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ABSTRACT

To optimize the simulation process of seed pellet coating, this study employs the discrete element method to
precisely model and analyze particles, using ice grass seeds as the research subject. The key procedures
include constructing a three-dimensional pseudo-ellipsoidal geometric model based on the hyperquadratic
surface pseudo-ellipsoid equation and defining it as the mesh division range for the DEM model. The Hertz—
Mindlin with JKR contact model was selected to describe inter-particle interactions. A standardized filling
sphere addition method for the ellipsoidal model was proposed. Using a central maximum filling sphere with a
diameter of 1.2 mm as the baseline, composite models consisting of 17, 9, and 5 spheres were constructed
with sphere diameters equal to 0.25, 0.5, and 0.75 times the baseline diameter, respectively. The filling sphere
size corresponds to the largest inscribed sphere tangent to the ellipsoid. Through static angle of repose
simulation tests, the optimal parameter combination was determined to achieve a target value of 30.54°,
resulting in a shear modulus of 1.9 x 107 Pa, a collision restitution coefficient of 0.5 for ice grass seeds, and a
filling sphere diameter multiplier of 0.35. Under these conditions, the simulated static angle of repose averaged
30.67°, with a relative error of only 0.43%. Further dynamic calibration tests were conducted using a rotating
drum. With a filling rate of 40%, a rotational speed of 58 r/min, and a simulation duration of 10 s, the simulated
dynamic angle of repose was 38.12°, exhibiting a relative error of 0.88% compared with the physical test value
of 38.46°. These results provide a valuable reference for discrete element modeling and parameter calibration
of ellipsoidal particles.
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INTRODUCTION

Granule coating technology, as a key process in pharmaceuticals (Xiong et al., 2022; Deng et al., 2023),
agriculture (Liu et al., 2025; Wang et al., 2024; Li et al., 2025), and chemical engineering (Pasha et al., 2017),
plays a crucial supporting role in the ecological restoration of degraded grasslands through seed granule
coating. The particle model employed during grass seed pelletization and coating has a significant influence
on simulation accuracy and computational efficiency, making the development of an accurate discrete element
model essential. Discrete element simulation, as a numerical method based on the mechanical behavior of
particulate systems, is capable of describing complex particle interactions and provides a solid theoretical
foundation for the pelletization and coating process. The Discrete Element Method (DEM) (Weston et al., 2025;
Hou et al., 2020) not only accurately represents seed morphology at the microscopic scale and simulates
particle trajectories and collision mechanisms, but also overcomes the limitations of traditional macroscopic
experimental approaches in capturing micro-dynamic behaviors, thereby offering strong theoretical support for
grass seed pelletization and coating technology.
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How to accurately represent the geometric shape of particles is a key issue in discrete element method
(DEM) analysis. In DEM simulations, particle models are generally classified into two major categories:
spherical and aspherical. Aspherical particle models can be further divided into multi-sphere (clumped) models,
superellipsoidal models, and polyhedral models.Currently, Yang et al. (2023) proposed a novel combinatorial
modeling method to optimize the geometric model of garlic seeds, providing a more accurate modeling
approach for irregularly shaped materials in DEM. Liu et al. (2016) established a three-dimensional DEM model
of rice based on the theory of particle aggregates. By comparing simulation results with the natural repose
angle of actual rice seeds, they verified the validity and feasibility of the 3D laser-scanned DEM model. Qin et
al. (2025) calibrated the contact parameters between tobacco shreds and the porosity of the tobacco shred
pile after drying, using the experimentally measured angle of repose as the optimal target value. Li et al. (2025)
established a three-layer gradient adhesion mechanics model based on the mechanical properties of corn cob
material, and proposed a “matrix coordinate positioning method” to achieve an equidistant topological
distribution of corn kernels within the spatial structure of the cob, thereby completing the construction of a
refined composite digital twin model for high-moisture corn cobs. Bai et al. (2024) proposed a triaxial spatial
coordinate method and constructed a double-layer bonded DEM model of quinoa seeds, consisting of an
epidermal layer and an endosperm layer. Through simulated compression tests, they optimized and calibrated
the interparticle bonding parameters—including normal stiffness, tangential stiffness, and critical bonding
moment—ultimately establishing a DEM model capable of accurately representing the mechanical
characteristics of quinoa seeds. Li et al. (2023) developed two types of buckwheat seed particle models based
on manual and automatic multi-sphere filling methods. Static and dynamic simulation tests showed that both
the manually filled 7-sphere model and the automatically generated 36-sphere model achieved high simulation
accuracy. Chen et al. (2025) constructed four representative samples of soybean mixtures using a default
sphere-filling method. Based on numerical simulations of the soybean cleaning process, the optimal parameter
combination for air-flow soybean winnowing equipment was determined.

