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Abstract

:

A grafting machine is a kind of machine that can quickly graft scion to rootstock instead of manual grafting. Currently, an inclined inserted grafting machine uses the mechanical clamping method, which can easily damage the rootstock seedlings due to its high stiffness, thus, reducing the success rate of grafting. This study proposed an effective, flexible clamping device for grafting. The suction hole diameter (HD), the negative pressure (NP), and the surface inclination angle (IA) of the clamping device were studied via a single factor experiment to obtain optimal parameter ranges. Optimal HD, NP, and IA were 2–3 mm, 4–8 kPa, and 10–20°, respectively. The orthogonal experiment results showed that the optimal parameter combination for maximum holding success rate was HD, 2.5 mm; NP, 6 kPa; and IA, 10°. The experimental verification was carried out using the optimal parameter combination, with a holding success rate of 98.3% and no damage. This study provides a reference for the optimal design of an inclined inserted grafting machine.
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1. Introduction


Watermelon, belonging to Citrillus lanatus, is a cash crop grown worldwide, especially in China. China planted watermelon on about 1.85 million hectares (ha) in 2017, yielding 74.84 million tons, accounting for 53.3% and 67.4% of the global planting and production, respectively [1]. Watermelon contains rich nutrients, such as minerals, vitamins, and amino acids [2,3]. Because of the limited cultivated land available and the low payoffs of crop rotation, watermelons are commonly continuously grown in the same field to meet the consumer demand. However, the continuous planting leads to the establishment of Fusarium wilt, significantly affecting watermelon production [4,5]. Fusarium wilt can cause rapid withering of plant cotyledons and fruits [6,7,8]. Although Fusarium wilt is controllable by crop rotation and not using land for a period, the farmers need the income. Developing resistant varieties against Fusarium wilt could be an effective and friendly measure to control Fusarium wilt disease in watermelon [9]. However, no commercial resistant varieties have been developed currently [5]. Grafting, an innovative and friendly technology [10], can produce high yield and strong resistance to Fusarium wilt disease [11], and it is commonly used in continuous planting worldwide. Planting grafted watermelons can increase the yield and production due to the strong rooting system [12], about 30–50% higher than that of ungrafted watermelons [13].



Traditional watermelon grafting was by hand, which is labor-intensive and inefficient. The emergence of grafting robots has attracted attention of many scholars due to continuous development of science and technology [14,15,16]. In China, the watermelon grafting machine mainly uses two methods [17]: splice and inserted methods, as shown in Figure 1. The splice method is to cut both the rootstock and the scion into bevels, then fix the two bevels together with a grafting clamp. The inserted method is first removing the growth point of rootstock, then punching a hole in the rootstock using a needle. In order to insert the scion into the hole smoothly and ensure that the scion will not loosen after being inserted into the hole without a grafting clamp, the size of the needle should be as thick as the scion. Next, cut the stem at 10–15 mm below the scion cotyledon into a splice of 70°, and then insert the scion into the rootstock [18]. When the punching needle is extracted, the diameter of the hole in the rootstock becomes smaller due to the rebound of the tissue in the hole. After inserting the scion into the rootstock, since the diameter of the scion is close to the hole diameter, the scion fits closely with the hole in the rootstock. Therefore, compared with the splice method, the inserted method does not require a grafting clamp during grafting. The inserted method consists of the straight inserted method and the inclined inserted method. Compared with the straight inserted method, the scion is not easy to insert into the cavity (a stem structure of melons) of the rootstock using the inclined inserted method. The inclined method can prevent self-rooting and also can prevent the nutrients loss caused by the splice method. This study is based on the inclined inserted method. The design of the rootstock clamping device directly affects the success of punching a hole in the rootstock and the union of the rootstock and the scion, thus, the rootstock clamping device is a key component in the inclined inserted melon vegetables grafting machine. Lou et al. [19] designed an adaptive pressing mechanism for rootstock cotyledons using the inclined inserted method. The springs are arranged at both ends of the clamping mechanism, automatically adjusting the position during the clamping process. However, clamping parts in the middle of the clamping mechanism are rigid and can damage the rootstock stems. Yang et al. [20] proposed a kind of air suction clamp for rootstock. The mechanism uses negative pressure to hold the rootstock cotyledon for making flat; however, too many suction holes and larger negative pressure cause greater energy consumption.



