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ABSTRACT

The movement of plug seedlings and the pots damage mechanism are deeply studied during the planting
process, and the planting components are optimized. The Tekscan pressure distribution measurement system
was used to measure the mechanical characteristics of the drop impact between the whole plug seedlings and
the pots. The relative error between the collision impact force of the plug seedlings and the collision impact
force of the pot is less than 20%. Therefore, a drop impact test using the pot allows the whole plug seedling to
be characterized. The Hertz-Mindlin with bonding model was used to build a simulation model of the pot based
on essential physical parameters. The Plackett-Burman test and the steepest climbing test determined the
significant parameters and optimal intervals affecting the collision impact force: the rolling friction coefficient
between the pot and pot was 0.35~0.38, the bond stiffness was 0.2~0.6 MN'm=3, and the bond radius was
1.56~1.98 mm. Finally, the Box-Behnken test was performed and the quadratic regression model of the
collision impact force was developed. Taking the collision impact force with a drop height of 350 mm as the
target, the optimal solution is obtained: the rolling friction coefficient between the pot and pot was 0.35, the
bond stiffness was 0.53 MN'm3, and bond radius 1.97 mm. The average value was used for other insignificant
influence parameters. The simulation results are compared with the physical test, and the relative error is
3.65%. Therefore, the pot model established by this simulation parameter can represent the actual drop impact
of the pots.
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INTRODUCTION

Transplanting seedlings can use natural light and heat resources to improve crop quality, increase
crop yield and create favourable conditions for high crop yield, which has obvious advantages in open field
planting and mulch seeding (Yang et al., 2018; Zhao et al., 2020). The roots of the plug seedlings are mixed
and absorb the nutrients in the matrix, forming a pot with a particular strength elasticity to facilitate transplanting
in the field (Han et al., 2019; Wen et al.,, 2021). The movement of the plug seedlings and the damage
mechanism of the pot is a very complex system that can seriously affect the quality and efficiency of the
transplanting process.
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Many scholars have focused on research into the damage rate of plug seedlings and the optimization
of critical components. Ryu et al., (2001), studied the effect of the structural parameters of the seedling gripper
on the success of seedling extraction and the loss of quality of potted seedlings. Jiang et al.,(2017), studied
the effects of the matrix ratio, water content, and pot quality on seedling extraction and the matrix breakage
success rate. Yang et al., (1991), studied the influencing factors of the operational performance of the sliding
needle cylinder seedling gripper and analysed the influence of the degree of disc root and the water content
of the matrix on the success rate of seedling extraction. Mao et al., (2021), designed a seedling pickup device
composed mainly of a conveying device, a feeding device, a seedling clamping device, and an automatic
control system. The use of aerodynamically blowing out the seedlings and the end effector significantly reduces
the damage rate of the seedlings. Tian et al., (2022), modelled matrix particles of different materials based on
the elastic-plastic contact model (ECM) in EDEM to study the interaction between the steel needle and the
matrix. Using the response surface method, we investigate changes in matrix loss with different needle
diameters, insertion depths, and insertion and grasping speeds. Liu et al., (2016), established a mechanical
model for the stage of seedling taking and planting. Combined with the test of the pressure resistance
characteristics of the pot, the relevant parameters of the pot suitable for mechanized transplanting were
obtained. According to Jin et al., (2018), the high-speed photographic analysis of the collision movement
process of the planting device and the seedlings falling to the bottom of the planter established the dynamic
model of each stage. Gao et al., (2017), established seedling matrix particle models of various materials based
on the extracellular cohesion matrix (ECM) cohesion model and then studied the relationship between the steel
needle and the seedling matrix. It is not easy to accurately describe the movement of plug seedlings and pot
damage by conventional methods. The discrete element method considers the influence and distribution of
physical parameters on particle flow. The velocity and displacement of each particle are solved by Newton's
second law and the dynamic relaxation method (Han et al., 2019; Gonzélez-Montellano et al., 2012). It is
especially suitable for studying nonlinear problems such as the pot damage mechanism.

