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A B S T R A C T   

In order to achieve numerical optimization of the pod pepper seed sowing device, the contact 
parameters of pod pepper seeds were calibrated, with the angle of repose used as the response 
value. A set of discrete element method (DEM) models of pod pepper seeds was developed to 
simulate the formation of seed repose angles using reverse engineering reconstruction techniques. 
An eight-factor, three-level response surface experiment based on the Box-Behnken central 
combination test method was performed to study the effects of various factors on the angle of 
repose of seeds. The angle of repose obtained from physical experiments with a value of 27.56◦

was taken as the target value. The optimal combination of parameters is obtained as follows: seed 
Poisson’s ratio of 0.22, seed shear modulus of 15.47 MPa, seed-to-seed static friction coefficient of 
0.25, seed-to-seed rolling friction coefficient of 0.67, seed-to-seed collision recovery coefficient of 
0.64, seed-to-steel-plate static friction coefficient of 0.55, seed-to-steel-plate rolling friction co
efficient of 0.45, and seed-to-steel plate collision recovery coefficient of 0.34. A two-sample t-test 
of the angle of repose obtained by the cylinder lifting method and the pumping plate method 
against the target value yielded P > 0.05, indicating the reliability of the simulation experiments.   

1. Introduction 

Pod pepper is a kind of dried chili pepper grown in large quantities in mainland China that is highly favored by consumers as a 
vegetable and a condiment [1]. The planting of pod pepper is crucial to its production process, and mechanized seeding is the main way 
to increase the planting efficiency. Seed dispensers play a pivotal role in the seeding process [2]. Scholars at home and abroad also have 
conducted a lot of research on the seed discharging device in order to improve its working performance [3–5]. In recent years, with the 
development of computer technology, the discrete element method (DEM) has been extensively applied in agricultural equipment 
research [6–8]. Studying the interaction between the key components of seed dischargers and seeds through the discrete element 
method may provide, a reference basis for their design and optimization, which can effectively improve research and development 
efficiency and reduce the required costs. 

Currently, researchers both domestically and internationally have calibrated discrete element model simulation parameters for 
corn, soybeans, potatoes, pellet feed, and other agricultural products. Guo et al. established a mechanical model of banana stalks and 
investigated their biomechanical properties by combining physical and simulation tests [9]. Peng et al. measured the angle of repose of 
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pellet feeds through the injected cross-section method and obtained the optimal simulation parameter combinations for large pig feeds 
using the response surface method [10]. Zhang et al. carried out real tests and simulation measurements of bottomless cylinder lifting 
and slip stacking to calibrate the interspecies static and rolling friction factors of seed models with different radii of filled ball particles 
using the surface response method with angle of repose as an indicator [11]. Coetzee et al. determined the particle stiffness by 
compression tests and calibrated the friction coefficients of the particles by angle of repose tests, thus greatly simplifying the DEM 
modeling process for large particle systems [12]. Lee and Park. designed four simulated friction tests to determine the static and rolling 
friction coefficients between materials and materials, and between materials and containers, and to check the accuracy of the 
measured coefficients by using the angle of repose as the target value [13]. Ghodki et al. calibrated the DEM input parameters of the 
soybean Hertz-Mindlin model by comparing experimental and numerical simulation results by employing a self-made box device, 
which contributed to the implementation of subsequent simulation tests of soybean harvesting machinery [14]. Wang et al. defined 
two contact materials for corn seed angle of repose simulation tests to achieve the contact parameters of corn seed using the actual 
measured angle of repose as the optimal target value [15]. Liu et al. calibrated and aligned the discrete element simulation parameters 
of miniature potatoes on the basis of a combination of experimental measurements and simulation tests [16]. With the aid of EDEM 
discrete element simulation software, Zhang et al. selected the Hertz-Mindlin bonding model to construct a mung bean seed particle 
model, calibrated the contact parameters of mung bean seeds, and processed and optimized the data by taking the relative error 
between the simulation repose angle and the actual repose angle as an index [17]. In summary, in the current research for discrete 
element simulation parameter calibration, most of the calibration objects are mostly large seeds, fruit, potatoes, and other materials, 
and there are relatively few studies on determining and calibrating the simulation parameters of vegetable seeds, such as pod pepper 
seeds. 

In this paper, a combination of physical and simulation tests was used to study the physical and contact parameters of pod pepper 
seeds, and the measured values of physical tests and the existing data from domestic and international literature were leveraged as the 
basis for the selection of the simulation parameter ranges. An eight-factor, three-level quadratic regression response surface test with 
seed repose angle as the response value was conducted to calibrate and benchmark the discrete meta-simulation parameters of pod 
pepper seeds. Through the simulation of angle of repose regression modeling and significance tests, the reasonableness of the 
experiment was verified, and the influence of each factor on the angle of repose was analyzed, with the parameters that caused the 
most significant effect on the angle of repose screened out simultaneously. Additionally, the surface analysis of the simulated angle of 
repose of and related parameters was carried out to analyze its changing trend. Finally, two kinds of simulation experiments, based on 
the cylinder lifting method and the pumping plate method, were combined with physical experiments for T detection to validate and 
determine the reliability of the simulation experiments, and to obtain the optimal combination of simulation parameters, with a view 
to providing a reference for the discrete meta-simulation of other irregular materials with small particles. 

