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Abstract: Rootstock has a soft tissue that should be held carefully to avoid mechanical damage.
Holding the rootstock stem is a significant factor in the grafting process, with direct consequences
on the survival rate of grafting. To analyze the damage mechanism of clamping rootstock, a finite
element model of the clamping mechanism was established, and different clamping velocities and
silicone rubber thicknesses were then studied in this study using the finite element method (FEM).
The density and elasticity modulus of the rootstock stem and silicone rubber were determined
experimentally using standard methods. The results show that as the clamping velocity increased,
the contact force on the rootstock stem increased, and the clamping velocity should be lower than
the critical velocity to reduce the probability of damage occurrence on the stem. The increase in
silicone rubber thickness would decrease the force on the stem, while also resulting in the instability
of the rootstock clamping. A silicone rubber thickness of 4 mm was confirmed as an appropriate
thickness for this device. The simulation results were compared with the experimental results, and
the mean error was 7.01% within the allowable range, which indicated that the FEM simulation
model was reliable.

Keywords: clamping rootstock; damage mechanism; FEM; clamping velocity; silicone rubber thickness;
contact force

1. Introduction

Watermelon (Citrullus lanatus) is an important economic crop that accounts for about
9.5% of the total global vegetables production [1]. China is the main producer of water-
melon, contributing up to nearly 60.6% of the yield worldwide [2]. Fusarium oxysporum f.
sp. Niveum (Fon) is the cause of Fusarium wilt of watermelon, which is a common limiting
factor for watermelon production worldwide [3,4], causing a loss of 10–15% of watermelon
yield [5,6]. Currently, grafting is the main means to defend against soil-borne diseases and
enhance watermelon quality due to its resistance to biotic and abiotic stresses [7,8].

In China, the grafted watermelon seedlings are commonly used for watermelon
production; however, watermelon grafting is mainly manually performed due to the low
level of the grafting mechanization. The main reason for low mechanization is that foreign
grafting machines have a high cost and are not applied in the domestic environment;
moreover, no mature domestically developed grafting machines have been popularized in
the country, which is seriously hindering the development of mechanized grafting [9]. A
rootstock clamping device is a crucial part of a watermelon grafting machine. Rootstock
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seedlings are prone to damage due to the soft material of rootstock during clamping,
thus affecting the grafting quality. Therefore, studies on the rootstock clamping devices
are warranted. Springs were designed by Lou et al. [10] at both ends of the clamping
mechanism, automatically adjusting the position during the clamping process based on
the inclined insertion method. Jiang et al. [11] and Chu et al. [12] both designed a flexible
clamping device using the close joining method. Additionally, the rubber gaskets were
arranged in the middle of the clamping mechanism, which can reduce clamping damage
to some extent. However, these studies on rootstock clamping devices are based only on
experiments, and there have been no studies conducted on the damage mechanism during
the rootstock clamping process.

Finite element (FE) analysis is a numerical approach and is widely used to solve
complex engineering problems. In the farm industry, the linear response of the material is
limited to small deformation, and the increase in deformation leads to nonlinear behavior
of materials; thus, the response to the loading is usually nonlinear [13,14]. Chen and Baerde-
maeker [15] used the FE technique to evaluate the melon firmness, and the bruised area of
pear fruit was predicted by Yousefi et al. [16]. Li et al. [17] studied the mechanical damage
in tomatoes under external compressive force, and Sadrnia et al. [18] used nonlinear finite
element analysis to investigate internal bruising in compressed watermelons. Cui and
Shen [19] modeled and predicted the buckling and post-buckling behavior of plant stems
under loading. Dynamic tests and FE simulations were conducted by Celik et al. [20] to ana-
lyze the dynamic deformation of potato during mechanical collision. Dintwa et al. [21] used
the FE method to analyze the dynamic collision of apple fruits considering the viscoelastic
properties. Zajaczkowska et al. [22] studied the mechanical characteristics of Equisetum
hyemale stems during vibration based on FE analysis. These studies above showed that
the FE method is an appropriate method to estimate deformations and mechanical damage
of plants.

Currently, fewer studies have been carried out in the clamping collision of grafting
rootstocks, and the interaction analysis of the clamping device and the rootstock seedlings
is relatively scarce. In this study, finite element simulation was performed to evaluate
the force on the rootstock stem at different velocities and silicone rubber thicknesses. The
experimental results were compared with simulation results to determine the reasonable
range of the clamping velocity and silicone rubber thickness. The results of this study
provide new information for the damage evaluation of rootstock clamping in grafting.