Because there is a multidirectional and complex force chain network between the particles of the pots,
it is necessary to input exact simulation parameters to obtain accurate simulation results. At present, individual
parameters are mainly measured, but rarely are the parameters of the pot measured in a more comprehensive
physical test. In this study, T562 oilseed sunflower plug seedlings were used to study the mechanical
characteristics of the drop impact of the whole plug seedling and the pot using the Tekscan pressure
distribution measurement system. The Hertz-Mindlin with bonding model was used to build a simulation model
of the pot based on essential physical parameters. Taking the collision impact force with a drop height of 350
mm as the target, the PB, steep climb, and Box-Behnken tests were carried out to calibrate the simulation
parameters. Simulated collision impact forces are compared with actual collision impact forces to verify the
reliability of the model. This study provides a basis for studying the movement of plug seedlings and the pot
damage mechanism.

MATERIALS AND METHODS
Test material

In this test, T562 oil sunflower plug seedlings were grown by Inner Mongolia Heyuan Agricultural
Technology Corporation. The seedling matrix consisted of grass carbon, vermiculite, and pearlstone with a
mass ratio of 3:1:1 (Zeng et al., 2021). The age of the seedlings was 30 d. The water content was
58.78~62.47% by the drying method. The oil sunflower seedlings grew normally, with well-developed root
systems knotted together with the seedling matrix to form a strong and flexible pot, as shown in Figure 1.

Fig. 1 — Oil sunflower plug seedlings at the planting stage
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Physical test of drop impact between the pots and the whole plug seedlings

As shown in Figure 2, the drop impact test between the plug seedling and the steel plate is
composed mainly of a seedling gripper, frame, handle, 5250 flexible thin film network tactile pressure
sensor, and computer. The 5250 flexible thin film network tactile pressure sensor, handle, and |-Scan
System data processing system make up the Tekscan pressure distribution measurement system
(Hunston, 2002). The flexible thin film network tactile pressure sensor is a matrix-based thin film pressure
sensor consisting of 2 very thin polyester films. The sensor size is 245.9x245.9 mm, the spatial resolution
is 3.2/cm?, the pressure measurement range is 0~0.179 MPa, and the scanning frequency is 0~100 Hz,
as shown in Figure 3. A flexible thin film network tactile pressure sensor was placed at the centre of the
seedling gripper for testing (Agins et al., 2003; Yang et al., 2016). During the test, the flexible thin film network
tactile pressure sensor sweeps each sensing point and then measures the pressure resistance of each force
sensing point. Numerical analysis is performed to convert data on contact stress, contact area, and peak
contact stress and generate the corresponding distribution clouds (Chevalier et al., 2010; Mei, 2021).

Fig. 2 — Drop impact test on oil sunflower plug seedlings

1. Seedling gripper. 2. Fastening bolts. 3. Frame. 4. Computer and I-Scan System data processing system.
5. Handle. 6. Plug seedlings. 7. 5250 flexible thin film network tactile pressure sensor. 8. The steel plate.

Fig. 3—-5250 flexible thin film network tactile pressure sensor

The sensor should be calibrated and zeroed before the test. The whole plug seedlings and the pots are
dropped against the steel plate at different heights. The steel has a density of 7850 kg/m?3, a Poisson's ratio of
0.3, a shear modulus of 7.0 x 10%° Pa, and a thickness of 5 mm. The drop height (h) is the distance from the
bottom of the pot to the test plane (Figure 4a).

The test is divided into two main cases, as shown in Figure 4. A steel plate is placed on the test plane,
a flexible film network tactile pressure sensor is arranged on it, and the drop impact test of the plug seedling
at different drop heights is carried out; The collision between the pot and the steel plate retains the 20 mm
stem above the pot so that the seedling gripper can hold the pot. The pots carried out drop impact at different
drop heights. This process was repeated in each group several times, and the final value of the average was
calculated.
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@
Fig. 4 — Comparison of whole plug seedlings and pots
a) holding position of the plug seedling; b) whole plug seedling and pot

Determination of the basic parameters of the pot
The mass, density, and other essential parameters of the pot of the T562 oil sunflower plug seedlings
are shown in Table 1.