In the field of discrete element simulation modeling, the composite sphere model is the predominant
approach for constructing discrete element model systems. During the granular filling process, researchers
commonly adopt automated filling algorithms or manual, experience-based filling strategies to assemble
particle models. However, existing studies have not yet systematically investigated filling-sphere addition
methods specifically tailored to composite sphere particle systems. Consequently, in-depth research on the
scientific validity, rationality, and optimization strategies of these methods remains limited, and significant
knowledge gaps persist regarding key parameters, including filling-sphere addition rules, particle size
distribution, and filling efficiency.

To address the aforementioned issues, this study proposes a standardized sphere-packing method for
ellipsoidal particles, using ice grass seeds as a representative case. By establishing a mapping relationship
between geometric feature parameters and sphere distribution patterns, the proposed method enables precise
discrete element modeling of irregular ellipsoidal particle systems. Using the angle of repose as the target
response, optimal combinations of simulation parameters were determined through numerical experiments.
Subsequently, stacking and rotating drum tests were conducted, and two-sample t-tests were applied to the
static and dynamic angles of repose, respectively, to verify the reliability and accuracy of the simulation results.

EXPERIMENTAL METHODS

Description of Particle Geometric Shape
In practice, the dimensions of particles generally differ along each principal direction. The particle size

can be described using the aspect ratio a (Chen et al., 2005; Zhang et al., 2019), as defined in equation (1).
Figure 1 illustrates the maximum chord length and the minimum side length of a particle.

== 1
a=w (1)

In the formula, L is the maximum chord length of the particle projection (mm), and W is the minimum
side length corresponding to the maximum chord direction (mm).

TN
~

Fig. 1 - Schematic diagram of the maximum chord length and short side length of the particle

1363



Vol. 77, No. 3 / 2025 INMATEH - Agricultural Engineering

With further in-depth research, the concepts of particle sphericity a and the shape index were also
proposed (Xu et al., 2002), as shown in Equation (2).

a=-* 2)

In the formula, ¥, is the natural volume of the particle, in mm3; V3 is the volume of the particle as a
sphere, in mm?3. The sphericity a of the particle ranges from 0 to 1. The larger the sphericity a, the closer the
particle shape is to a sphere. The smaller the sphericity a, the closer the particle shape is to a needle or flake.

Methods for Identifying Particle Geometry
Based on a comprehensive review of the current research, there is no unified standard for the

classification of particle shapes (Kong et al., 2011). In studies, two main approaches are commonly used to
evaluate particle shapes: one is a general shape model based on mathematical modeling, where structures
are characterized by describing features and categorized into four main types: circular, quasi-square, quasi-
triangular, and quasi-elliptical; the other is shape recognition based on visual perception by the human eye,
which identifies a more diverse range of forms.