2. Materials and Methods
2.1. Rootstock Clamping Mechanism Model
2.1.1. Rootstock Clamping Mechanism

Before removing the rootstock growth point, the rootstock needs to be held using
the inclined insertion grafting method. A rootstock seedling clamping mechanism was
designed in our previous study [23], as shown in Figure 1. The clamping mechanism
mainly involves clamping blocks, silicone rubbers, and cylinders. During clamping, the
pneumatic cylinder drove clamping block ‘a’ toward clamping block ‘b’ to hold the rootstock
seedling. To achieve undamaged clamping of the rootstock seedlings, silicone rubber was
installed on the clamping blocks, which had a certain buffering effect during the clamping
process. Negative pressure air holes were present on the upper surface of the clamping
blocks to adsorb the cotyledons of the rootstock to facilitate the subsequent growth point
removal process. The clamping blocks were attached to a rotary table cylinder through the
connecting frame and secured to the cylinder fixing frame.
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Figure 1. Three-dimensional model of the clamping mechanism [23]. 1. Pneumatic cylinder. 2. 
Clamping block ‘a’. 3. Silicone rubber. 4. Connecting frame. 5. Rootstock seedling. 6. Clamping 
block ‘b’. 7. Negative pressure air hole. 8. Rotary table cylinder. 9. Cylinder fixing frame. 

2.1.2. Clamping Process Analysis 
During the clamping process, the pneumatic cylinder drove clamping block ‘a’ close 

to clamping block ‘b’. After coming into contact with the rootstock stem, it started to 
squeeze the stem and continued to move to deform the silicone rubber until the move-
ment of the pneumatic cylinder stopped [24]. The movement process consisted of three 
stages. The force analysis of the rootstock seedlings in the three stages is shown in Figure 
2. 

 
Figure 2. Analysis of the forces on the rootstock seedlings during clamping. 

(a) Before collision: the cylinder drove clamping block ‘a’ to move toward clamping 
block ‘b’ at a certain velocity, which is the acceleration stage. At this time, the root-
stock stem was closely attached to the inner side of the silicone rubber under the 
external suction action. The force equation is as follows. 
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F1—The supporting force of silicone rubber to the stem, N; 
F—The external suction force, N; 
Ff1—The friction force between silicone rubber and the stem, N; 
G—The rootstock seedlings gravity, N. 
(b) Collision occurred: clamping block ‘a’ started to come into contact with the rootstock 

stem and continued to squeeze, and the silicone rubber deformed under pressure. 

Figure 1. Three-dimensional model of the clamping mechanism [23]. 1. Pneumatic cylinder. 2.
Clamping block ‘a’. 3. Silicone rubber. 4. Connecting frame. 5. Rootstock seedling. 6. Clamping block
‘b’. 7. Negative pressure air hole. 8. Rotary table cylinder. 9. Cylinder fixing frame.

2.1.2. Clamping Process Analysis

During the clamping process, the pneumatic cylinder drove clamping block ‘a’ close to
clamping block ‘b’. After coming into contact with the rootstock stem, it started to squeeze
the stem and continued to move to deform the silicone rubber until the movement of the
pneumatic cylinder stopped [24]. The movement process consisted of three stages. The
force analysis of the rootstock seedlings in the three stages is shown in Figure 2.
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Figure 2. Analysis of the forces on the rootstock seedlings during clamping.

(a) Before collision: the cylinder drove clamping block ‘a’ to move toward clamping block
‘b’ at a certain velocity, which is the acceleration stage. At this time, the rootstock stem
was closely attached to the inner side of the silicone rubber under the external suction
action. The force equation is as follows.{

F1 = F
Ff 1 = G (1)

F1—The supporting force of silicone rubber to the stem, N;
F—The external suction force, N;
Ff1—The friction force between silicone rubber and the stem, N;
G—The rootstock seedlings gravity, N.

