and diseases [1,2]. After grafting, the disease resistance of crops is significantly enhanced [3,4], and yield is increased by 20–50%; hence, the technology is widely applied in the world. There is an annual demand for 50 billion grafted seedlings in China, and with the aging of population, there is great demand for technical grafting workers. Moreover, seedling enterprises are in bad need of grafting machines [5,6,7]. The grafting clip, as a key part for grafting vegetables, is used to fix the incision of grafted seedlings to make them fit closely. The mechanical properties of existing grafting clips are still unclear, and there is a lack of reference standards for producers to choose grafting clips [8]. The automatic clip-feeding mechanism is the core mechanism of grafting equipment, and the success or failure of a clip-feeding operation directly affects production efficiency and the quality of grafting [9,10]. Thus, it is particularly important to study the mechanical characteristics of the grafting clip to improve the survival rate of grafted seedlings and the success rate of a clip-feeding mechanism operation.



Scholars and research institutions at home and abroad have attached great importance to the research of automatic clip-feeding mechanisms for vegetable-grafting machinery [11,12,13,14,15,16]. Iseki & Co., Ltd. (Tokyo, Japan) in Japan used a vibrating disk to make the grafting clips horizontal, and the designed clip-feeding mechanism outputs one grafting clip at a time using a horizontal push rod. However, since the force-applying part of the push rod is the upper part of the connection point of the clip, the grafting clip can easily be damaged. The clip-feeding rate is around 95% and the steel ring diameter of the grafting clip is 8 mm, creating the problem of extrusion and damage to melon-grafted seedlings [17,18]. Helper Robotech Co., Ltd. (Gimhae-si, Gyeongsangnam-do, Korea) in Korea developed a horizontal clip-pushing mechanism with an inclined slideway. The grafting clip is transported and discharged into the inclined slideway using a vibrating disk, then pushed out by a horizontal push rod, but the force-application part of the push rod is the steel ring of the clip, which can easily deform. Since the grafting clips are arranged obliquely, when the grafting clips are arranged into the slideway non-horizontally, the clip can easily become stuck and lead to failure in grafting. The clip-feeding rate is around 95%, and the problems of becoming stuck and deformation of the clip is obvious. In this case, it is necessary to stop the device to remove the clip for further operation. This will affect continuous grafting and production of the device [19,20]. China Agricultural University designed a multi-cylinder continuous clip-supply system. The shape of the clip-feeding cylinder is similar to a grafting clip, and can realize the change of a cylinder without interrupting the grafting operation. However, the grafting clip still needs to be manually loaded into the cylinder, undermining its degree of automation. Similar to the clip-feeding mechanism designed by Iseki & Co., Ltd. (Tokyo, Japan) it can achieve a clip-feeding rate of around 92%. In the clip-pushing process, the force on the grafting clip is not uniform, and the clip will easily become damaged [21]. The clip-feeding device of an automatic melon-grafting machine designed by Shenyang Agricultural University includes an inclined linear vibration discharging and feeding device, single discharging arrangement device and clip-pushing device with a success rate of clip-feeding of 92%, showing that operation stability needs to be improved [22]. South China Agricultural University designed a multi-channel conveying device for elastic clip-grafting, which directionally outputs elastic grafting clips using vibrating disks that enter the conveying channel, so that the grafting clips are arranged longitudinally one by one, and the supply operation of three grafting clips at once is completed with the joint operation of a buffer mechanism and a clip-feeding mechanism. The clamping hand of the clip-feeding mechanism clamps the tail of the grafting clip to open it, and the clip-feeding rate can reach about 96%. In this process, there is no need to push the clip; thus, the damage rate of the grating clip is very low [23,24].



To sum up, most existing clip-feeding devices of grafting machines use vibrating disks to sort and output grafting clips, and the horizontal push rods are used to push grafting clips out of the slideway. However, the common problem is clip blockage, caused by inclined clips or deformed spring steel rings in the pushing process, damaging the clip due to uneven force applied by the push rod. In addition, there are few studies on the mechanical properties of grafting clips.



Based on the problems above, in this paper, a 3D model of the grafting clip was created to analyze and determine the clamping-force model of the grafting clip using the finite-element method; then, the mechanical equation of the grafting clip was constructed, and the accuracy of the model was verified by a mechanical test. The method of single-clip arrangement was put forward, the automatic clip-feeding mechanism was designed, the force in the pushing process on the grafting clip was analyzed to determine the critical thrust when pushing the clip, and finally the clip-feeding performance test was carried out. The research results can provide theoretical reference for the design of automatic clip-feeding mechanisms of grafting robots.




