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ABSTRACT

To address the lack of contact parameters for yanhusuo during the mechanization process, its basic physical
and contact parameters were derived through both theoretical calculations and practical measurements.
Utilizing 3D scanning technology, a 3D model of yanhusuo was obtained. A discrete element model was then
established using an automatic filling method. The key factors influencing the stacking angle of yanhusuo were
identified using Plackett-Burman tests. The optimal ranges for these factors were determined through the
steepest ascent experiment, and a quadratic regression model for the stacking angle was developed using
response surface methodology (RSM) based on a rotational orthogonal experimental design. The optimized
parameters - a restitution coefficient of 0.481, static friction coefficient of 0.508, and rolling friction coefficient
of 0.029 - yielded a stacking angle of 21.23°. Experimental validation showed a relative error of just 0.86%
between the simulation and physical tests. These results demonstrate that the discrete element model and
calibrated parameters closely replicate real-world conditions, providing valuable insights for the mechanical
design of yanhusuo planting and harvesting equipment.

HE

FI XTI A ZFHI LT FEF L FE 1S H R Z R, BT R T EFLRNE, 1S TEHFHIELYES
HFEMEH . FIF 3D A, KEEHFEFR D B, REENETFETHEREZEZHTELY., @
Plackett—-Burman t35H4E T AN B HEFR BRI BB R % . BT REELAIHE TXLEEZXFLRETE
B, FETFEFFIE LI IR T RINIRL E % (RSM) #EiZ T 5L FF KRR B HI = K EIFRE . K ERT
SH—EFH 0. 481, BHEEFHA 0. 508, Roj/ErEFRH 0. 029— /=4 RIHEEREN 21. 23° . L
U AR S SL BRI Z [EIHIFERTIRZEDG 0. 86%. XLELFRFEH], BEHTTIRI I ESHEYEH T HSLEE,
I B Z B FI R BV IR T HEE T E S5 HI L AE

INTRODUCTION

Corydalis yanhusuo, a plant belonging to the Papaveraceae family and the Corydalis genus, is a
traditional Chinese medicinal herb (Chen et al., 2013; Ping et al., 2019) that grows in loose, moist soils such
as sandy or semi-sandy land. It typically has a flattened spherical shape, with a diameter ranging from 6 to 25
mm. The yanhusuo contains over 30 alkaloids, including tetrahydropalmatine and protopine, and exhibits
significant pharmacological effects such as pain relief, sedation, and antiarrhythmic properties. As a result,
yanhusuo hold considerable medicinal value (Gu et al., 2020; Zhang et al., 2018). In recent years, the
increasing demand for yanhusuo due to its expanding applications in the pharmaceutical industry has led to a
rise in its cultivation benefits. However, the seeding and harvesting of yanhusuo largely depend on manual
labor, which presents challenges such as low efficiency and high costs. As an emerging economic crop,
yanhusuo suffers from underdeveloped mechanization, and the lack of research in this field severely restricts
the growth of the yanhusuo industry. Therefore, the mechanization of yanhusuo cultivation, from sowing to
harvesting, is an urgent need. The accurate and objective collection of the mechanical parameters of yanhusuo
is a prerequisite for developing specialized mechanized equipment.

Discrete Element Method (DEM) model and parameter calibration (Ahmad et al., 2020, Horabik and
Molenda, 2016, Mousaviraad and Tekeste, 2024; Ur Rehman et al., 2022) are pivotal components in the
simulation research of agricultural machinery. Zhang et al., (2024), developed a DEM model for red flowers,
employing the Hertz-Mindlin (no slip) contact model to conduct packing angle tests and determine the optimal
parameter set through orthogonal testing.
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Chen et al., (2018), introduced a model approach for individual corn seeds and seed combinations,
based on a classification of seed shapes, and validated their method through piling tests and "self-flow
screening" tests. Sun et al., (2022), utilized the multi-sphere method to create wheat seed models consisting
of 13, 17, 25, and 33 spheres. The accuracy and applicability of these models were verified through stacking
angle simulations and physical tests. However, the yanhusuo exhibits a complex shape, and no DEM studies
related to the yanhusuo have been reported, resulting in a lack of reference material. Therefore, the DEM
model and parameters calibration for yanhusuo are critical for advancing simulation studies on this plant.