The range of shapes that human visual cognition can recognize is extremely broad. In the visual
perception system, shape, as a core element of object recognition, plays a key role in constructing the cognitive
framework of object shapes. Taking common forage seeds as an example, such as agropyron seeds, oat
seeds, red clover seeds, and alfalfa seeds, their shapes can be roughly categorized as ellipsoidal, domed
cylindrical, and kidney-shaped from a geometric feature perspective, with the specific details shown in Table 1.

Table 1
Description of the shapes of the different seeds
Forage seeds Physical shape Similar shapes
Agropyron seeds -l Ellipsoid-like shape
Oat seeds Ellipsoid-like shape
Red clover seeds &g Domed Cylindrical
Alfalfa Seeds ‘ Kidney-shaped

In the above context, the geometric characteristics of ice grass seeds gradually emerge. By observing
and analyzing the seed's shape, it can be found that its overall form is ellipsoid-like. For this ellipsoid-like
geometric model, this study proposes a broadly applicable combined sphere model filling method. This method
not only simplifies the model construction process but also significantly improves the computational efficiency
and accuracy of simulations, providing a reference for subsequent coating process simulation and analysis.

Geometric Model Construction Based on Superquadric Equations

This study aims to enhance the accuracy and efficiency of forage seed modeling by proposing a
superellipsoid-based approach to construct the shell framework, which serves as the mesh division boundary
for the composite sphere model. Provides precise and efficient modeling solutions for the micro-mechanics
simulation of forage seeds.

Using the hyperellipsoidal equation (3) for a hyperquadric surface as a reference, a three-dimensional
hyperellipsoidal model was established in CATIA. The resulting hyperellipsoidal equation (4) generated using
CATIA software is:

y V4
f ’ ’ = | - - =0 3
(X y Z) . + b + - (3)
1,
1 \1s 1

f( )_ ‘ 1-s, + y 1-s, : 7 |1-s, () (4)

X y Z)=| |— — — =

Y b c
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In the equation, a, b, and c control the scale (equivalent to radius) in the x, y, and z directions,
respectively, in mm; s; and s; are shape indices, where s; governs the shape in the z direction and s, determines
the shape within the xoy plane.

By modifying the five parameters a, b, ¢, s1, and sz in equation (4), the hyperellipsoid model can describe
the shapes of most particles. Figure 2 shows non-spherical models generated in CATIA software by varying

these five parameters.

J

Y

N

.

a=b=c=1 a=b=c=1 a=b=c=1 a=b=c=1
5:=5,=0.434 5,=5,=0.75 5,=5,=0.85 5:=5,=0.98

a=b=c=1 a=b=c=1 a=b=c=1 a=br=c=1
5,=5,=0.43 5,=0.75 _;_;=O.434 5,=0.85 5,=0.434 5,=0.85 s5,=0.434
a=b=1c=2 a=1 b=c=2 a=b=1c=2 a=1 b=c=2
5,=5,=0.434 5,=5,=0.434 5,=0.98 s,=0.434 5,=5,=0.98

Fig. 2 - Non-spherical particles obtained by the superellipsoid model

The shape index is a key parameter for quantitatively characterizing the deviation of a hyperellipsoid
from a standard ellipsoid. It directly influences the sharpness of the hyperellipsoid’s edges and its overall
contour, serving as a critical metric for achieving an accurate digital representation of seed geometry. As the
shape index approaches 1, the hyperellipsoid exhibits pronounced right-angled edges; when it approaches
0.434, the edges become progressively rounded; and as it approaches 0, the profile approximates a straight
line. According to the above modeling method, a discrete element model of forage seeds is Following the
aforementioned modeling approach, a discrete element model of forage seeds was established based on their
triaxial dimensions. Table 2 presents the forage seed model developed in this study along with reference values
for shape indices.