2. Materials and Methods


2.1. Parameters of the Grafting Clip


The special grafting clip for the 2TJGQ-800 type of vegetable-grafting robot was selected as the research object, and its structure includes a clip body and a steel ring, as shown in Figure 1. The clip body comprises a clip opening and a clip tail, which are integrally molded by injection molding of PP material. The inner surface of the clamping opening has some spherical protrusions, which increase the friction when clamping. The middle part of the clip tail has a gap for the steel ring to pass through, and the opening end of the steel ring is clamped on the fixed point outside the clip opening to have some pre-tightening pressure, so that the clip body and the steel ring become an integrated body.



Structural parameters of the grafting clip are shown in Table 1. The operation process of the grafting clip is as follows: first, apply some pressure to the clip tail, and the clip opening overcomes resistance from the steel ring and opens. Then, the incision butt joint part of the grafted seedling is put into the clip opening to fit the pressing position of the steel ring. Release the clip tail, and the clip opening clamps the grafted seedlings under the force of the steel ring to complete the operation of clip-feeding.




2.2. Modeling


The clamping force of the grafting clip depends on the mechanical characteristics of the steel ring, which is an annular ring with an opening. Applying an outward tensile load to the opening of the steel ring is equivalent to its clamping force, and the opening of the steel ring using tensile force belongs to static stress-displacement analysis, which is carried out to obtain the relationship between tensile load and displacement change of the steel ring. The stress distribution and change of the internal structure of the steel ring were not studied.



ABUQUS finite-element analysis software was used to establish a model between the displacement of the steel ring opening with different diameters and deformation and change of tensile load, and the relationship between steel ring tension and steel wire diameter and opening displacement deformation was obtained, which is also the force analysis model of the grafting clip. The beam element was used to establish a steel ring model. The diameter d of the steel ring is 15 mm, and the opening L0 of the steel ring is 1 mm. The 3D model was established, as shown in Figure 2. The steel wire diameters are 0.4 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1.0 mm and 1.1 mm, and the corresponding mechanical models of different steel wire diameters can be obtained by changing the cross-section dimensions in ABAQUS software.



The opening section of the steel ring has a solid boundary, and the section is a solid body. The material characteristics of the steel ring are shown in Table 2.



The steel ring structure and tensile load are symmetrical; hence, half of the model was taken for analysis, as shown in Figure 3. In the figure, M is the symmetry center, and P is the application point of cross-section tensile load.



The symmetry plane of the steel ring is set as a fixed constraint, and a vertical upward displacement load is applied to the open end. According to the maximum distance between the opening ends of the grip, numerical simulation was carried out on a load step moving upwards by 9 mm, with an average of 10 equal parts, and the data of the displacement deformation and tensile load change of the steel ring opening with different steel wire diameters were obtained, as shown in Table 3.



By fitting the data in Table 3, the relationship curve between tensile load and opening displacement variation of the steel ring with wire diameter of 0.4–1.1 mm was obtained, as shown in Figure 4. The figure shows that the tension of steel ring increases with the increase of opening displacement and wire diameter.



The fitting equation of tension force and opening displacement deformation of the steel ring with steel wire diameter of 0.4–1.1 mm is obtained as follows:



When d = 0.4 mm,


  F = 0.061483 × Δ L  



(1)







When d = 0.5 mm,


  F = 0.150082 × Δ L  



(2)







When d = 0.6 mm,


  F = 0.311161 × Δ L  



(3)







When d = 0.7 mm,


  F = 0.576357 × Δ L  



(4)







When d = 0.8 mm,


  F = 0.983026 × Δ L  



(5)







When d = 0.9 mm,


  F = 1.574234 × Δ L  



(6)







When d = 1.0 mm,


  F = 2.398725 × Δ L  



(7)







When d = 1.1 mm,


  F = 3.510909 × Δ L  



(8)







The relationship between the proportional coefficient of displacement deformation ΔL and the diameter of steel wire was calculated, and the results are shown in Figure 5. The proportional coefficient of ΔL increases with the increase of steel wire diameter, and the fitting proportional coefficient is 2.3989·d3.9985.



The tension equation of the steel ring is:


  F = 2.3989  x 3.9985  Δ L  



(9)




which is equivalent to the following equation:


  F = 2.4  x 4    L − 0.5    



(10)




where x is the diameter of the steel wire, mm; L is the distance from the opening of the steel ring to the symmetrical center plane, mm.




2.3. Automatic Clip-Feeding Mechanism


The automatic clip-feeding mechanism is an important part of the vegetable-grafting robot, which provides fast clamping and fixing operations for grafted seedlings, and its stability is highly related to the success of grafting. The reason for clip blockage in the clip-feeding mechanism of the existing grafting machine is that the clip is inclined after entering the clip-feeding slideway, avoiding the steel ring from entering the directional slideway after being pushed by the push rod, or the grafting clip is damaged due to uneven stress. The above problems seriously affect stability and production efficiency in operation.