This study proposed an effective, flexible clamping device for successful inclined inserted rootstock clamping. The device was equipped with silicone rubber to prevent the rootstock stem damage during clamping. The rootstocks were then held on the clamping block via a seedling pressing mechanism and negative pressure. The rootstock clamping device test-bed was designed, and the structural parameters and working parameters of the key components were optimized through experimental analysis. The device was experimentally verified for the optimal parameter combination. This study provides a reference for the rootstock clamping analysis in an inclined inserted grafting machine.




2. Materials and Methods


2.1. Inclined Inserted Grafting Method


The process of inclined inserted grafting method shown in Figure 2 are as follows. Firstly, the scion seedling is manually placed in the scion feeding mechanism and held by the negative pressure inside the air suction fixing device (Figure 2a). Then, the stem at 10 mm below the scion cotyledon is quickly cut off the splice with a cutter (Figure 2b,c). Meanwhile, in another position of the grafting machine, the rootstock seedling is manually placed in the clamping blocks and then held by the clamping device (Figure 2d). The clamping device mainly consists of a seedling pressing mechanism and a clamping mechanism. The growth point of rootstock is completely exposed when removing the seedling pressing mechanism (Figure 2e). The growth point removal mechanism moves according to the designed trajectory to remove the rootstock growth point (also known as apical meristem, can produce new leaves and buds.), and the root of the rootstock is cut off quickly using a cutter (Figure 2e). As new roots after root cutting grow more vigorously, the root of rootstock is generally cut off during grafting. After rotating the rootstock clamping device by 90°, a pneumatic cylinder drives a needle (2.5 mm diameter in this study) that is as thick as the scion to punch a hole in the rootstock (Figure 2f). Next, the air suction fixing device drives the scion to the union position and inserts the scion into the rootstock diagonally downward as the needle is extracted (Figure 2g). Due to the close diameters between the scion and the hole in the rootstock, the scion fits closely in the hole in the rootstock and will not loosen after being inserted into the rootstock. Therefore, the grafted seedling does not require a grafting clamp. The grafted seedling is removed from the grafting machine and the grafting action is completed (Figure 2h).



The rootstock clamping device is one of the essential components of the grafting machine. Inaccurate positioning of the rootstock and the inability to fully expose the growth point during the clamping process will increase the difficulty of removing the growth point. Therefore, it is necessary to study the rootstock clamping device.




2.2. Structure and Working Principle of Rootstock Clamping Device


2.2.1. Structure of Rootstock Clamping Device


The 3D model of the rootstock clamping device is shown in Figure 3. The device consists of cylinders, seedling pressing mechanism, clamping blocks, frame, and other components. In pneumatic transmission, the external air pressure pushed the piston in the cylinder to reciprocate and then drives the actuator fixed at one end of the piston rod to move linearly or swing back and forth [21]. Pneumatic cylinder “a”, fixed on the frame, can drive the pneumatic cylinder “b” and the seedling pressing mechanism to move directly above the clamping blocks. The function of the seedling pressing mechanism is to press the cotyledons of the rootstock seedling to the upper surface of the clamping blocks to facilitate holding the cotyledons. The rotary table cylinder is fixed on the cylinder fixing frame, and the clamping block “a” and the clamping block “b” are connected with the rotary table cylinder through the connecting frame. The rotary table cylinder can drive the clamping blocks to rotate to another direction so as to facilitate the union of scion and rootstock. Silicone rubber, shown in Figure 4, is fixed by glue at the middle of the clamping block, and it is food grade and belongs to low hardness silicone rubber with a hardness of 10°. Squeezing silicone rubber causes its deformation to cushion the clamping impact.