This study presents the determination of the fundamental physical and contact parameters for yanhusuo
through theoretical analysis and empirical measurement tests. A multi-sphere bonded DEM model (Guo et al.,
2020; Ucgul et al., 2014, 2018; Wang et al., 2022; Xu B. et al., 2021; Xu T. et al., 2018) for yanhusuo was
established using the auto-filling method. The Plackett-Burman design and steepest ascent tests were
employed to identify the significant factors affecting the packing angle of yanhusuo and their respective ranges.
The optimal parameter combination was determined through an orthogonal rotation combination test. The
reliability of the DEM model and contact parameters (Katinas et al., 2019; Li et al., 2024; Poppa et al., 2024;
Zhuang et al., 2023) for the yanhusuo was further validated through test verification. The results provide
fundamental parameters for simulating the mechanized seeding and harvesting of yanhusuo, offering a
reference for the calibration of similar crops.

MATERIALS AND METHODS
Determination of basic physical parameters

The yanhusuo variety examined in this study is ZheHu No.1. The five-point sampling method was
employed to collect a sample of yanhusuo, and its fundamental physical parameters were measured. A total
of 50 yanhusuo were randomly selected and divided into five groups. Using an electronic balance with a
precision of 0.01 g, the total mass of each group was measured and recorded. A graduated cylinder with a
precision of 0.1 mL was filled with 98% ethanol to ensure complete submersion of the yanhusuo samples. The
volume of each group was calculated by determining the difference between the initial and final readings of
the graduated cylinder. Subsequently, the density of the yanhusuo was determined using the density formula,
yielding a value of 1.085 g/cm?.

The moisture content of the yanhusuo is one of its fundamental parameters. In this study, an OHAUS
MB23 rapid moisture analyzer was used to measure the moisture content of yanhusuo. The samples were
divided into five groups for individual measurements, resulting in an average moisture content of 61.27%.

Poisson's ratio is the ratio of lateral strain to axial strain when a material is subjected to uniaxial
compression (Zhao et al., 2024). 1t is a crucial mechanical characteristic parameter of yanhusuo. In this test,
the compression deformation of yanhusuo was tested by Texture Analyzer. The Poisson's ratio of yanhusuo
was calculated by measuring the deformation in the lateral (horizontal) and vertical (height) directions before
and after loading, as shown in Figure 1.

Fig. 1- Compression test of yanhusuo

Before the test, the length and height of the yanhusuo were measured. At the start of tests, the yanhusuo
was placed on the platform of Texture Analyzer. The compression head was manually adjusted to ensure its
plane made contact with the upper surface of the yanhusuo. The experimental parameters were set with a
loading rate of 0.5 mm/s and a loading duration of 3 seconds. After the test, the length and thickness of the
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yanhusuo were measured again. The tests were repeated five times, and the average value was taken. The
Poisson's ratio of the yanhusuo was calculated to be 0.49 using Eq.(1).
AL/ L
A=
AH/H

(1)

where:
A — Poisson's ratio;
AL — the absolute deformation in the direction of the length of the yanhusuo, mm;
L — the original length of the yanhusuo, mm;
AT — the absolute deformation in the direction of the height of the yanhusuo, mm;
T - the original length in the direction of the height of the yanhusuo, mm.

Young's modulus (Khatchatourian et al., 2014; Shi et al., 2024) is one of the mechanical characteristic
parameters of the yanhusuo. In this study, Young's modulus of the yanhusuo was determined through
compression testing by Texture Analyzer. The resulting compression force-displacement curve was obtained

using the post-processing module of the computer software, as depicted in Figure 2.
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Fig. 2 - Load-displacement curve

The tests were repeated 5 times, the average value was calculated, and the Young’s modulus of
yanhusuo was calculated from Eq. (2) as E = 5.93 MPa

E=(%)/V )

where: E is the Young's modulus of the yanhusuo, [Pa]; o is the maximum compressive stress, [kN]; 4 is the
contact area of the compression head with the yanhusuo is 1.58 mm?Z; v is the line strain.