(b) Collision occurred: clamping block ‘a’ started to come into contact with the rootstock
stem and continued to squeeze, and the silicone rubber deformed under pressure.
Silicone rubber is an elastic composite material with nonlinear characteristics, and
thus, the force F′1 is a nonuniform variation value. When clamping block ‘a’ collided
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with clamping block ‘b’, the movement stopped. At this stage, the acceleration of
clamping block ‘a’ gradually decreased, and the velocity first increased and then
decreased. To prevent damage to the stem under pressure, the stress of the stem
should be less than the yield stress of the stem. The force equation on the stem can be
expressed as {

Ft
S + F

S0
< σe

Ff 2 = G
(2)

Then,
ma
S

+ P < σe (3)

Ft—The driving force of the cylinder over time, N;
S—The contact area between silicone rubber and the stem, m2;
S0—The contact area between air hole and the stem, m2;
G—The rootstock seedlings gravity, N;
σe—Yield stress of the stem, Pa;
m—Mass of silicone rubber and clamping block ‘a’, kg;
a—Acceleration of silicone rubber and clamping block ‘a’, m/s2;
P—Negative pressure, Pa.

(c) After collision: the clamping collision was completed, and the deformation of silicone
rubbers reached a stable state. At this time, the force equation is presented below.{

F′′ 1 = F + F2
Ff 3 = G (4)

F′′1—The supporting force of right silicone rubber to the stem, N;
F2—The force of left silicone rubber to the stem, N;
Ff3—The friction force between silicone rubbers and the stem, N.

From the above force analysis, the force at the stage of collision occurred may have
caused damage to the stem. Thus, further analysis was mainly performed for this stage.
Since silicone rubber is geometrically nonlinear during deformations, Hooke’s law cannot
be used for the calculation, and it is difficult to determine the nonlinear characteristics of
elastic materials. Therefore, other methods are needed to calculate the force of the stem.

2.2. Plant Material

Cucurbit (Yongzhen No. 5, Top-Yield Seed Technology Co., Ltd., Ningbo, China) was
used as the rootstock. Rootstock seeds were soaked for 14 h before accelerating germination,
and the seeds were sown in 50-cell trays after germination. The test was carried out when
the cucurbit seedlings had one true leaf unfolded and the second true leaf exposed.

2.3. Finite Element Modeling
2.3.1. Geometric Model of Clamping Mechanism

A 3D model of the clamping mechanism was established in the software SolidWorks
2016 (Dassault Systemes SolidWorks Corp., Concord, MA, USA). For the convenience of
calculation and analysis, the clamping model was simplified, as shown in Figure 3. The
geometric dimensions of 120 rootstock seedlings were measured. The average long axis and
short axis values of the stem were 3.52 mm and 2.94 mm, respectively. The average long
axis and short axis values of the medullary cavity were 0.79 mm and 0.77 mm, respectively.
The stem length was set at 30 mm.
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Figure 3. A simplified model of the clamping mechanism. (unit: mm). 1. Clamping block. 2. Silicone
rubber. 3. Rootstock stem.

2.3.2. Settings of the Element Type and Material Properties

Model pre-processing is an important part of FE simulation. In this study, the 3D
clamping model was saved in IGES format and then imported into the HyperMesh software
13.0 (Altair Engineering Inc., Troy, MI, USA) for model pre-processing. Silicone rubber is an
elastic material, and it is assumed to be incompressible, which means that its volume is kept
constant before and after deformation. The Mooney–Rivlin model was commonly used to
describe the properties of rubber-like materials [25,26]. The model parameters obtained
through the test are shown in Table 1. *MAT_PLASTIC_KINEMATIC was selected as the
simulation material of rootstock stem. The clamping block material was harder compared
to the other two materials. Thus, to facilitate the simulation calculation, *MAT_RIGID was
chosen as the simulation model material. The model material parameters measured for the
stem and silicone rubber are listed in Table 2.

Table 1. Model parameters of silicone rubber.

Density Poisson Ratio C01 (Constant) C10 (Constant)

Silicone rubber 1380 kg/m3 0.49 2.04 −0.38

Table 2. Model parameters of clamping block and rootstock stem.

Density Modulus of Elasticity Poisson Ratio

Clamping block 1250 kg/m3 902.48 MPa 0.42
Rootstock stem 1970 kg/m3 10.29 MPa 0.3

When solving the deformation problem, single-point integration is often used for
element calculation to avoid the negative volume of the element. Solid164 element is
chosen in explicit dynamic analyses with eight nodes, whose default algorithm is single-
point integration [27]. Therefore, the clamping block, silicone rubber, and rootstock in this
simulation all used Solid164 units.