2.3.1. Structure and Working Principle


The automatic clip-feeding mechanism is shown in Figure 6. A clamping hand 1 is installed at the front end of the base 7 through a clamping cylinder 11; a clip-feeding slideway 2 and a supporting block 10 are installed on the base 7 from left to right, and steel ring chutes are arranged inside the clamping hand 1 and the clip-feeding slideway 2 for directional conveying and limiting of grafting clips. The row-discharging slideway 4 is obliquely installed through the support block 10 and the support rod 8, and the upper inlet and the lower outlet of the row-discharging slideway 4 are respectively connected to the vibration feeder and the clip-feeding slideway 2. The clip discharger 3 is installed on the row-discharging slideway 4 with two cylinders to output one grafting clip for the clip sending slideway 2. The push rod 9 is installed in the middle part of the base 7 through a slide rail pull head, and connected and fixed with the piston rod of the clip-pushing cylinder 6, so that the push rod 9 enters the clip-feeding slideway 2 and the clamping hand 1 through the support block 10 to push out the grafting clip.



The working process is as follows: ① The grafting clip opening moves forward from the vibrating feeder into the discharging row slideway at a certain speed to form a queue of inclined grafting clips; ② Two discharging cylinders of the row-discharging part work alternately, and each time one grafting clip is discharged from the grafting clip queue into the clip-feeding slideway; ③ When the grafted seedlings are transported to the corresponding position for grafting, the clip-pushing cylinder extends out to drive the push rod to push the grafting clip into the clamping hand from the clip-feeding slideway, so that the grafting clip opening is opened; ④ The clamping cylinder is opened to drive the clamping hand to open, and the grafting clip breaks away from the clamping hand to clamp the grafted seedlings and complete the clamping action, then another round of clip-feeding operation is started.




2.3.2. Design of the Clip Discharger Part


The purpose of design of the clip discharger is to discharge grafting clips intermittently from the inclined row-discharging slideway, and the working principle is shown in Figure 7. The clip discharger is installed above the row-discharging slideway, and the initial states of the piston rods of the first discharging cylinder and the second discharging cylinder are in extension and retraction respectively, and the first discharging cylinder blocks the grafting clip queue in the row-discharging slideway. Subsequently, the piston rod of the second discharging cylinder extends into the steel ring of the second grafting clip, while the first discharging cylinder is retracted, and the first grafting clip slides into the buffer area from the inclined row-discharging slideway. Then, the first discharging cylinder and the second discharging cylinder respectively execute extending and retracting actions, so that the second grafting clip enters the initial position of the first grafting clip, to complete single-clip discharge, and the operation circulates in turn.



The type of the row-discharging cylinder is SMC CJPB-15, and the center distance A between the center points of the two discharging cylinders is 35 mm, which can ensure that the piston rod of the first discharging cylinder blocks the first grafting clip, and the piston rod of the second discharging cylinder enters the steel ring of the second grafting clip, thus realizing the precise discharge of one grafting clip in each operation cycle.




2.3.3. Design of the Clip-Pushing Part


The clip-pushing cylinder drives the push rod to sequentially push the grafting clips at the buffer area into the slideway and the clamping hand from the buffer area of the clip-feeding slideway, so that the grafting clip is completely opened. Then, the clamping cylinder is opened to drive the clamping hand to open, and the grafting clip breaks away from the clamping hand to clamp the grafted seedlings. The process of pushing and feeding is shown in Figure 8. The models of the clip-pushing cylinder and clamping cylinder are SMC CDJ2RA16-85Z-B and AirTAC HFT0-20S, respectively.



The design requirements of the push rod are as follows: ① To reduce the deformation of steel ring or the damage to the clip body in the pushing process, the application point in clip pushing is located on the upper and lower sides of the rear part of the clip opening, to move away from the clip tail and the steel ring; ② the opening angle of the grafting clip entering the clamping hand clip mouth reaches the maximum, so as to ensure that the grafted seedlings can smoothly enter the clip opening and be safely clamped; ③ the push rod moves smoothly to ensure a high success rate of clip pushing and feeding.



The push-rod structure is shown in Figure 9. The front end of the push rod has a transverse gap, so that the front end of the push rod contacts the rear part of the clip opening during the pushing process, and the clip body and the steel ring enter the transverse gap, so that the force on the clip is more uniform and reliable. The length and width of the gap is 18.5 mm and 6.5 mm, respectively. A longitudinal gap is arranged in the middle part of the push rod, which is used for installing the guide rail, and installed on the base with the slide block, thus greatly improving the stability of clip pushing.