Table 1
Basic physical parameters of the pots
Parameters Value
Physical dimensions( Top surface x Bottom surface x Height ) [mmxmmxmm] 40%20x45
The pot volume [cm?] 42
Mass [g] 15
Density [kg/m?] 357

Determination of the restitution coefficient
The restitution coefficient measures the ability of a plug seedling to recover its original shape after a
collision and is an essential parameter for analysing changes in the movement of plug seedlings (Ma et al.,
2020).The free-falling collision method determined the restitution coefficient of collision between the pot and
the steel plate. When the pot falls onto the steel plate, the restitution coefficient e is the ratio of the relative
velocity of the pot to the steel plate after the collision to the relative velocity before the collision.
e=Vy/ V4 (1)
Where vi and v are the velocities of the pot before and after the collision, m/s.
The pot is under the action of gravity during the falling process. The kinetic energy theorem obtains the
normal velocity of the pot before the collision.
vy=y/2ghy (2)

vo=y/2gh, @)

Normal velocity after collision:

Therefore,

o= 2= |2 (4)

where vz is the normal velocity before the collision, m/s; v1 is the normal velocity after the collision, m/s; hi is
the drop height before the collision, mm; and hz is the maximum height of the bounce after the collision, mm.

The pots with well-wrapped roots were selected for marking to facilitate the high-speed camera shooting,
collision, and rebound effect. The distance between the high-speed camera lens and the test surface was 2000
mm. The marker point of the plug seedling pot fell freely from a height of 350 mm to the steel plate collision
and bounced up.

Determination of the restitution coefficient

As shown in Figure 5, the CNY-1 type inclinometer was placed on the horizontal plane (Zhang et al.,
2018). The pot was broken up and placed in the cylindrical container to form the cylindrical pot block. The
lower surface of the cylindrical container bonded to the test plane of the inclinometer. The inclinometer was
turned anticlockwise until the pot was seen to slide. The rotation was stopped, and the angle of the inclination
display was recorded at this point.
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The static friction coefficient between the pot and pot was calculated from Equation 5. This process was
repeated in each group several times, and the final value of the average was calculated. Therefore, the static
friction coefficient between the pot and pot is 0.75~0.92; the static friction coefficient between the pot and steel
is 0.7~0.88.

p=tang (3)
where: u is the static friction coefficient, and ¢ is the angle indicated when the pot is about to slide in the plane
of determination of the inclinometer, (°).

Fig. 5 — Static friction coefficient test between the pot and pot
a) cylindrical pot block; b) static friction coefficient test device

Establishment of the pot contact model

The geometric characteristics of the particles are irregular in the pot, with small holes forming between
the particles. The position of the pot particles changes when the pot collides with a vital component of the
transplanter (Ma et al., 2021; Wang, 2016). The Hertz-Mindlin with bonding model was chosen as the contact
model between the pot's movement and the damage mechanism. In this paper, spherical particles were used
as the base patrticles for the pot model. The particle radius is set to 1.3 mm. The total number of particles was
2587, and the bonding bonds were 42027. The time step was 1%. The data storage time interval is 0.0001 s.
The total movement time was 1.6 s. A physical and discrete element simulation model of the plug seedling pot
is shown in Figure 6.

Fig. 6 — Physical and discrete element simulation model of the pot

The Hertz-Mindlin with bonding model is based on 5 microscopic parameters: normal bond stiffness Sp,
tangential bond stiffness St, normal ultimate stress omax, tangential ultimate stress mmax, and bond radius Ro
(Xiong et al., 2018; Zhang et al., 2019). To improve the efficiency of the operation, the bond stiffness and
ultimate stress of the pot particles are equal so that Sn = Stand Omax = Tmax. The bond radius Ry is usually 1.2~2
times the radius of the particle. Through many drop impact simulations, the initial ranges of the parameters of
the discrete element model of the pot, including the bond stiffness, ultimate stress, and bond radius, are 0.2-
1.2 MN'm3, 0.06-0.16 MPa, and 1.56-2.60 mm.

Establishment of the discrete element model of the pot drop impact

First, a discrete element model of dropping impact between the pot and the steel plate was established
based on the physical test. Then, the pot particle coordinates were copied into the particle factory data file
"Particle_Cluster_Data.txt." The basic information about the pot particles was written into "Particle
Replacement prefs.txt." Import the API file "Particlereplacement_v2_ x64.dll" with the particle factory into
EDEM 2018.
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Finally, the parameters were set according to the relevant test scheme, and a simulation was carried
out. The discrete element model of the collision between the pot and the steel plate is shown in Figure 7.
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The pot
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X

Fig. 7 — Discrete element model of the pot drop impact

Steel plate

RESULTS
Determination of collision impact mechanics between the whole plug seedling and the pot
Analysis of the contact stress distribution characteristics between the whole plug seedling and the pot