2.2.2. Working Principle


The rootstock seedling is manually placed on the silicone rubber fixed inside the clamping block “b”, and then the negative pressure (in Figure 4b) generated by the vacuum pump holds the stem of the rootstock. The pneumatic cylinder “c” pushes the clamping block “a” towards the rootstock seedling. The v-shaped positioning pieces (in Figure 4a) on two clamping blocks can cross together and gather the stem in the middle, realizing the clamping positioning. After fixing the stem of the rootstock, the pneumatic cylinder “a” pushes the pneumatic cylinder “b” directly above the rootstock seedling, making the seedling pressing mechanism press down the rootstock cotyledons. The negative pressure holds the cotyledons when the cotyledons are pressed on the upper surface of the clamping blocks, and the seedling pressing mechanism completes seedling pressing and returns to its original position. The growth point is fully exposed and the clamping action completes, waiting for the follow-up growth point removal operation.




2.2.3. Design of Clamping Mechanism


The clamping mechanism is shown in Figure 4. The fit degree between the cotyledon and the upper surface of the clamping block is one of the key factors for the holding success. The upper surface of the clamping block is curved at an inclination angle of 5–25°. The two rows of air holes (diameter, 1.5–3.5 mm) are arranged on the upper surface. The distances between the two rows of air holes are larger than the leaf vein width in the middle of the cotyledons to ensure that the cotyledons are effectively held. At the same time, to avoid the waste of negative pressure, the total width of two rows of air holes is less than the cotyledon width. The negative pressure inlet (diameter, 8 mm) at one end is connected with the negative pressure pipe. Compared to clamping block “a”, a stem suction pipe is set in the clamping block “b”, and other structural parameters of clamping block “b” are the same as those in clamping block “a”. Silicone rubber is then put in the middle groove of the clamping block. A hole connected with the stem suction pipe of the clamping block “b” is designed inside the silicone rubber. The silicone rubber is smaller than the groove size to achieve silicone rubber deformation space after squeezing.



The straight stems can be fixed at the middle of the clamping block only by suction. It is necessary to locate the curved stems using other methods since negative pressure can not completely hold and fix the stems in the middle position [22]. In this study, the multi-layer positioning pieces are arranged on the clamping block to realize the curved stems positioning.



The force of the rootstock stem in the clamping process is shown in Figure 5.



Assuming that the force of the stem reaches an instant balance, the force equation can be expressed as:


   {     F s  =  F 1  +  F 2      G =  F f       



(1)






   {     F f  = μ  F s       F 1  = P S = π P  r 2       



(2)







Formulas (1) and (2) can be obtained using the following formula:


     F 1   S  +    F 2     S 0    = P +   G − π μ P  r 2    μ  S 0     



(3)







Fs—The supporting force of silicone rubber to the stem, N;



F1—The air suction pressure, N;



F2—The impact force of clamping block “a” to the stem, N;



G—The rootstock seedlings gravity, N;



Ff—The friction force between silicone rubber and the stem, N;



μ—The friction coefficient between silicone rubber and the stem;



P—Negative pressure, Pa;



S—The contact area between the suction hole and the stem, m2;



r—The radius of suction hole, r = 1.75 mm;



S0—Pressure area of the stem, m2;



π—Pi, π = 3.14.



Stress generated by F1 and F2 should not be greater than yield stress of the stem to ensure that the rootstock stem is not pinched during the clamping process. Therefore, at constant μ, G, and r, it is necessary to study the air suction negative pressure change in the Equation (3).




2.2.4. Design of Seedling Pressing Mechanism


The structure of the rootstock seedling pressing mechanism is shown in Figure 6. The seedling pressing mechanism contains connecting block, connecting rod, spring, bearing, shaft, bearing retaining ring, and seedling pressing rod. Pneumatic cylinder “b” is fixed on one end of the rootstock seedling pressing mechanism through the connecting block, controlling the up and down movement of the seedling pressing rod. The seedling pressing rod is installed on the shaft through the bearing, and the outer end of the bearing is equipped with a bearing retaining ring. Pneumatic cylinder “b” drives the seedling pressing mechanism downwards during operation, pushing the seedling pressing rod down after touching the cotyledons of the rootstock. The friction between the seedling pressing rod and the cotyledons rotates the seedling pressing rod, moving along the extension direction of the cotyledons. The spring in the middle of the two connecting rods adjusts the horizontal movement distance of the seedling pressing rod. It quickly restores the seedling pressing rod to its original position after seedling pressing.