To determine the thrust required for a grafting clip to enter the clip-feeding slideway and the clamping hand, the force analysis of the clip-pushing process is explored and shown in Figure 10. The force-application point on the push rod is located at the back of the clip opening of the grafting clip, so it is necessary to overcome the squeezing force and friction force of the clip-feeding slideway on the tail of the clip body, so that the grafting clip can be smoothly pushed into the clamping hand. When the grafting clip moves from the entrance of the clip-feeding slideway to the clamping hand, the squeezing force and friction force on the clip tail gradually increase, and the thrust of the grafting clip entering the clamping hand reaches the maximum.



The balance equation of the grafting clip in the clamping hand is as follows:


   F T  = 2  F N  = 2 μ  N 1   



(11)




where N1 is the pressure on the clip tail from the clamping hand, N; FN is the friction force between the clip-feeding slideway and the clip tail, N; μ is the sliding friction coefficient between grafting clip and clip-feeding slideway.



When the grafting clip opens, it needs to overcome the resistance of the steel ring, and the force analysis is shown in Figure 11. The grafting clip has a symmetrical structure, and the clip tail is squeezed by the hand of the clamping hand, and the clip opening is resisted by the steel ring. The connection point O of the clip body is set as the center, and L2 is the opening distance of the steel ring.



The equation of moment balance between the clip tail and clip opening is:


   N 1   l  O A   =  N 2   l  O B    



(12)




then


   N 1  =  N 2   l  O B   /  l  O A    



(13)




where N1 is the pressure on the clip tail from the clamping hand, and N; N2 is the resistance on the clip opening from the steel ring, N; lOA is the arm of force from N1 to O, mm; lOB is the arm of force from N2 to O, mm.



lOA, lOB and L2 are 17.5 mm, 5.5 mm and 10.15 mm, respectively, in the 3D simulation model of the grafting clip, and the critical thrust FT = 0.603 N is obtained by substituting them into Equations (10), (15) and (13) in turn.





2.4. Experiment and Methods


2.4.1. Model Validation


To verify the clamping-force model of the grafting clip, mechanical properties of the grafting clip were tested, and safety characteristics of the grafting clip were comprehensively analyzed regarding the safety and pressure resistance of grafted melon seedlings. Since the steel ring is very small, it is impossible to complete the test directly on the mechanical test device. Therefore, the grafting clip was taken as the object on which to carry out the clip-opening test.



The E43.104 type of mechanical testing machine was used in the test. The grafting clip with a steel wire diameter of 0.7 mm was selected as the test object. Small holes are opened on both sides of the external fixing points of the steel ring and the clip, and the clip is fixed with the upper pull ring and the lower pull ring, respectively, with copper wire, as shown in Figure 12. The mass of grafting clip is about 1 g, without considering the influence of gravity on tensile force, and the number of samples prepared is 30.



Test process is as follows: ① set the state when the pull head goes up to the clip opening and the clip opening and the clip is not opened as the initial value, and reset the tensile load; ② the pull head goes up at a speed of 0.5 mm/s to stretch the clip opening at a uniform speed; ③ when the left and right clamping tails are in a parallel state, stop stretching; at this time, the opening angle of the clip is the largest. The computer automatically records the tensile load and the change of the clip displacement, as shown in Figure 13.



As can be seen from Figure 13, the tensile load with displacement of 0–0.3 mm increases rapidly, the tensile load with displacement of 0.3–5 mm increases steadily and continuously, and the tensile load with displacement greater than 5 mm increases sharply and then continues to increase. Through observation, it can be obtained that in the initial stage of clip opening, the tensile load needs to overcome the resistance from the steel ring and the friction between the copper wire and the clip. In the later stage of clip opening, torsional deformation occurs at the joint of the clip body, which leads to a sharp increase in tensile load before a decrease and a continuous increase.



The regression equation of tensile load and clamp displacement is as follows:


  y = 1.3579 x + 1.3947  



(14)







The coefficient R2 = 0.9924 indicates that the fitting degree of the equation is high.




2.4.2. Experiment Clip-Feeding


Automatic clip-feeding includes clip discharge and feeding. The inclination angle of the row-discharging slideway is the influencing factor on the smooth sliding of the grafting clip into the entrance of clip-feeding slideway, and the thrust from the clip-pushing cylinder is the influencing factor for the smooth pushing of the grafting clip into the clamping hand. The purpose of the test was to study the influence of the inclination angle of the row-discharging slideway and the thrust of the clip-pushing cylinder on the success rate of the clip-feeding mechanism, and to determine the clip-feeding operation parameters.