Table 2
Shape index reference table

Forage Actual forage Forage Seed Model Shape Index Reference This article selects Shape
seeds seeds Range Index
Agropyron . sy 0.17~0.28 5,=0.23
seed T ———T s,: 0.19~0.31 5,=0.25
Red clover _ s;: 0.18~0.27 5:=0.22
seeds & 7 Sp: 0.13~0.21 $,=0.16

Method for Establishing the Composite Sphere Model
This study focuses on ice grass seeds. First, a hyperellipsoidal geometric model of the seeds was

constructed using CATIA software and exported in STL format. The model was then imported into EDEM
software, where its contour boundaries were used as the mesh division boundaries for the composite sphere
model. During the sphere-filling process, the ice grass seed was equivalently simplified as an ellipsoid, with its
length (L), width (W), and thickness (T) parameters corresponding to the actual seed dimensions. Based on
the results of seed parameter calibration tests, a seed width of 1.2 mm was selected as the maximum filling-
sphere diameter. This value represents the minimum lateral characteristic dimension of the seed, ensuring that
all filling spheres are fully inscribed within the ellipsoidal contour and do not exceed the actual geometric
boundaries of the seed. Using the maximum filling-sphere diameter D=1.2 mm as the reference, sphere
diameters of 0.25D, 0.5D, and 0.75D were selected to construct discrete element models consisting of 17, 9,
and 5 spheres, respectively.

The method for establishing the 17-ball model of ice grass seeds is as follows: The length, width, and
thickness of the ice grass seed correspond to the Z-axis (axis Z), X-axis (axis X), and Y-axis (axis Y) of the
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ellipsoid seed, respectively. At this point, N=17. To fill the 17-ball model, on the xoz plane, first place the largest
inscribed sphere Omax (sphere O1) with diameter D=1.2mm at the ellipsoid's center point. Then, using 0.25
times the maximum filling sphere diameter as reference, sequentially add filling spheres at intervals of D/4xn,
where n is an integer and n€ (0, (N-1)/2], where n is an integer representing the maximum inscribed sphere
of the ellipse at that position. Subsequently, fill spheres are added at the ellipsoid's symmetrical positions (0,
D/4) and (0, -D/4), with sizes matching the largest inscribed spheres at these points, i.e., spheres O2 and O3.
Next, symmetrically add filling spheres at positions (0, D/2) and (0, -D/2), corresponding to spheres O4 and
O5. Proceeding similarly, the final filling spheres are added at positions (0, 2D) and (0, -2D), corresponding to spheres
016 and 017, as shown in Figure 3. The above operations complete the filling construction of the 17-ball model.

The 9-ball composite model and the 5-ball composite model are filled using the aforementioned method.
In the 9-ball composite model, when filling the farthest ball, if it remains the largest ellipsoidal inscribed sphere,
balls O6 and O8 may not make contact. To prevent this, this experiment merges part of balls O6 and O8, as
shown in Figures 4 and 5.

2
)

Fig. 3 - Model of 17 balls in Fig. 4 - Combination ball 9- Fig. 5 - Combination ball
combination ball model 5-ball model

Simulation Parameters and Model
The test apparatus is an FT-104B angle of repose tester. A 1:1 scale model of the tester, created in

CATIA software, was imported into EDEM software. The instrument's bore length is 28 mm, with the funnel
inlet and outlet having inner diameters of 25 mm and 10 mm, respectively. A transparent disk with a radius of
50 mm and height of 5 mm was placed 40 mm below the angle of repose tester. The ice grass seed simulation
model and angle of repose tester model are shown in Figure 7. A circular virtual particle factory was constructed
at the top inlet of the funnel to generate ice grass seed particles. The particle generation mechanism employed
a dynamic generation mode, achieving orderly seed particle generation and distribution through real-time
computation and simulation. During the simulation, the particle factory generated a total of 1000 ice grass
seeds over a simulation duration of 5 seconds. The time step size was set to 3.8x10"(-7), and the grid size
was three times the minimum particle radius.