The whole oil sunflower plug seedlings and pots were subjected to drop impact tests at different heights.
The flexible film network tactile pressure sensor and the I-Scan System data processing system obtained the
contact stress and its distribution of the collision between the whole seedling and the pot, as shown in Figure
8. The dark blue area is low stress, the red area is high stress, and the colourless area has a contact stress of
0 kPa. The high stress is located approximately in the centre of the contact area, and the stress values
decrease from the centre to the edge of the contact area. As the drop height increases, the low-stress
distribution decreases significantly. It is gradually distributed toward the edge of the contact area, while the
high-stress distribution gradually increases.

o ® ® ) Whole plug seedlings
Q
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=
g
g
%
g
@ ® @ @ The pots
| | | |
50 150 250 350

Dropping height/mm
Fig. 8 — Typical stress distribution of dropping impact between whole plug seedlings and the pots

Comparing the collision impact force of the whole plug seedlings and the pots

The I-Scan System is used to process the data to obtain the average contact stress and contact area
for a drop impact of an oil sunflower plug seedling. The product of the average contact stress (P) and the
contact area (A) is the collision impact force (Wu et al., 2012), as shown in Equation (6).

F=PxAx107 (6)

where F is the collision impact force, N; A is the contact area, mm?; and P is the average contact stress, kPa.

As shown in Table 2, the relative error between the collision impact force of the plug seedlings and the
collision impact force of the pot is less than 20%. Therefore, a drop impact test using the pot allows the whole
plug seedling to be characterized. It provides support for the discrete element simulation.

Table 2
Comparison of collision impact forces

Type Dropping height/mm
50 mm 150 mm 250 mm | 350 mm
Collision impact force of the whole seedlings[N] 4.63 5.37 6.39 7.68
Collision impact force of the pot[N] 3.95 4.75 5.64 6.84
Relative error[%] 14.69 11.55 11.74 10.94
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Restitution coefficient test results

The collision process of the pot was recorded with a PCO.dimax S4 high-speed camera. The distance
in the horizontal direction is 400 mm, and the displacement in the vertical direction is 700 mm in the image
post-processing software TEMA. The vertical displacement curve is shown in Figure 9.

400

— Collision between the pot and the pot
—— Collision between the pot and the steel

Vertical displacement / mm

ho

0 1 1 1 I 1 I fl 2

1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Times /ms

Fig. 9 — Vertical displacement curve

This process was repeated in each group several times, and the final value of the average was
calculated. The restitution coefficient between the pot and the pot is 0.26~0.48; the restitution coefficient
between the pot and the steel is 0.17~0.24.

Significance parameter selection and analysis of results

The Plackett-Burman experimental design was carried out using Design-Expert 8.0.6 software. The
restitution coefficient between the pot and the pot, and the friction coefficient between the pot and steel were
determined by high-speed photography and an inclinometer. Additional parameters were consulted in the
relevant literature (Cui et al., 2022; Feng, 2016; Gao, Xie, et al., 2017; Tong et al., 2019). A Plackett-Burman
test was conducted to identify the parameters that would have significant effect on the collision impact force.
Respectively, the maximum and minimum values of the 11 parameters were coded as levels +1 and -1 in
Table 3. A total of 12 sets of tests were carried out, with each set being averaged several times to determine
the collision impact force. The Plackett-Burman test design and results are shown in Table 4.