The test device is shown in Figure 14. The upper part of the support rod is connected to the row-discharging slideway through a shaft; the lower part of the support rod has a U-shaped hole for fixing with the base, and the inclination angle β of the row-discharging slideway can be changed by adjusting the installation height of the support rod. Tests show that the sliding friction angle of the grafting clip in the row-discharging slideway was 20°. When β is higher than 20°, the grafting clip can be smoothly discharged; when β is 60°, the clip discharge speed is too fast, so that the clip would bounce up and incline to one side. In this case, clip-feeding will not be smoothly operated. Therefore, the adjustment range of β was set to 30–50°, to meet the requirements of clip discharge. The output thrust from the clip-pushing cylinder is related to input air pressure. When the threshold thrust in pushing the clip is 0.603 N and the input pressure is 0.6 MPa, the output thrust from the clip-pushing cylinder is 12.06 N, showing an excessively high impact force and damaging the clip. Within the input air pressure range of 0.3 MPa–0.5 MPa, the output thrust of the clip-pushing cylinder is 6.03 N–10.05 N, which can meet the requirements of clip-pushing. Therefore, input air pressure is adjusted within the range of 0.3 MPa–0.5 MPa.






3. Results and Discussion


3.1. Model Validation


The compressive resistance of the grafted seedlings refers to the maximum safe pressure that can be borne under external extrusion. The compressive resistance of grafted cucumber and watermelon seedlings was tested. Based on the seedling stem length in the direction of clamping, the opening displacement deformation of the clip was calculated when clamping seedlings, and substituted in Equations (10) and (11); then, the simulated clamping force and tested clamping force were obtained. Finally, the safety and accuracy of the model of the grafting clip was further compared and analyzed. The model can be used to optimize the steel ring diameter of the grafting clip for different types of grafted seedlings.



Comparison and analysis was made on the safety-pressure resistance of the grafted seedlings, the clamping-force model of grafting clips, and the tensile test of clips. The safety-pressure resistance of grafted seedlings was calculated based on the one with smaller pressure resistance of rootstock and scion [25], and grafting clips with 0.7 mm and 0.8 mm steel wire diameters were selected. The results are shown in Table 4.



It can be seen from Table 4 that the simulated clamping forces of grafting clips with a steel wire diameter of 0.7 mm on grafted seedlings of cucumber and watermelon are 1.94 N and 1.87 N, which are less than their safe pressure resistance. The simulated clamping forces of grafting clips with a steel wire diameter of 0.8 mm on cucumber- and watermelon-grafted seedlings were 3.32 N and 3.19 N, which are close to their safety and pressure resistance, and there was the risk of clamping injury. The experimental clamping forces of the grafting clip with a steel wire diameter of 0.7 mm on cucumber- and watermelon-grafted seedlings were 2.58 N and 2.41 N, respectively, which are less than the simulated clamping forces, indicating that the friction between the copper wire and the clip should be overcome in the test process. Therefore, the use of grafting clips with steel wire diameter of 0.7 mm to fix cucumber-grafted seedlings is suggested, and this model can be used to analyze and calculate the mechanical characteristics of the grafting clips.



It can be shown through analysis that if the clamping force from the grafting clip on the grafted seedlings is higher than the pressure-resistance force, the stem of the seedlings may be damaged, affecting graft healing and survival. Only when the clamping force of the grafting clip is lower than the pressure-resistance force of the seedlings can it ensure the safe fixation of grafted seedlings. First, the pressure-resistance force of 50 cucumber- and watermelon-grafted seedlings was measured. At present, there are two types of grafting clip on the market, with diameters of 0.7 mm and 0.8 mm. Based on the measured pressure-resistance force of cucumber and watermelon seedlings, the clamping force of the two types of grafting clips on the seedlings was calculated based on the grafting clip model, to determine if the two types of clips cause damage to the seedlings or not. Test results showed that the grafting clip with a diameter of 0.7 mm is safe and reliable to fix cucumber and watermelon seedlings, but the crafting clip with a diameter of 0.8 mm may cause damage to the seedlings. However, for the grafting clips with a diameter below 0.7 mm (clips with diameter of 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm can be customized by manufacturers), subsequent tests are required to see if any of them can help the grafted seedlings survive better. In addition, a variety of seedlings and seedling age may also affect test results. The grafting clip model proposed in this paper can be used to analyze the clamping and damage results of the clip on grafted seedlings, hoping to offer reference to the optimization of grafting clips and new designs. More importantly, it can offer reference for analysis of the operation parameters of automatic the clip-feeding mechanism and the improving clip-feeding rate.