2.3.3. Grid Division

The grid size directly influences the finite element analysis results. Theoretically, the
smaller the grid size, the closer the predicted value is to the real value [28]. However, a
smaller size also increases computation time. To choose the appropriate grid size of the
clamping model, further study of grid size convergence is warranted. For this purpose, the
influence of the stem with different grid sizes on the contact force was investigated in this
study [29]. The different grid sizes of the stem are shown in Figure 4 and Table 3.
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Table 3. Different grid sizes of the stem.

Grid Size 0.06 0.08 0.1 0.15 0.2

Element amount 480,000 270,000 180,000 72,000 45,000
Node amount 511,020 293,280 198,660 84,420 54,360

2.3.4. Contact Settings of the Element Type and Material Properties

To save computation time, the initial distance between the two silicone rubbers was
0.1 mm. The right clamping block was fixed, and the stem and the right silicone rubber
fitted together. It was assumed that clamping block ‘a’ with a certain velocity approached
clamping block ‘b’ and made frontal collision contact. In HyperMesh software 13.0, a
penalty contact function was used to cope with the model contact. Studies have shown
that if the penalty factor is more than 1.0, the calculation results may be unstable [27,30].
Considering friction, the penalty factor was set to 0.1, and a friction coefficient of 1.4
was measured for the contact between the stem and silicone rubber. The contact type
AUTOMATIC_SURFACE_TO_SURFACE was employed for all contact surfaces. According
to the clamping velocity, the termination time, time step, and the output parameters can
be set accordingly. The processed FE model was imported into ANSYS 16.0 (ANSYS, Inc.,
Township, PA, USA) and then calculated using LS-DYNA Solver.

3. Results and Discussion
3.1. Grid Independence Validation

FE results were imported into LS-PrePost software (Livermore Software Technology
Corporation, Livermore, CA, USA) for analysis, and contact force in x direction curves
of different elements during clamping with a velocity of 110 mm/s and a silicone rubber
thickness of 3 mm were obtained, as shown in Figure 5. Due to the frontal collision, only
the contact force in the x direction was analyzed. From Figure 5, the contact force gradually
approached the exact solution with the decrease in grid size. The maximum contact force
was 3 N at the grid size of 0.08 mm, which differed from the results at 0.06 mm by less than
2%; however, the model computing time was greatly reduced. Thus, the FE model with a
grid size of 0.08 mm was selected for analysis in this study.
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3.2. FE Simulation Results and Discussion

To investigate the action of the clamping model on the stem, FE simulations of the
clamping process with different clamping velocities and silicone rubber thicknesses were
performed. Figure 6 shows the von Mises stress distribution of the stem at a clamping
velocity of 110 mm/s. From Figure 6, it can be seen that the stress acting on the stem was
zero before collision, indicating that there was no internal stress. At t = 0.0008 s, the two
ends of the left silicone rubber began to make contact with the stem, and the contact zone
of the silicone rubber and the stem was subjected to compressive stress. With time, the
von Mises stress distribution spread toward the surroundings, and the stress gradually
increased. Additionally, the maximum stress shifted from the beginning at both ends to the
frontal area of the collision. At t = 0.0015 s, the peak stress occurred. Subsequently, as time
increased, the stress gradually decreased. The stress did not disappear immediately but
propagated inside the stem in the form of a stress wave [27].
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Figure 7 presents, under the condition of 3 mm silicone rubber thickness, the contact
force in the x direction for the stem with different clamping velocities. It can be seen from
Figure 7 that under the same velocity, the contact force increased first and subsequently
decreased with increasing time. The silicone rubber fixed onto clamping block ‘a’ came into
contact with the stem, and the contact force rapidly increased. The greater the velocity, the
more obvious the phenomenon was. Moreover, it was found that the maximum contact
force increased as the velocity increased. The reason for this was that the momentum of
the object increased with increasing velocity, and according to the impulse–momentum
theorem, increased momentum increased the force while keeping time constant. This
conclusion was supported by similar data from Azimi et al. [31]. The maximum contact
forces under different velocities are shown in Figure 8. From Figure 8, with an increase
in velocity, the maximum contact force increased almost linearly. According to previous
studies, the critical force for a stem was 4.45 N [32]. Thus, the corresponding velocity of
190 mm/s could be obtained by fitting to the curve. However, the size of the stem was
uneven, and the reduced critical force caused a reduction in the velocity. To prevent damage
to the stem, the clamping velocity should be kept below the critical velocity.
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Figure 9 presents, under the condition of 110 mm/s clamping velocity, the contact force
in the x direction for the stem with different silicone rubber thicknesses. As can be seen from
Figure 9, under the same silicone rubber thickness, the contact force gradually increased
with increasing time. However, from 1 mm to 4 mm, the contact force overall decreased
as the silicone rubber thickness increased. This was because the thicker silicone rubber
could produce larger deformation and store greater deformation energy when the same
force acted on the silicone rubber. Thus, the force acting on the stem decreased accordingly.
Similar conclusions can also be drawn by Zakeri et al. and Chen et al. [33,34]. Due to small
thickness variations, the contact forces at 1 mm and 2 mm were not significantly different.
The maximum contact force at 3 mm distinctly decreased. The tendency of the contact force
curves at the silicone rubber of 5 mm changed when compared to the other group. Through
this experiment, it was found that thicker silicone rubber caused the stem to rotate during
clamping, and the stem was not held effectively. Thus, 4 mm is a more suitable silicone
rubber thickness for the clamping device.
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The analysis of variance results, indicating the effect of clamping velocity and silicone
rubber thickness on the maximum contact force, are shown in Table 4. From Table 4, the
p-values for clamping velocity and silicone rubber thickness were both less than 0.05, indi-
cating that clamping velocity and silicone rubber thickness significantly affected the maxi-
mum contact force (p < 0.05). Therefore, the results from FEM are statistically significant.