The force on a single cotyledon during seedling pressing is shown in Figure 7. The cotyledon force equation at equilibrium moment can be expressed as:


   {    G cos α +  F p  +  F a  =  F n      G sin α +  F  f 2   =  F  f 1        



(4)






   {     F  f 1   =  μ 1   F p       F  f 2   =  μ 2   F n       F a  =  P 0   S 1  = n  P 0  π  r 0    2       
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Then,


     F a     S 1    +   G cos α +  F p     S 2    =  P 0  +   G sin α +  μ 1  G cos α + n  μ 2   P 0  π  r 0    2     S 2  (  μ 1  −  μ 2  )    



(6)







G—The cotyledon gravity, N;



α—The surface inclination angle of the clamping block, °;



Fp—The force of the pressing rod on the cotyledon, N;



Fa—The air suction pressure, N;



Fn—The supporting force of the clamping block to the cotyledon, N;



Ff1—The friction force between the pressing rod and cotyledon, N;



Ff2—The friction force between the clamping block surface and the cotyledon, N;



μ1—The friction coefficient between cotyledon and pressing rod;



μ2—The friction coefficients between cotyledon and clamping block surface;



P0—Negative pressure, Pa;



S1—The contact area between suction hole and cotyledon, m2;



r0—The radius of suction holes on the surface of the clamping block, m;



n—The number of suction holes, n = 6;



S2—Pressure area of the cotyledon, m2;



Stress of cotyledon should not be greater than the yield stress of cotyledon to ensure that cotyledons are not crushed. Equation (6) indicates that the pressure of the pressing rod on the cotyledon is related to the surface inclination angle of the clamping block, the negative pressure, and the suction hole diameter. Therefore, it is necessary to investigate the above parameters to reduce the seedling damage and further optimize the design of the clamping device.





2.3. Experiment Materials


Yongzhen No. 5 cucurbit, a special rootstock for watermelon (Top-Yield Seed Technology Co., Ltd., Ningbo, China), was selected as the experimental material. The rootstock seedling shown in Figure 8 was planted in a greenhouse at 22–26 °C for 9–12 days, and the characteristic parameters of rootstock seedlings are shown in Table 1. The watermelon variety “Zaojia 8424” was used as the scion. The experiment was conducted when the cucurbit seedlings had two leaves (one true leaf unfolded and the second true leaf exposed).



The 3D model of clamping blocks were designed in SolidWorks (Dassault Systemes, Concord, MA, USA) and then imported into a 3D printer (CR5080, Creality 3D Technology Co., Ltd., Shenzhen, China). The clamping blocks were made using 3D printing with polylactic acid (PLA). The fabrication process of silicone rubber was that the liquid silicone rubber was poured in a mold and cured at a room temperature of 28 °C for 4–5 h. The experiment gas sources included a Boge air compressor (pressure range 0–10 bar) and vacuum pump (pressure range −8–0 bar).




2.4. Experiment Conditions and Methods


The experiment was conducted on the self-made rootstock clamping test-bed to analyze the influence of the actual working environment and optimize the operating parameters. The vacuum pump produced negative pressure to hold the stem of rootstock on the clamping block. Another clamping block was pushed by the pneumatic cylinder to clamp the rootstock. The seedling pressing mechanism pressed down the cotyledons of rootstock, and then the cotyledons were held by the negative pressure of air holes. The rootstock holding process is shown in Figure 9. The negative pressure pipe was connected with a digital display meter to display the negative pressure value. The positive air pressure produced by the air compressor moved the pneumatic cylinder to control the clamping block and the seedling pressing mechanism. The air pressure pipe had a pressure regulating valve, which controlled the pressure.