Determination of contact parameters
Determination of the restitution coefficient

The restitution coefficient between the yanhusuo and steel plate was determined using a free-fall test (Xu
Bing et al., 2022). Before testing, the grid paper was positioned vertically on a horizontal surface, as illustrated
in Figure 3. The yanhusuo sample was clamped at a height of H = 200 mm and released to fall freely. Upon
impact with the steel plate, the rebound motion was captured using a high-speed camera system. The rebound
height () was measured with the aid of graph paper and a ruler. This procedure was repeated ten times, and
the average value was calculated.
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Fig. 3 - Schematic diagram of the test used to measure the restitution coefficient
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The restitution coefficient can be calculated using the following formula:
V, =V,

e=——2 3)

V=V

v, =+[2gh (4)

v, =2gH (5)

where: e is the restitution coefficient between the yanhusuo and the colliding material; v, is the velocity of the
colliding material before the collision, [mm-s-]; v is the velocity of the yanhusuo before the collision, [mm-s];
v; is the velocity of the colliding material after the collision, [mm-s], v, is the velocity of the yanhusuo after the
collision, [mm-s']; H is the height from which the object is dropped before free fall, [mm]; % is the rebound
height, [mm]; g is the gravity acceleration, [m-s-?].

The measured restitution coefficient between the yanhusuo and the steel plate was 0.531.

Determination of the static friction coefficient

In this study, the inclined plane method was employed to measure the static friction coefficient between
the yanhusuo and steel plate, as shown in Figure 4. By the hand-cranked mechanism, the angle of the inclined
plane was gradually increased at a constant rate. The angle at which the tuber began to slide downward was recorded.

Fig. 4 - Static friction coefficient measurement test schematic
1. Rack; 2. Adjusting screws; 3. Inclined plane; 4. Yanhusuo.

Ten sets of tests were conducted for yanhusuo with steel plates, and the average values were
calculated.
The formula for calculating the static friction coefficient is as follows:

f=Gsind (6)
F, =Gcos@ )

ety
/ (®)

where: fis the frictional force acting on the yanhusuo, [N]; G is the gravitational force on the yanhusuo, [N]; Fy
is the support force acting on the yanhusuo, [N]; u is the static friction coefficient; 8 is the angle between the
inclined plane and the horizontal surface, [°].

The average inclination angles for the yanhusuo tests with steel plate were substituted into Eq. (8) to
calculate the static friction coefficients. The resulting static friction coefficient between the yanhusuo and the
steel plate was 0.493.

Determination of rolling friction coefficient

The rolling friction refers to the resistance encountered when one object rolls on the surface of another
without slipping, or when there is a tendency for rolling. It occurs as the contact surfaces of the two objects are
compressed, resulting in deformation, which in turn generates a hindrance to the rolling motion. This study
employs the bevel rolling method to measure the rolling friction coefficients between the yanhusuo and steel
plate. As shown in Figure 5, where the angle between the inclined and horizontal planes is 30°. The yanhusuo
was placed at a distance of L = 35 mm and allowed to roll freely with an initial velocity of 0 m/s until it came to
a stop. The horizontal rolling distance(S) was subsequently measured. A total of 10 trials were conducted for
each material.
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Fig. 5 - Schematic diagram of the method used to measure the rolling friction

The formula for calculating the rolling friction coefficient is as follows:
. GLsinp
B G(LcosB+S)
where: G is the gravitational force on the yanhusuo, [N]; B8 is the angle of inclination of the inclined plane, [°];
S is the distance by the yanhusuo while rolling on a flat surface, [mm]; L is the distance by the yanhusuo while
rolling on an inclined plane, [mm]; u'is the rolling friction coefficient of the yanhusuo and the steel plate.

The rolling distance between the yanhusuo and the steel plate is 122.1 mm. Substituting these values into
Eq. (9), the rolling friction coefficient between the yanhusuo and the steel plate is calculated to be 0.115.

(9)

The test for determining the stacking angle of Yanhusuo

In this study, data was initially obtained using the funnel method, followed by verification through the draw
plate method. In the funnel method stacking test, the funnel, the base plate, and the baffle plate are all made
of steel. The funnel has a height of 260 mm, a bottom diameter of 80 mm, and a top diameter of 240 mm. The
funnel is positioned 150 mm above the base plate, with its discharge opening covered by the baffle plate. A
total of 1000 yanhusuo are placed inside the funnel. The baffle plate is quickly removed, allowing yanhusuo to
fall freely onto the base plate and accumulate. The test is shown in Figure 6.