Table 3
The Placket - Burman test parameters table
Low High
No. Test parameters level (-1) level (+1)
X1 Poisson's ratio of the pot 0.3 0.44
X2 Shear strength of the pot [MPa] 1.04 1.76
X3 the restitution coefficient between the pot and the pot 0.26 0.48
Xa the static friction coefficient between the pot and pot 0.75 0.92
Xs the rolling friction coefficient between the pot and pot 0.35 0.43
Xe the restitution coefficient between the pot and the steel 0.17 0.24
X7 the static friction coefficient between the pot and steel 0.7 0.88
Xs the rolling friction coefficient between the pot and steel 0.26 0.3
Xo Bond stiffness[MN-m-3] 0.2 1.2
X10 Ultimate stress[MPa] 0.06 0.16
X11 Bonding radius[mm] 1.56 2.6
Table 4
The Placket - Burman test design and results
No. | Xi | Xo | Xs | Xe | Xs | Xo | Xi | Xe | Xe | Xaw | xu | COMsion
impact force [N]
1 1 1 -1 1 1 1 -1 -1 -1 1 -1 5.39
2 -1 -1 -1 1 -1 1 1 -1 1 1 1 15.11
3 -1 1 1 1 -1 -1 -1 1 -1 1 1 9.86
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4 1 1 -1 -1 -1 1 -1 1 1 -1 1 18.14
5 1 -1 1 1 -1 1 1 1 -1 -1 -1 6.33
6 1 -1 1 1 1 -1 -1 -1 1 -1 1 13.7
7 1 -1 -1 -1 1 -1 1 1 -1 1 1 10.91
8 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 5.82
9 -1 -1 1 -1 1 1 -1 1 1 1 -1 6.38
10 1 1 1 -1 -1 -1 1 -1 1 1 -1 11.54
11 -1 1 1 -1 1 1 1 -1 -1 -1 1 4.35
12 -1 1 -1 1 1 -1 1 1 1 -1 -1 6.99

Determination of the optimal interval

As shown in Table 5, the rolling friction coefficient between the pot and pot (Xs), bond stiffness (Xs), and
bond radius (X11) have a significant effect on the collision impact force of the pot. Therefore the steepest climb
test was carried out for parameters Xs, Xo, and Xu1. To further limit the range of parameter values, the relative
error between the simulated collision impact force and collision impact force obtained from the physical test
(F=6.84 N) was used as the evaluation index, and the average value was used for all insignificant influence
parameters. The design and the result of the steepest climb test are shown in Table 6. The results showed
that the rolling friction coefficient between the pot and pot (Xs) was 0.35~0.38, the bond stiffness (Xo) was
0.2~0.6 MN'm 3, and the bond radius (X11) was 1.56~1.98 mm.

Table 5
Placket - Burman parameters significant analysis

Parameters Stdized effect Sum of Square Contribution rate/% Significance ranking
X1 2.92 25.52 11.98 4
X2 -0.33 0.33 0.15 10
X3 -1.7 8.67 4.07 5
X4 0.04 0.0047 0.002253 11
Xs -3.18 30.34 14.24 3
Xe -0.52 0.81 0.38 8
X7 -0.68 1.37 0.64 6
Xs 0.45 0.61 0.29 9
Xo 4.87 71.05 33.35 2
X10 0.64 1.24 0.58 7
X11 4.94 73.11 34.32 1

Table 6
The test design scheme and results of the steepest climb
Parameters Parameters Parameters Collision Relative
No. Xs Xo X11 impact force error
[-] [MN-m~] [mm] [N] (%]
1 0.35 0.2 1.56 5.81 15.06
2 0.37 0.4 1.77 7.67 12.13
3 0.38 0.6 1.98 9.08 32.75
4 0.40 0.8 2.19 13.32 94.74
5 0.41 1.0 2.40 10.86 58.77
6 0.43 1.2 2.60 8.73 27.63

Collision impact force-simulation parameter regression model establishment

The rolling friction coefficient between the pot and pot Xs, bond stiffness X9 and bond radius Xi1 were
used as test factors. The collision impact force is the response value, and the Box-Behnken module is used to
design a 3-factor, 3-level orthogonal test. The test factors and levels are shown in Table 7. A total of 17 tests
were carried out and repeated in each group multiple times, and the final value was the average.

Test factors and levels

Table 7

The level of coding
Factors
-1 0 +1
The rolling friction coefficient between the pot and pot Xs 0.35 0.37 0.38
Bond stiffness Xo[MN-m] 0.2 0.4 0.6
Bonding radius Xi1[mm] 1.56 1.77 1.98
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As shown in Table 8, Design-Expert 8.0.6 software was used to perform multiple regression analyses
on the test results of the collision impact force. A quadratic regression model of the rolling friction coefficient
between the pot and pot (Xs), bond stiffness (Xe), and bond radius (X11) was established, as shown in Equation
7.

{ F=9.52-0.57%X5+0.45%X9-0.40%X11+2.13*x XsXo+ @)
1.82xX5X11-1.51xXoX11+1.81% X52-1.17%x X02-0.44x X112
where:

F is the collision impact force, N; Xs, Xo, and X11 are the rolling friction coefficients between the pot and

pot, bond stiffness (MN'm-3) and bond radius (mm), respectively.