Table 4. ANOVA results for the maximum contact force.

Source Sum of Squares df Mean Square F-Value p-Value Significant

Velocity 3.016 5 0.603 12065.286 0.007 Yes
Thickness 0.958 4 0.240 4792.167 0.011 Yes

Error 5 × 10−5 1
Total 138.201 11

3.3. Test Validation

To verify the rationality and reliability of the established FE simulation model, a
study on the clamping device with different clamping velocities was conducted. The
clamping device test-bed is shown in Figure 10. To measure the velocity of the pneumatic
cylinder, an acceleration sensor (50 g, Chengke Electronic Technology Co., Ltd., Shanghai,
China) was adopted. The contact force was measured by a force sensor (2 kg, Chengke
Electronic Technology Co., Ltd., Shanghai, China) [32]. The comparison of the simulation
and experimental results for the maximum contact force in the x direction with different
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velocities is shown in Figure 11. From Figure 11, the simulation results display a similar
trend to the experimental results. In addition, the simulation results are very close to the
experiments, with a mean error of 7.01%. Thus, it was reasonable to conclude that the
model established in this study was suitable to simulate the rootstock clamping process.
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In watermelon grafting methods, generally, the rootstock needs to be fixed first, and
then, the scion and the rootstock are combined together. This easily causes damage to the
rootstock during clamping. Finite element modeling is a feasible way to evaluate the effect
of various clamping parameters on the rootstock. Naturally, this method is also applied to
the analysis of the scion clamping process.

4. Conclusions

Rootstock clamping plays a crucial role in watermelon grafting. The performance of
the clamping device determines the extent of damage occurring during clamping. Thus,
optimizing the clamping device parameters is an effective way to reduce the damage. In
this study, we proposed FE simulation to replace the actual experiment for optimizing the
device. For this purpose, a rootstock clamping model was established. FE simulations
with different clamping velocities and silicone rubber thicknesses were then performed.
The simulation results show that the von Mises stress first increased and then decreased
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over time, and the maximum stress shifted from both sides in the beginning to the frontal
area of the stem. Increased velocity increased the maximum contact force of the stem.
To reduce damage to the stem, the clamping velocity should be lower than the critical
velocity. Moreover, when the silicone rubber thickness was small, thickness variation had
a minor influence on the contact force of the stem. A greater silicone rubber thickness
may cause the stem to rotate during clamping and reduce the clamping effect. A silicone
rubber thickness of 4 mm was confirmed to be optimal for reducing damage to the stem.
Finally, the validation of the simulation model was carried out by comparing the simulation
results with experimental results. The mean error between the simulation results and the
experimental results was 7.01%, indicating that the simulation model was reliable. This
study provides a basis for developing a clamping device with low damage.
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