E a

(d) Angle of repose
(a) 17 sphere model (b) 9 sphere model (c) 5 sphere model measurement model

Fig. 7 - Combined sphere model and angle of repose determination model

SIMULATION EXPERIMENT DESIGN
Significance Analysis of Plackett-Burman Test
The parameters used in the numerical simulations were obtained from the research group’s previous

calibration studies (Hou et al., 2020). In this study, a Plackett—Burman experimental design was employed to
rapidly screen all investigated factors, enabling the identification of key factors that exert a significant influence
on the target response while excluding minor factors with negligible effects.
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The ranges of the selected parameters are listed in Table 3. After all particles had settled on the bottom
disk and formed a stable conical pile, the angle of repose was calculated using MATLAB software.

Table3
Plackett-Burman test parameter range table
Low Hight
Test parameters level (-1) Ievelg (+1)

Poisson's ratio of Agropyron seed As 0.3 0.5
Shear modulus of Agropyron seed Bs/MPa 5 20
Agropyron seed-Agropyron seed restitution coefficient Cs 0.45 0.65
Agropyron seed-Agropyron seed static friction coefficient Ds 0.5 0.7
Agropyron seed-Agropyron seed rolling friction coefficient Es 0.6 0.9
Agropyron seed-Steel plate restitution coefficient Fs 0.4 0.6
Agropyron seed-Steel plate static friction coefficient Gs 0.2 0.4
Agropyron seed-Steel plate rolling friction coefficient Hs 0.3 0.6
Maximum filled sphere diameter multiple Js 0.25 0.75

Steepest Ascent Experiment
Based on the Plackett—Burman design, steepest ascent experiments were conducted for the three

significant parameters identified—shear modulus, coefficient of restitution between ice grass seeds, and the
maximum packing ball diameter multiplier of the seeds. The relative error between the simulated and measured
static angles of repose was used as the evaluation metric to determine the optimal range of simulation
parameters (Chen et al., 2025). Since the center distance multiplier was one of the significant influencing
factors, models with 17 balls (0.25x%), 11 balls (0.35x%), 9 balls (0.45x), 7 balls (0.55% and 0.65x), and 5 balls
(0.75x) were constructed, Figure 8 shows the remaining three models in addition to the three previously
described models.

(a) 0.35D 11-ball model (b) 0.55D 7-ball model (c) 0.65D 7-ball model

Fig. 8 - Combined spherical model with different multiples

Box-Behnken Experimental Design
When conducting the Box—Behnken experimental design in Design-Expert, the significant factors were

used as the basis for variable selection. The experimental parameters from the second group of the steepest
ascent test were selected as the center point (coded as 0), while the parameters from the first and third groups
corresponded to the low (-1) and high (+1) levels of the experiment, respectively. A quadratic regression model
was established between the fitted factors and the response values to determine the optimal combination of
parameters. The specific experimental design scheme is presented in Table 4. During the simulation, all non-
significant factors were kept constant at the average values determined in the steepest ascent test.

Table 4
Box-Behnken Experimental Design Scheme
Factor
Level Shear modulus of Agropyron seed-Agropyron seed Maximum filled sphere
Agropyron seed restitution coefficient diameter multiple
+1 11 0.53 0.45
0 8 0.49 0.35
-1 5 0.45 0.25
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Rotating Drum Test
The dynamic angle of repose refers to the stable angle formed between the surface of a granular

material in motion (such as during drum rotation, conveying, or dumping) and the horizontal plane (Jian et al.,
2023). This parameter is widely used to characterize the dynamic flowability of particles and is crucial for
evaluating material behavior in processes such as mixing, coating, and conveying. In this study, a combination
of physical experiments and numerical simulation was employed to calibrate the dynamic angle of repose of
ice plant seeds.

The rotational method was adopted, in which a rotating drum test was used to determine the dynamic
angle of repose. Based on multiple preliminary trials, the drum rotation speed was set to 58 rpm, and the
particle filling rate was maintained at approximately 40%. Flow images of the seeds inside the rotating drum
were recorded using a high-speed camera.