Table 8
Box-Behnken test design and results

NoO Test factor level value Collision impact force
’ Xs Xo X1 [N]
1 0 0 0 9.68
2 -1 0 1 9.67
3 1 -1 0 6.82
4 0 -1 1 8.62
5 -1 0 -1 13.53
6 -1 -1 0 11.97
7 0 -1 -1 6.99
8 0 1 -1 10.24
9 1 0 1 11.92
10 -1 1 0 9.26
11 0 0 0 9.53
12 0 0 0 9.87
13 1 0 -1 8.49
14 0 0 0 9.46
15 0 0 0 9.08
16 1 1 0 12.64
17 0 1 1 5.84

The analysis of variance (ANOVA) results for the above quadratic regression model of collision impact
force. The coefficient of determination of the regression Equation R2=0.9699 and the corrected coefficient of
determination adjusted R?=0.9312 are close to 1, and the coefficient of variation CV=5.60%, so the confidence
level of the obtained regression equation is high. The lack of fit P=0.051>0.05 indicates that the regression
equation fits well and can better reflect the relationship between collision impact force F and Xs, Xo, and Xu1.

Table 9
The analysis of variance (ANOVA) on the collision impact force model
Source Sum of Freedom Mean F Value P value
Squares Square
Model 65.42 9 7.27 25.05 0.0002**
Xs 2.6 1 2.6 8.96 0.0201*
Xo 1.6 1 1.6 5.52 0.0511
X11 1.28 1 1.28 4.41 0.0738
X5 Xo 18.19 1 18.19 62.69 <0.0001**
X5 X11 13.29 1 13.29 45.79 0.0003**
Xo X11 9.09 1 9.09 31.33 0.0008**
Xs2 13.86 1 13.86 47.77 0.0002**
Xo? 5.72 1 5.72 19.72 0.003**
X112 0.8 1 0.8 2.76 0.1409
Residual 2.03 7 0.29
Lack of Fit 1.69 3 0.56 6.51 0.051
Pure Error 0.35 4 0.086
Cor Total 67.45 16

Note: * indicates significant (p<0.05), ** indicates highly significant (p<0.01)
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Selection and verification of optimal parameters

With the optimization module of Design-Expert 8.0.6 software, the collision impact force (F=6.84 N) of
the physical test measured drop height of 350 mm was used as the target. The software calculated the optimal
solution: the rolling friction coefficient between the pot and pot was 0.35, the bond stiffness was 0.53 MN'm-,
and bond radius 1.97 mm. The average value was used for other insignificant influence parameters. The
Poisson's ratio was 0.37, and the shear modulus was 1.4 MPa. The restitution coefficient between the pot and
the pot was 0.37. The static friction coefficient between the pot and the pot was 0.84, the restitution coefficient
between the pot and the steel was 0.21, the static friction coefficient between the pot and the steel was 0.79,
the rolling friction coefficient between the pot and steel was 0.28, and the ultimate stress was 0.11MPa. The
simulation results are compared with the physical test, and the relative error is 3.65%. Therefore, the pot model
established by this simulation parameter can represent the actual drop impact of the pots.

CONCLUSIONS

(i) The Tekscan pressure distribution measurement system was used to measure the mechanical
characteristics of the drop impact between the whole plug seedlings and the pots. The relative error between
the collision impact force of the plug seedlings and the collision impact force of the pots is less than 20%.

(i) The Plackett-Burman test and the steepest climbing test determined the significant parameters and
optimal intervals affecting the collision impact force: the rolling friction coefficient between the pot and pot was
0.35~0.38, the bond stiffness was 0.2~0.6 MN'm-3, and the bond radius was 1.56~1.98 mm.

(iiiy The Box-Behnken test was performed on the significance of the parameters, and the quadratic
regression model of the collision impact force was developed. Taking the collision impact force with a drop
height of 350 mm as the target, the optimal solution was obtained: the rolling friction coefficient between the
pot and pot was 0.35, the bond stiffness was 0.53 MN'm-3, and bond radius was 1.97 mm. The average value
was used for other insignificant influence parameters. The simulation results were compared with the physical
test, and the relative error was 3.65%. Therefore, the pot model established by this simulation parameter can
represent the actual drop impact of the pots.
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