2.5. Experimental Factors and Indicators


The clamping test-bed was used to investigate the adsorption effect of the rootstock clamping device. Previous experiments and studies [23] have shown that air suction hole diameter (HD), negative pressure value (NP), and surface inclination angle (IA) are the main experimental factors. The holding success rate and the damage rate of rootstock were used as the experimental indicators. Rootstock seedlings held on the clamping blocks with no damage were treated as successful experiments; otherwise, they were recorded as failed. Obvious extrusion marks or breakage on the stems or cotyledons of rootstock seedlings were regarded as experimental damage. The damage rate included the damage to the stems and cotyledons of rootstocks. The indicators were calculated as follows.


   {    P =    n 0   N      Q =    n 1   N       



(7)







P—The holding success rate, %;



n0—The number of failed cotyledons of rootstocks;



N—The number of rootstocks;



Q—The damage rate of rootstocks, %;



n1—The number of damaged rootstocks.




2.6. Experimental Design


This experiment selected HD, NP, and IA as influencing factors and the success rate and the damage rate as experimental indicators. Each factor had five levels: HD from 1.5 to 3.5 mm in increments of 0.5 mm, NP from 2 to 10 kPa in increments of 2 kPa, and IA from 5 to 25° in increments of 5°. The influence of the experimental factors on clamping was studied via a single factor experiment and orthogonal experiment. The orthogonal experiment could analyze the significant influence of each experiment factor on the experiment indicators through a small number of representative experiments and found out the optimal combination of factor levels [24], which has been applied in many fields [25,26]. The factor level table of the orthogonal experiment is shown in Table 2. A total of 15 groups of single factor experiments and nine groups of orthogonal experiments were carried out (60 rootstock seedlings in each group).




2.7. Data Analysis


The orthogonal experiment results were processed and analyzed using the software SPSS 19.0 (IBM, Armonk, NY, USA). The analysis of variance (ANOVA) was conducted to assess the significance (p < 0.05) of experimental factors. The software Origin 8.5 (OriginLab, Northampton, MA, USA) was used for graphing and data analysis.





3. Results and Discussion


All the experiments were conducted in the laboratory of the College of Biosystems Engineering and Food Science, Zhejiang University, China. However, there were potential limitations in this study. First, compared with the actual facility agriculture grafted operation, the sample of this study is relatively small. Second, this study just investigates the rootstock clamping device, and no attempt has been made to study the device in the grafting machine; therefore, there could be other factors that affect the desired properties of the rootstock clamping device. Thus, a profound study is warranted in the future. Nonetheless, since fewer studies are available on the rootstock clamping device currently, these results could be helpful for the research of flexible clamping devices.



3.1. Single-Factor Experiment Analysis and Discussion


The single-factor experimental results of HD are shown in Figure 10. The results showed that with the increase of HD, the holding success significantly increased at first, then slowed down, finally turning into a downward trend. Decreased HD increased the velocity in the air hole, reducing the adsorption effect on rootstock cotyledons due to the small suction force between the air hole and cotyledon. Similarly, increased HD increased the suction force between the air hole and cotyledons. This improved the holding success rate while gradually decreasing the flow velocity and negative pressure. The negative pressure and flow rate rapidly decreased at certain HD increments, decreasing the adsorption success rate. Similar conclusions were reported by other researchers, who found that the airflow velocity and pressure gradually decreased with increasing outlet diameter of the suction chamber [20,27,28]. The clamping device had a better holding effect at an HD range of 2–3 mm.