RESULTS AND DISCUSSION
Results of the Plackett-Burman Test
The Plackett—Burman experimental design and corresponding results are presented in Table 5. Analysis

of variance (ANOVA) was conducted on the experimental data using Design-Expert. As shown in Table 6, the
P-values for the shear modulus and the coefficient of restitution for ice grass seed—seed collisions were both
less than 0.05, indicating significant effects on the static angle of repose. The P-value for the maximum packing
ball diameter multiplier of the seeds was less than 0.01, indicating a highly significant effect. The P-values for
the remaining simulation parameters were all greater than 0.05, suggesting that their effects on the static angle
of repose were statistically insignificant and could be largely disregarded. Consequently, these three
parameters were identified as the primary factors influencing the packing behavior of ice grass seeds, providing
a theoretical basis and parameter foundation for subsequent optimization modeling and simulation analysis.

Table 5
Plackett-Burman test protocol and results
No. Experimental parameters Rae:;:e
As Bs Cs Ds Es Fs Gs Hs Js 0/(°)
1 -1 1 1 -1 1 1 1 -1 -1 24.36
2 1 1 -1 1 1 1 -1 -1 -1 22.67
3 1 1 1 -1 -1 -1 1 -1 1 32.91
4 -1 -1 -1 -1 -1 -1 -1 -1 -1 26.56
5 -1 -1 -1 1 -1 1 1 -1 1 35.69
6 1 -1 1 1 1 -1 -1 -1 1 38.98
7 -1 1 1 1 -1 -1 -1 1 -1 24.69
8 -1 -1 1 -1 1 1 -1 1 1 33.69
9 -1 1 -1 1 1 -1 1 1 1 30
10 0 0 0 0 0 0 0 0 0 30.83
11 1 1 -1 -1 -1 1 -1 1 1 27.47
12 1 -1 1 1 -1 1 1 1 -1 30.63
13 1 1 -1 -1 1 -1 1 1 -1 23.82
Table 6
Significance analysis of Plackett-Burman test parameters
Parameters Degree of freedom Sum of squares F-value P-value
As 9 297.71 35.09 0.7011
Bs 1 0.185 0.1963 0.0149
Cs 1 61.97 65.74 0.0298
Ds 1 30.24 32.08 0.0542
Es 1 15.99 16.96 0.3184
Fs 1 1.64 1.73 0.5421
Gs 1 0.5002 0.5306 0.4242
Hs 1 0.9352 0.9921 0.0839
Js 1 9.85 10.45 0.0053

Note: **Indicates that the impact is extremely significant (P<0.01). and * Indicates that the impact is significant (P<0.05). The same below.

Steepest Climb Experiment Results
The design and results of the steepest ascent test are presented in Table 7. Test 2 exhibited the smallest
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relative error, indicating that the optimal parameter range is likely located near this point. Accordingly, the
parameter set from Test 2 was selected as the center point for the response surface experiment. Tests 1 and
3 were designated as the low and high levels, respectively, for constructing the subsequent Box—Behnken
response surface optimization design. In the following simulation experiments, parameters that had
insignificant effects on the response variables were fixed at the average values obtained from physical
experiments. Specifically, the Poisson’s ratio of ice grass seeds was set to 0.4; the static friction coefficient
between seeds was 0.6, and the dynamic friction coefficient was 0.75. The coefficient of restitution between
ice grass seeds and the coating pan was 0.49, while the static and rolling friction coefficients were set to 0.29
and 0.45, respectively.