Fig. 6 - Funnel method stacking test
1. Funnel; 2. Baffle plate; 3. Base plate; 4. Yanhusuo.

After photographing stacked yanhusuo, MATLAB image processing techniques are applied. Through
binarization, edge detection is performed to extract the edge contour curve. A linear fit is then conducted to
obtain the equation of the line, from which the stacking angle is calculated, as shown in Figure 7.

(a) Oriéi'ri'aillimag (b) Edge extraction and fitted image
Fig. 7 — Yanhusuo stacking angle

A total of 10 tests were conducted, with the slope values taken from both the left and right sides for
each group. The final average value obtained was 21.05°.
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Discrete element method modeling and simulation

The complex shape of the yanhusuo was addressed in this study by using 3D scanning imaging
technology to capture their external contour models. The 3D contour models of the yanhusuo were exported
in STL format. These files were imported into EDEM software, where a multi-sphere bonded particle model
was applied, and the particle auto-fill method was used to construct the discrete element model of the
yanhusuo, as illustrated in Figure 8.

(a) Yanhusuo (b) Physical model © Discrete Element Model

Fig. 8 — Yanhusuo and discrete element model

The contact model between the yanhusuo, as well as between the yanhusuo and equipment
components, was based on the Hertz-Mindlin contact theory. The material in contact with the yanhusuo is
stainless steel, with the relevant parameters presented in Table 1.

Table 1
Simulation test parameters
Parameters Numerical value
The Poisson's ratio of the yanhusuo 0.49
The density of the yanhusuo, [kg-:m=] 1085
The Young's modulus of the yanhusuo, [Pa] 5.93x10°
The Poisson's ratio of the steel 0.289
The density of the steel, [kg-m?] 7850
The Young's modulus of the steel, [Pa] 2.1x10"

Parameter optimization for discrete element simulation
Plackett — Burman test

Plackett-Burman design was employed to screen for parameters that have a significant effect on the
stacking angle. In the DEM simulation of yanhusuo, 8 parameters were selected as variable factors. The
Plackett-Burman tested design was conducted using Design-Expert 13.0 software. A Plackett-Burman table
with N = 12 was employed, with the stacking angle of yanhusuo as the response value. Each variable was set
at two levels: high (+1) and low (-1). Table 2. provides an overview of the factors and levels used in the
simulation.

Table 2
Plackett-Burman test measurement range table
Symbols Test parameters Low level (-1) | Hight level (+1)

A Poisson's ratio of the yanhusuo 0.29 0.69

B Young's modulus of the yanhusuo, [Mpa] 3.0x108 3.0x107

C The collision recovery factor of yanhusuo 0.25 0.65

D The coefficient of static friction of yanhusuo 0.35 0.75

E The rolling friction coefficient of yanhusuo 0.005 0.045

F Yanhusuo—steel plate collision recovery factor 0.3 0.8

G Yanhusuo—steel plate coefficient of static friction 0.1 0.7

H Yanhusuo—steel plate rolling friction coefficient 0.01 0.07

The steepest climb test
Based on the results of the Plackett-Burman test, significant factors were identified. Subsequently, the
steepest ascent method was employed to quickly approach the optimal range of these significant factors.

332



Vol. 76, No. 2 / 2025 INMATEH - Agricultural Engineering

Central composite design with quadratic orthogonal rotations

Based on the optimal factor level ranges identified through the steepest climb test, significant factors
were selected for a central composite design with quadratic orthogonal rotations. Using the test results, a
response surface model was fitted to derive the regression equation, which was then used to predict the
optimal combination of simulation parameters for the yanhusuo that closely matches the actual stacking angle.

RESULTS AND DISCUSSION
Results of Plackett — Burman test

The results and analysis of variance for the Plackett-Burman test are presented in Tables 3 and 4. The
results indicate that the restitution coefficient of yanhusuo, the static friction coefficient of yanhusuo, and the
rolling friction coefficient of yanhusuo significantly influence the stacking angle, while other factors exhibit no
significant effect. Therefore, the three significant factors identified above were selected for the steepest ascent
tests.