The single factor experimental results of NP are shown in Figure 11. Negative pressure flowed into the stem suction pipe and air hole from the negative pressure inlet, and the seedling pressing mechanism assisted in holding the rootstock on the clamping block. It can be seen in Figure 11 that the holding success rate of rootstock gradually increased with increasing NP. The cotyledons cannot be held on the clamping block at an NP of 2 kPa because low pressure leads to a small suction force. However, with the gradual increase of NP, this situation changed significantly. NP was caused by the pressure difference between the inside and outside of air hole. Increased NP led to increased pressure difference and decreased pressure inside the air hole. According to Bernoulli’s principle, the flow velocity increased when the pressure decreased, so the flow velocity inside the air hole increased. At constant HD, increasing NP promoted the flow rate and suction force of the air hole, thus, improving the holding success rate. Jiang et al. (2019, 2020) obtained a similar conclusion that the increase of negative pressure increased the vacuum in the gas chamber, thus, increasing the flow rate and improving the adsorption capacity [29,30]. In this experiment, the injury of rootstock seedlings occurred mainly at the junction between cotyledons and stems when NP was 10 kPa, possibly due to the high NP increasing suction force. When HP ranged 4–8 kPa, the holding effect had satisfying values.



At a constant of NP and HD, inclination angle (IA) reflected the fit of cotyledon and the upper surface of clamping block. Excessive IA led to damage in the junction between the cotyledon and the stem during the pressing cotyledons process; additionally, the negative pressure of air holes close to the stem could not effectively hold the cotyledon. The single factor experimental results of IA are shown in Figure 12. As can be seen from Figure 12, the holding success rate showed a downward trend with increasing IA. Increased IA increased the distance of the cotyledons pressed to the surface of the clamping block, promoting the resistance of the cotyledons to the clamping block. Furthermore, increased IA reduced the fit degree between the cotyledons and the clamping block surface, resulting in some negative pressure loss, thus, reducing the adsorption effect. The holding success rate was higher when the IA was 5°. However, the growth point of the rootstock could not be fully exposed at 5°, thus, it was not conducive for the subsequent growth point removal operation. Therefore, the holding effect can be improved to an acceptable level at an IA range of 10–20°.




3.2. Orthogonal Experiment Results and Discussion


The significance and influence of HD, NP, and IA on holding were investigated via a three-factor, three-level orthogonal experiment using the clamping device. The experimental results are shown in Table 3.



The success rate of the clamping device was not less than 90% with a low damage rate, indicating an effective clamping device (Table 3). Through the experiment, it was found that the rootstock stem was deflected during clamping, inhibiting cotyledon absorption, losing some negative pressure, which led to the adsorption failure. This observation was in agreement with the results obtained by others [31]. The holding damage was due to the uneven cotyledons of the rootstock, and the distal end of some cotyledons were lower than the position of clamping blocks.



This study mainly focused on the holding success rate analysis since the damage rate was low. The analysis results are shown in Table 4. Table 4 showed that the p-values for HD, NP, and IA were 0.032, 0.072, and 0.023, respectively, indicating that HD and IA had a significant effect on the success rate (p < 0.05). By contrast, NP had no significant influence on the success rate since its p-value for NP was greater than 0.05.



The F-values were compared to determine the influence order of the three factors on the experiment results. Higher F-values indicated a greater influence of the corresponding factor on the experiment results [32]. The order of influence of the three factors in this study was IA > HD > NP. Therefore, more attention should be on adjusting IA and HD than NP during the experiment since the influence order of NP was the last and had no significant effect on the experimental results.



As can be seen from Figure 13, the optimal combination based on achieving the maximum holding success rate was HD2, NP2, and IA1. The experimental verification was conducted using the parameter combination with 60 rootstock seedlings. The optimal parameter combination achieved a holding success rate of 98.3% with no damage, indicating an effective clamping device designed in this study, achieving grafting requirements.





4. Conclusions


This study proposed a flexible clamping device to reduce the holding damage of rootstock seedlings during grafting. The clamping device was evaluated to determine its performance. The following conclusions were made:



(1) The single factor experiment was used to determine the optimal factor ranges of the clamping device: HD, 2–3 mm; NP, 4–8 kPa; and IA, 10–20°.



(2) The orthogonal experiment was used to assess the influence of structural parameters and working parameters on holding. The ANOVA analysis indicated the influence order as follows: IA > HD > NP.