Table 7
The steepest climbing test design scheme and results
Shear modulus of Agropyron seed-Agropyron Maximum filled sphere Repose Relative
No. Agropyron seed / e . . . angle
seed restitution coefficient diameter multiple o error / %
(MPa) 8/(°)
1 5 0.45 0.25 35.08 14.87
2 8 0.49 0.35 30.62 0.26
3 11 0.53 0.45 28.18 7.72
4 14 0.57 0.55 26.22 14.11
5 17 0.61 0.65 36.71 20.2
6 20 0.65 0.75 32.83 7.5

Box-Behnken Test Results
Subsequently, a multivariate second-order regression analysis was conducted on the Box—Behnken

experimental data using Design-Expert software. A second-order response surface regression model was
established between the repose angle response values and the significant factors to describe the variation
patterns of the simulation results. The resulting second-order regression equation is as follows:

0 =82.24+0.784s —410.08Bs + 259.341s — 4.68 AsBs+0.43 Asls-134.9BsIs+0.05As” + 470.9Bs* —184.7Is’
Q)

The analysis of variance results for the repose angle obtained from the Box—Behnken experimental
design are shown in Table 8. The results indicate that the interaction terms AsxBs and BsxJs, as well as the
quadratic terms of the main effects As?, Bs?, and Js?, all have extremely significant effects on the repose angle
(P < 0.01). The main effects As, Bs, and Js are significant (P < 0.05), whereas the interaction term AsxJs is
not significant (P > 0.05). For the regression model of the repose angle, the overall P-value of the regression
is less than 0.0001, indicating extremely high significance. The P-value for the lack-of-fit term is 0.8432 (>
0.05), suggesting that the model does not exhibit a significant lack of fit and therefore provides a good fit to
the data. The coefficient of determination R? is 0.9794, and the adjusted R? is 0.9528, both of which are close
to 1, indicating that the model has strong explanatory power. The coefficient of variation (CV) is 2.76%,
demonstrating that the model possesses good stability and reliability. In summary, the regression model shows
very high significance and excellent goodness of fit, and can accurately and effectively describe the variation
pattern of the repose angle.

Table 8
Box-Behnken experiment design scheme and results
No Shear modulus of Agropyron seed-Agropyron Maximum filled sphere Repose
) Agropyron seed/ (MPa) seed restitution coefficient diameter multiple angle 0/(°)

1 1.000 1.000 0.000 35.86

2 0.000 0.000 0.000 35.71

3 0.000 0.000 0.000 33.93

4 0.000 0.000 0.000 36.38

5 -1.000 0.000 1.000 28.73

6 0.000 -1.000 -1.000 25.19

7 0.000 1.000 1.000 22.98

8 -1.000 1.000 0.000 45.56

9 0.000 0.000 0.000 34.24
10 1.000 -1.000 0.000 45.55
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No Shear modulus of Agropyron seed-Agropyron Maximum filled sphere Repose
’ Agropyron seed/ (MPa) seed restitution coefficient diameter multiple angle 6/(°)
11 1.000 0.000 -1.000 21.26
12 0.000 1.000 -1.000 27.39
13 0.000 0.000 0.000 31.2
14 0.000 -1.000 1.000 34.27
15 1.000 0.000 1.000 26.29
16 -1.000 -1.000 0.000 41.21
17 -1.000 0.000 -1.000 26.89
Table 9
Variation analysis of Box-Behnkentest quadratic model
Source of variance Mean square Degree of freedom Sum of squares P-value
Model 91.63 9 824.69 < 0.0001**
As 22.55 1 22.55 0.0245
Bs 26.03 1 26.03 0.0181
Js 16.65 1 16.65 0.0438
AsBs 49.28 1 49.28 0.0039
AsJs 2.54 1 2.54 0.3693
BsJs 455 1 45.5 0.0048
As? 39.01 1 39.01 0.0071
Bs? 93.37 1 93.37 0.0007
Js? 561.06 1 561.06 <0.0001**
Residual 2.76 7 19.35
Lack of fit 1.09 3 3.28 0.8432
Pure error 4.02 4 16.06
Sum 844.04 16

Note: **Indicates that the impact is extremely significant (P<0.01). and * Indicates that the impact is significant (P<0.05). The same below.