3.2. Experiment Clip-Feeding


The above two factors (inclination angle of the discharging slideway and clip-pushing cylinder thrust) were taken as influencing factors to study the clip-feeding rate. Three levels of inclination angle of the slideway, i.e., 30°, 40° and 50°, were selected, and the input air pressure of the clip-pushing cylinder of 0.3 PMa, 0.4 MPa, and 0.5 MPa with corresponding clip-pushing cylinder thrust of 6.03 N, 8.04 N, and 10.05 N were selected to carry out the two-factor and three-level tests. Without considering the interaction effect of the factors, each group of tests was carried out 100 times and repeated three times. Thus, each group of test includes 300 and 2700 repeats of testing all for nine groups of tests. The statistical results of the average success rate of clip-feeding were obtained, and are shown in Table 5. Successful clip-feeding means that the grafting clip smoothly enters the clip-feeding slideway from the clip-discharging slideway and is successfully pushed into the clamping hand. Failed clip-feeding means the clip sticking and damage to the grafting clip.



It can be seen from the analysis that the failure of clip-feeding is due to the inclination or damage on the clip body when the grafting clip enters the entrance of the clip-feeding slideway from the row-discharging slideway, and the steel ring cannot smoothly enter the steel ring limit groove of the clip-feeding slideway when pushing the clip, resulting in clip blockage. Therefore, ensuring the horizontal state of the grafting clip is key to improving the success rate of clip-feeding. Adjusting the inclination angle of the discharging slideway can provide enough discharging speed for the grafting clip to enter the entrance of the clip-feeding slideway and ensure the horizontal posture of the grafting clip.



The test results were analyzed by variance, and the results are shown in Table 6. The thrust from the clip-pushing cylinder on the success rate of clip-feeding is not significant at α = 0.05. Since the thrust from the clip-pushing cylinder is far greater than the critical thrust of clip pushing, this can ensure that the grafting clip is pushed out smoothly. The influence of the inclination angle of the row-discharging slideway on the success rate of clip-feeding is extremely significant in the phenotype of α = 0.01. When the inclination angle of the row-discharging slideway reaches 50° and the thrust from the clip-pushing cylinder is 8.04 N, the sliding speed of the grafting clip entering the clip-feeding slideway is improved, and the grafting clip is in a horizontal state to a greater extent. The success rate of clip-feeding is 98.67%, which can meet the technical requirements of automatic grafting. When the inclination angle of the row-discharging slideway reaches 50°, the thrust from the clip-pushing cylinder is 10.05 N, and the success rate of clip-feeding is 98%. Because the input pressure of each driving cylinder reaches 0.5 MPa, the vibration of the automatic clip-feeding mechanism is strong.



The clip-feeding device developed by Iseki & Co., Ltd. in Japan discharges the grafting clips in a horizontal direction through the vibration disk, and the pushing rod contacts with the upper part of the clip mouth when pushing the clip. In this way, the clip may easily become damaged due to uneven force on it with a clip-feeding rate of 95%. The clip-feeding mechanism developed by Chinese Agricultural University realizes manual clip discharge into the clip cylinder in a vertical way, and the clip-pushing method is similar to that designed by the Iseki & Co., Ltd. in Japan. However, the grafting clip is poor in quality, resulting in serious clip damages and a low clip-feeding rate of 92% with low working efficiency. The clip-feeding mechanism developed by Helper Robotech Co., Ltd. in Korea discharges the grafting clip into an inclined slideway using a vibration disk; however, the clip may easily become inclined in entering the slideway, and the pushing rod may contact with the steel ring of the clip, causing clip sticking and achieving a clip-feeding rate of only 90%. The clip-feeding mechanism developed by Shenyang Agricultural University is similar to the product of Helper Robotech Co., Ltd. in Korea in structure, and both mechanisms can realize a clip-feeding rate of 92%, showing that the working performance was not significantly improved.



The automatic clip-feeding mechanism designed in this paper includes the clip discharge unit and clip-pushing unit. Compared with existing commercialized system, its working performance and stability has been improved, mainly in the following two aspects: ① through adding a precise clip discharge unit on the clip discharge unit, it realizes single-clip discharge in the slideway, and keeps the grafting clip at a horizontal status and reduces the probability of clip sticking; ② there is a horizontal opening at one end of the pushing rod (no. 1 in Figure 9), which contacts with the upper and lower parts of the rear part of the clip, so that the force on the grafting clip is more uniform, reducing the possibility of clip damage. Moreover, the pushing rod and clip-feeding cylinder are installed on the base through cooperation between the slideway and sliding block, thus enhancing the stability of the clip-pushing process.



Compared with the clip-feeding mechanism on the existing grafting machine, the precision row clip of single grip through the row-discharging slideway realizes horizontal clip pushing. The designed push-rod structure makes the application point on the grafting clip more uniform, reduces the damage on the clip due to uneven stress, and comprehensively solves the technical problems of clip blockage. However, it is still necessary to further optimize the structural parameters of the clamping hand and the clip-pushing slideway.