Table 3
Design and results of the Plackett-Burman test
No. A B (9 D E F H G Stacking angle
1 1 1 -1 1 1 1 -1 -1 22.72
2 -1 1 1 -1 1 1 1 -1 28.26
3 1 -1 1 1 -1 1 1 22.45
4 -1 1 -1 1 1 -1 1 1 20.35
5 -1 -1 1 -1 1 1 -1 1 27.14
6 -1 -1 -1 1 -1 1 1 -1 16.61
7 1 -1 -1 -1 1 -1 1 1 27.53
8 1 1 -1 -1 -1 1 -1 1 15.79
9 1 1 1 -1 -1 -1 1 -1 25.36
10 -1 1 1 1 -1 -1 -1 1 17.52
11 1 -1 1 1 1 -1 -1 -1 26.77
12 -1 -1 -1 -1 -1 -1 -1 -1 20.87
Table 4
Significance analysis of Plackett-Burman test parameters
Parameters Degree of freedom Sum of squares F value P value
A 1 8.12 2.91 0.1867
B 1 10.77 3.86 0.1443
C 1 46.53 16.66 0.0266*
D 1 28.61 10.25 0.0493*
E 1 97.30 34.84 0.0097**
F 1 2.46 0.8799 0.4174
G 1 7.92 2.84 0.1907
H 1 8.02 2.87 0.1887

Note: *indicates that the impact was significant (P<0.05), and **indicates that the impact was extremely significant (P<0.01).

Results of the steepest climb test

The design and results of the steepest climb test are shown in Table 5. The combination from group 3
yielded the smallest relative error in the stacking angle, with a value of only 1.08%. Therefore, Group 3 is
selected as the zero level, and the optimal range of factor levels lies between group 2 and group 4.

Table 5
Scheme and results of the steepest climbing test
Test factors Result
No. C D E Relative Error (Y)
1 0.25 0.35 0.005 11.2206
2 0.35 0.45 0.015 6.8525
3 0.45 0.55 0.025 1.0847
4 0.55 0.65 0.035 4.1025
5 0.65 0.75 0.045 5.3476

The results of the second-order orthogonal rotating combination test
The results and analysis of variance for the three-factor, five-level orthogonal rotating combination test
are presented in Tables 6 and 7.
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Table 6
Test plan and results
No. Test factors Relative Error (Y)
Cc D E
1 -1 -1 -1 5.7982
2 1 -1 -1 8.6674
3 -1 1 -1 6.3763
4 1 1 -1 15.6287
5 -1 -1 1 8.4399
6 1 -1 1 1.5175
7 -1 1 1 4.5945
8 1 1 1 3.7030
9 -1.682 0 0 5.5840
10 1.682 0 0 7.9052
11 0 -1.682 0 2.7370
12 0 1.682 0 5.0228
13 0 0 -1.682 13.3637
14 0 0 1.682 6.2699
15 0 0 0 1.0018
16 0 0 0 2.1952
17 0 0 0 2.5026
18 0 0 0 1.3268
19 0 0 0 0.1075
20 0 0 0 0.9398

Using Design-Expert 13.0, the data in Table 6. was subjected to fitting analysis. The resulting regression
equation for the relative error of the stacking angle, considering the collision restitution coefficient between
yanhusuo (C), the static friction coefficient between yanhusuo (D), and the rolling friction coefficient between
yanhusuo (E), is as follows:

Y =1.36+0.6013C +0.8228D—3.31E +1.55CD —
2.94CE —1.15DE +1.81C* +0.9572D* + 2.90E?

(10)

The analysis of variance (ANOVA) for the regression equation is shown in Table 7. The coefficient of
determination R? of the regression equation is 0.9713, indicating a high reliability of the model. The factors
influencing the relative error of the stacking angle, in descending order of impact, are the rolling friction

coefficient E, the static friction coefficient D, and the collision restitution coefficient C.