Determination of the Optimal Parameter Combination and Simulation Verification
Based on the second-order regression model (Equation (5)), the target static angle of repose was set

to 30.54°. Multi-objective optimization was conducted using the Design-Expert optimization module to minimize
the deviation between the simulated repose angle and the physically measured value (30.54°). Among the
multiple candidate solutions generated, the parameter combination that most closely matched the average
value obtained from the physical tests was selected as the optimal set for ice grass seed modeling. According
to the optimization results, the significant influencing parameters were calibrated accordingly: the shear
modulus was set to 1.9x10"7 Pa, the seed-to-seed coefficient of restitution to 0.5, and the maximum packing
sphere diameter ratio to 0.35. Parameters that exhibited insignificant effects on the response variable were
assigned the mean values obtained from the physical measurements.

To verify the reliability and accuracy of the calibrated parameters for the discrete element simulation of
ice grass seeds, the optimized parameter set was imported into EDEM to conduct three independent replicate
simulations. The resulting angles of repose were 28.11°, 32.19°, and 30.74°. A two-sample t-test was
performed to assess whether a significant difference existed between the simulated and physically measured
angles of repose. The test yielded P = 0.635 > 0.05, indicating that the difference between the two datasets
was not statistically significant, and demonstrating strong agreement between the simulation and physical test
results. The mean simulated angle of repose was 30.35°, with a relative error of 0.622% compared with the
physical test average of 30.54°. These results further validate the rationality and effectiveness of the discrete
element model and its calibrated parameter settings.

Rotating Drum Experiment Results
The simulation and physical test results are presented in Figures 9 and 10. From three repeated

physical experiments, the measured dynamic angles of repose were 37.22°, 38.94°, and 39.21°, with an
average of 38.46°. Using the parameters determined from the static angle calibration experiments, three
discrete element simulations were conducted, yielding dynamic angles of repose of 37.42°, 38.21°, and 38.73°,
with an average of 38.12°. The relative error compared with the physical test average was 0.88%. A two-
sample t-test was performed between the simulated and physical dynamic angles of repose, yielding P = 0.466 >
0.05. These results indicate no significant difference between the simulation and physical test results, further
validating the reliability of the discrete element model.
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Fig. 9 - Physical experiment of dynamic angle Fig. 10 - Simulation test of dynamic angle
of repose of repose of the combined ball

In comparison to manual empirical approaches and the automatic packing method implemented in
EDEM, the modeling strategy proposed in this study effectively minimizes the number of spheres required for
packing. By accurately specifying both the diameter and spatial arrangement of each sphere, the approach
not only enhances the computational efficiency of discrete element simulations but also maintains simulation
accuracy. In addition, it significantly improves overall modeling efficiency while reducing the time and resources
needed for preliminary data processing and model construction.

CONCLUSIONS
This study proposes a parametric modeling method based on the hyperellipsoidal equation of a

hyperquadric surface. Using the hyperellipsoid as the mesh boundary, a pseudo-ellipsoidal filling-sphere model
was constructed. Based on this approach, composite sphere models with three different filling schemes were
developed. The optimal filling configuration for the ice grass seed composite sphere model was determined to
consist of 11 spheres with a scaling factor of 0.35, providing an efficient solution for geometric modeling in
seed discrete element simulations.

Dynamic angle of repose calibration tests were conducted to validate the reliability of the proposed
model. The experimentally measured angle of repose was 37.46°, while the average value obtained from three
repeated simulation tests was 36.38°, resulting in a relative error of only 1.34%. A two-sample t-test yielded a
P-value of 0.724 (P > 0.05), indicating no statistically significant difference between the experimental and
simulated results. The validated model establishes a reliable foundation for analyzing seed motion
characteristics in subsequent agricultural machinery operations. In addition, the proposed modeling framework
facilitates the adaptation of filling parameters for different crop seeds, thereby enhancing the versatility and
applicability of the discrete element model.
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