4. Conclusions







	(1)

	
The finite-element analysis method was applied in ABUQUS to build the clamping-force analysis model of the grafting clip, and the accuracy of the model was verified via mechanical tests on the grafting clip. The variation law of tensile load and clip-opening displacement of the steel ring with different steel wire diameters was obtained, and the tension equation of the steel ring was established. A testbed for the mechanical characteristics of tensile load on the grafting clip was built, and the regression equation between tensile load and clip-opening displacement was analyzed and obtained. Based on the analysis of grafted seedling safety and pressure resistance, and the analysis model of the grafting clip clamping force and the data of the tensile test on the clip, it is concluded that the grafting clip with a steel wire diameter of 0.7 mm was safe and reliable to clamp melon-grafted seedlings, and the grafting clip with a steel wire diameter of 0.8 mm had the risk of clip damage. This model can be used to analyze and calculate the mechanical characteristics of the grafting clip.




	(2)

	
An automatic clip-feeding mechanism with a single-clip discharger was designed. The working principle and structural parameters of the clip discharger and pushing parts were analyzed, and the application point of the push rod to the grafting clip is more uniform, which solves the problem of damage on the grafting clip caused by uneven stress. The critical thrust on the grafting clip was 0.603 N, which provides a theoretical basis for improving the success rate of automatic clip-feeding.




	(3)

	
The designed automatic clip-feeding mechanism was used to carry out the clip-feeding test, and the results show that the inclination angle of the row-discharging slideway is the main factor affecting the clip-feeding success rate, and the thrust from the clip-pushing cylinder had no significant influence on the clip-feeding success rate. When the inclination angle of the row-discharging slideway was 50° and the thrust from the clip-pushing cylinder was 8.04 N, the grafting clip stayed in a horizontal state after entering the clip-feeding delivery slideway from the row-discharging slideway, and the success rate of clip-feeding achieved 98.67%, which met the technical requirements of automatic grafting. The reason for the failure of clip-feeding is that the grafting clip ring does not enter the directional chute of the clip-feeding slideway chute, so it is necessary to further optimize the structure of the clip-feeding slideway.










5. Patents
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Figure 1. Three-dimensional model of the grafting clip: 1. Clip tail. 2. Clip opening. 3. Connection point. 4. Steel ring. B0 is clip hold cross-range of initial clipping position; D is diameter of detachable coils; E is initial cross-range of the back of clip; S is thickness of the back of clip; L is Clip hold seedling length; d is diameter of steel wire; C is width of the back of clip. 
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Figure 2. The steel ring model. 
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Figure 3. The exerting constraint and load of the steel ring. 
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Figure 4. The curve of spring tensile force and displacement change of steel wire with different diameters. 
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Figure 5. Relationship between proportional coefficient and steel wire diameter. 
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Figure 6. The automatic clip-feeding mechanism: 1. Clamping hand. 2. Discharging slideway. 3. Clip discharger. 4. Discharging slideway. 5. Grafting clip. 6. Clip-pushing cylinder. 7. Base. 8. Support rod. 9. Push rod. 10. Support block. 11. Clamping cylinder. 
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Figure 7. Working principle of precise clip discharge: 1. Clip-feeding slideway. 2. The first discharging cylinder. 3. The second discharging cylinder. 4. Discharging slideway. 5. The second grafting clip. 6. The first grafting clip. 
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Figure 8. Clip-pushing and -feeding process: (a) Putting grafting clip into the entrance of clip-discharging slideway; (b) Grafting clip is pushed out by push rod; (c) Grafting clip is released by clamping hand. 
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Figure 9. Structure of the push rod: 1. Transverse Gap. 2. Pull head. 3. Guide Rail. 4. Longitudinal Gap. 5. Guide Rail Fixing Hole. 6. Push-Rod Fixing Hole. 7. Clip-Pushing Cylinder. 
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Figure 10. Force analysis of clip pushing: 1. Clamping hand. 2. Clip-feeding slideway. 3. Grafting clip. 
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Figure 11. Force analysis of the grafting clip. 
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Figure 12. Stretching process of clip jaw: 1. Tension-compression head. 2. Loop of stretching up. 3. Grafting clip. 4. Platform support. 5. Loop of stretching down. 6. The maximum angle of clip hold. 






Figure 12. Stretching process of clip jaw: 1. Tension-compression head. 2. Loop of stretching up. 3. Grafting clip. 4. Platform support. 5. Loop of stretching down. 6. The maximum angle of clip hold.