Table 7
ANOVA for quadratic equation models
Parameters Sum of Squares Degree of freedom Mean square F value P value
Modal 319.13 9 35.46 72.39 <0.0001**
C 4.94 1 4.96 10.08 0.0099**
D 9.25 1 9.25 18.88 0.0015*
E 66.54 1 66.54 135.85 <0.0001**
CD 19.26 1 19.26 39.33 <0.0001**
CE 49.68 1 49.68 101.42 <0.0001**
DE 10.58 1 10.58 21.60 0.0009**
Cc? 47.26 1 47.26 96.49 <0.0001**
D? 13.20 1 13.20 26.96 0.0004*
E? 120.96 1 120.96 246.95 <0.0001**
Residual 4.90 10 0.4898
Lack of Fit 1.02 5 0.2043 0.2636 0.9152
Pure Error 3.88 5 0.7753
Cor Total 324.03 19

Note: * indicates that the impact was significant (P<0.05), and **indicates that the impact was extremely significant (P<0.01).

Parameter optimization

Based on the test results and the derived regression equation, the optimization function in Design-Expert
13.0 was used to minimize the relative error. The software was employed to search for the optimal combination
of significant factors that yields the smallest relative error.
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0.282<C<0.618
0.382<D<0.718
0.008 < £ <0.042
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(11)

The optimized collision restitution coefficient between yanhusuo is 0.481, the static friction coefficient is
0.508, and the rolling friction coefficient is 0.029, with a relative error of the stacking angle of 0.804%. These
parameters were input into the EDEM software, where 10 accumulation simulation trials were conducted. The
average stacking angle obtained was 21.23°, with a relative error of only 0.86%. This indicates that the
optimized parameter combination is highly reliable and can be used for subsequent DEM simulation tests.

Experimental validation

To further validate the authenticity of the yanhusuo discrete element simulation parameters, the board
removal method was used for verification. A cuboid made of stainless steel was selected for the test. The
dimensions of the cuboid are 150 mm in length, 150 mm in width, and 300 mm in height. A total of 1000
yanhusuo were placed inside. The baffle plate was quickly removed, allowing the yanhusuo to freely
accumulate. The stacking angle was obtained using MATLAB image processing. Simultaneously, the
corresponding DEM simulation was conducted. The test setup is shown in Figure 9.

Fig. 9 - Measurement of Yanhusuo stacking angle by extraction plate method
1. Empty box of cuboids; 2. Base plate; 3. Yanhusuo; 4. Baffle plate.

Both types of tests were conducted for 10 trials each, and the average values were taken. The results
are shown in Table 8.

Table 8

Actual and simulation test results of stacking angle by Yanhusuo draw plate method

No. Actual test slope Actual stacking angle Simulation test Simulation stacking angle
/° slope /°

1 0.382 20.92 0.428 23.17
2 0.397 21.65 0.321 17.80
3 0.474 25.36 0.472 25.27
4 0.418 22.70 0.410 22.29
5 0.373 20.46 0.392 21.41
6 0.369 20.26 0.369 20.26
7 0.403 21.95 0.415 22.54
8 0.422 22.90 0.431 23.32
9 0.425 23.00 0.398 21.70
10 0.511 27.06 0.422 22.88
Average 0.410 22.25 0.399 22.06

The relative error between the actual measured stacking angle and the simulated value is 0.96%,
indicating that the calibrated and optimized yanhusuo discrete element parameters can be reliably used for
subsequent DEM simulations.
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CONCLUSIONS

1. This study focuses on "Zhehu No. 1" as the research subject and conducts physical testing to
determine the basic physical parameters of yanhusuo, including its density, moisture content, Young's modulus,
and Poisson's ratio. Furthermore, the contact parameters between yanhusuo and steel plate were determined,
including the restitution coefficient, static friction coefficient, and rolling friction coefficient.

2. The physical parameters of yanhusuo were selected as the simulation test parameters. Significant
factors affecting the stacking angle were identified through the Plackett-Burman test, and the optimal range
for these significant factors was further determined through the steepest ascent tests. Subsequently, a second-
order orthogonal rotating combination test was conducted, with the minimization of the relative error in the
stacking angle as the optimization objective, resulting in the optimal combination of simulation parameters.

3. The optimal parameter combination for yanhusuo was determined through calibration: a restitution
coefficient of 0.481, a static friction coefficient of 0.508, and a rolling friction coefficient of 0.029. Verification
tests showed that the relative error between the simulation and test tests was only 0.86%.
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