(3) The optimal parameter combination was determined by orthogonal experiment: HD, 2.5 mm; NP, 6 kPa; and IA, 10°. The verification experiment was conducted using the parameter combination. A holding success rate of 98.3% with no damage was obtained. This study can provide a reference for the development of an inclined inserted grafting machine.
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Figure 1. Grafting methods of melon vegetables: (a) Splice grafting method; (b) Straight inserted grafting method; (c) Inclined inserted grafting method. 
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Figure 2. Grafting process of inclined inserted grafting method: (a) holding the scion; (b) cutting the stem of scion; (c) the scion after cutting; (d) holding the rootstock; (e) cutting the root and removing the growth point of rootstock; (f) punching a hole in the rootstock; (g) inserting the scion into the rootstock; (h) seedling after grafting. 
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Figure 3. 3D model of rootstock clamping device. 1. Pneumatic cylinder “a”. 2. Pneumatic cylinder “b”. 3. Seedling pressing mechanism. 4. Silicone rubber. 5. Clamping block “a”. 6. Pneumatic cylinder “c”, 7. Cylinder fixing frame, 8. Frame. 9. Rotary table cylinder. 10. Connecting frame. 11. Clamping block “b”. 12. Rootstock seedling. 
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Figure 4. Clamping mechanism: (a) 3D model of Clamping mechanism; (b) engineering drawing of clamping block “b” (unit: mm). 1. Silicone rubber. 2. Positioning piece. 3. Seedling. 4. Air hole. 5. Connecting hole. 6. Negative pressure inlet. 
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Figure 5. The force diagram of the rootstock stem. 
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Figure 6. 3D model of seedling pressing mechanism. 1. Connecting block. 2. Connecting rod. 3. Spring. 4. Bearing. 5. Shaft. 6. Bearing retaining ring. 7. Seedling pressing rod. 
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Figure 7. Stress analysis of a single cotyledon. 
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Figure 8. Rootstock seedlings: (a) rootstock seedlings in a greenhouse; (b) structure of single rootstock seedling. 
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Figure 9. Diagram of rootstock holding process. 
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Figure 10. Relationship between hole diameter (HD) and success rate. Note: negative pressure (NP) was 4 kPa and inclination angle (IA) was 20°. 
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Figure 11. Relationship between negative pressure (NP) and success rate. Note: hole diameter (HD) was 2.5 mm and inclination angle (IA) was 20°. 
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Figure 12. Relationship between inclination angle (IA) and success rate. Note: hole diameter (HD) was 2.5 mm and negative pressure (NP) was 4 kPa. 
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Figure 13. Comparison of effects of influencing factors on holding success rate. 
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Table 1. Characteristic parameters of rootstock.
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	Long Axis of Stem (mm)
	Short Axis of Stem (mm)
	Cotyledon Width (mm)
	Single Cotyledon Length (mm)





	3.52 ± 0.29
	2.94 ± 0.29
	20.23 ± 1.84
	32.37 ± 3.29
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Table 2. Factors level.
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	Level
	HD (mm)
	NP (kPa)
	IA (°)





	1
	2
	4
	10



	2
	2.5
	6
	15



	3
	3
	8
	20
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Table 3. Results of orthogonal experiment.
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	No.
	HD (mm)
	NP (kPa)
	IA (°)
	Success Rate (%)
	Damage Rate (%)





	1
	1
	1
	1
	93.33
	0



	2
	1
	2
	2
	95
	0



	3
	1
	3
	3
	91.67
	0



	4
	2
	1
	2
	96.67
	0



	5
	2
	2
	3
	95
	0



	6
	2
	3
	1
	98.33
	0



	7
	3
	1
	3
	90
	1.67



	8
	3
	2
	1
	96.67
	0



	9
	3
	3
	2
	95
	5
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Table 4. ANOVA results for adsorption effect.
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	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value





	HD
	19.131
	2
	9.565
	30.502
	0.032 *



	NP
	8.031
	2
	4.015
	12.804
	0.072



	IA
	26.523
	2
	13.262
	42.289
	0.023 *



	Error
	0.627
	2
	0.314
	
	



	Total
	80,647.845
	9
	
	
	







* means this term is significant (p < 0.05).
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