[image: Agriculture 12 00346 g012]







[image: Agriculture 12 00346 g013 550] 





Figure 13. Relation curve between tensile and displacement. 
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Figure 14. Test device: 1. Discharging slideway. 2. Support rod. 3. Base. 
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Table 1. Structural parameters of the grafting clip.
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	Items
	Parameters





	Structure
	Unitary



	Material
	PP



	Diameter of detachable coils D (mm)
	15.0



	Diameter of steel wire d (mm)
	0.7



	Clip hold seeding length L (mm)
	10.0



	Thickness of the back of clip S (mm)
	2.18



	Width of the back of clip C (mm)
	5.15



	Clip hold cross-range of initial clipping position B0 (mm)
	1.37



	Initial cross-range of the back of clip E (mm)
	26.0



	Clip mass (g)
	1.0



	Friction coefficient between clip and slideway μ
	0.364
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Table 2. Material properties of the steel ring.
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	Items
	Parameters





	Materials
	304 stainless steel



	Poisson’s ratio v
	0.3



	Elastic modulus (MPa)
	194,020



	Yield strength σ0.2 (MPa)
	205



	Tensile strength σb (MPa)
	520



	Density ρ (g·cm−3)
	7.93
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Table 3. Variation of spring force and opening displacement variation of steel wire with different diameters.
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Displacement ΔL

	
Tensile Load F (N)




	
D = 0.4 mm

	
D = 0.5 mm

	
D = 0.6 mm

	
D = 0.7 mm

	
D = 0.8 mm

	
D = 0.9 mm

	
D = 1.0 mm

	
D = 1.1 mm






	
0.9

	
0.055335

	
0.135074

	
0.280045

	
0.518721

	
0.884724

	
1.416810

	
2.158850

	
3.159820




	
1.8

	
0.110669

	
0.270148

	
0.560090

	
1.037440

	
1.769450

	
2.833620

	
4.317700

	
6.319640




	
2.7

	
0.166003

	
0.405222

	
0.840135

	
1.556160

	
2.654170

	
4.250430

	
6.476550

	
9.479460




	
3.6

	
0.221338

	
0.540296

	
1.120180

	
2.074880

	
3.538890

	
5.667240

	
8.635400

	
12.639300




	
4.5

	
0.276672

	
0.675370

	
1.400220

	
2.593600

	
4.423620

	
7.084050

	
10.794300

	
15.799100




	
5.4

	
0.332007

	
0.810444

	
1.680270

	
3.112320

	
5.308340

	
8.500860

	
12.953100

	
18.958900




	
6.3

	
0.387341

	
0.945518

	
1.960310

	
3.631040

	
6.193060

	
9.917670

	
15.112000

	
22.118700




	
7.2

	
0.442676

	
1.080590

	
2.240360

	
4.149770

	
7.077790

	
11.334500

	
17.270800

	
25.278500




	
8.1

	
0.498010

	
1.215670

	
2.520400

	
4.668490

	
7.962510

	
12.751300

	
19.429700

	
28.438400




	
9.0

	
0.553345

	
1.350740

	
2.800450

	
5.187210

	
8.847240

	
14.168100

	
21.588500

	
31.598200
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Table 4. Verification results of grafting clip model.
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Test Object

	
Diameter of Grafted

Seedlings

(mm)

	
Safety-Pressure Resistance

(N)

	
Displacement Variable ΔL (mm)

	
Simulated

Clamping Force

(N)

	
Tested Clamping Force

(N)




	
Clip Opening

	
Steel Ring

	
D = 0.7 mm

	
D = 0.8 mm

	
D = 0.7 mm






	
Grafted cucumber seedlings

	
3.12 ± 0.10

	
3.31 ± 0.12

	
1.75

	
3.375

	
1.94

	
3.32

	
2.58




	
Grafted watermelon seedlings

	
2.86 ± 0.12

	
3.73 ± 0.15

	
1.49

	
3.245

	
1.87

	
3.19

	
2.41
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Table 5. Clip-feeding test results.
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	No.
	Inclination Angle of

Discharging Slideway

(°)
	Clip-Pushing

Cylinder Thrust

(N)
	Input Air Pressure of Clip-Pushing Cylinder

(MPa)
	Success Rate of Clip-Feeding

(%)





	1
	30
	6.03
	0.3
	82.33



	2
	30
	8.04
	0.4
	83.67



	3
	30
	10.05
	0.5
	84.33



	4
	40
	6.03
	0.3
	92.00



	5
	40
	8.04
	0.4
	93.00



	6
	40
	10.05
	0.5
	92.33



	7
	50
	6.03
	0.3
	96.33



	8
	50
	8.04
	0.4
	98.67



	9
	50
	10.05
	0.5
	98.00










[image: Table] 





Table 6. Results of variance analysis.
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	Difference Source
	Sum of Squares
	Df
	Mean Square
	F–Value
	Significance





	Inclination angle of discharging slideway
	310.58
	2
	155.29
	501.73
	18.00 (α = 0.01)



	Thrust by the clip-pushing cylinder
	4.26
	2
	2.13
	6.89
	6.94 (α = 0.05)



	Error
	1.24
	4
	0.31
	
	



	Total
	316.08
	8
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