2. Materials and methods 

2.1. Geometric modeling of pod pepper seeds 

The pod pepper seeds used in this paper which were full and free of impurities were purchased from Anhui Jintai Seed Industry 
Company Limited. 200 seeds of pod pepper were randomly selected, and then, categorized as flat, with little obvious thickness 
changes, and a concave-convex shape presented on the two sides and middle of the seeds, according to the morphological charac
teristics of seed thickness differences, as shown in Fig. 1 (a). The three-dimensional dimensions of the seeds (L × W × T) were measured 
using a vernier caliper with an accuracy of 0.02 mm, as shown in Fig. 1(b). The range of values of length L, width W, and thickness T 
and the quantity statistics of 200 seeds of pod pepper are displayed in Table 1. 

2.2. Determination of seed density and water content of pod pepper seeds 

1,000 seeds of pod pepper were randomly selected and the seed mass of 1,000 grains was measured with an electronic weighing 
scale with an accuracy of 0.01 g. The experiment was repeated five times, and the average value of the results (5.4 g) was taken as the 

Fig. 1. Pod pepper seed sample (a) morphology classification (b) dimension parameters.  
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mass of the pod pepper seeds. The drainage method was used to measure the volume of 1000 seeds of pod pepper, and the average 
value was 5.74 cm3 for 5 repetitions. The density of pod pepper seeds was 0.94 g ⋅ cm− 3 calculated by Equation (1). 

ρ =
m
v

(1)  

where, ρ is the density of the measured material, (g • cm− 3); m refers to the mass of the measured material, (g); v means the volume of 
the measured material, (cm3). 

50 g of pod pepper seeds was randomly chosen, and evenly divided into 5 parts. Subsequently, the seeds were dried in a B0D-75-II 
type electric thermostatic drying oven, and weighed again after cooling to room temperature. According to Equation (2), the average 
moisture content of pod pepper seeds was calculated as 6.43 %. 

Md =
mw

ms
(2)  

where, Md is the dry basis moisture content, (%); mw is the mass of water contained in the material, (g); ms is the mass of dry matter 
contained in the material, (g). 

2.3. Establishment of a three-dimensional model of pod pepper seeds 

The shape of the simulation model has a great influence on the calibration results of contact parameters [18]. The more similar the 
three-dimensional model of pod pepper seeds is to the real shape, the more accurate the simulation results will be. As can be seen from 
Fig. 1 and Table 1, the shape of pod pepper seeds was very complex, and the size and shape of pod pepper seeds varied greatly. 
Generally, it is not possible to build a single model to represent the whole sample of pod pepper seeds by direct modeling. Therefore, as 
shown in Fig. 2(a), seven samples of the same-sized seeds (four flattened and three concave-convex) of pod pepper were selected on the 
basis of the morphology, proportions, and mean sizes of pod pepper seeds. A hand-held blue laser 3D scanner (measuring rate up to 
480,000 measurements⋅s− 1, resolution up to 0.01 mm, 14 blue laser lines + 1 scanning beam for deep holes + 5 scanning lines for 
details), model Rigel Scan Elite, was adopted to scan the peripheral contours of the seeds of pod pepper. In order to obtain a 
well-represented set of three-dimensional models of pod pepper seeds, the scanned point cloud data were imported into Geomagic 
Studio (2013, Geomagic, Inc.) software for fitting [19], as shown in Fig. 2(b). 

2.4. Shear modulus and Poisson’s ratio of pod pepper seeds 

Shear modulus (G) is an elastic parameter that characterizes the stiffness of a particle. The shear modulus of elastic, homogeneous, 
and isotropic materials is related to Poisson’s ratio (σ) and elastic modulus (E), as shown in Equation (3) [20]. 

G =
E

2(1 + σ) (3) 

Combining literature on agricultural materials such as flaxed seeds [21], agropyron seeds [22], oil sunflower seeds [23], wheat 

Table 1 
Pod pepper seed size statistics.  

Items Proportion (%) Quantity L (mm) W (mm) T (mm) 

Flat seeds 70.5 35 4.30–4.50 3.25–3.35 1.05–1.10 
35 4.10–4.30 3.15–3.25 1.00–1.05 
36 3.90–4.10 3.05–3.15 0.95–1.00 
35 3.70–3.90 2.95–3.05 0.90–0.95 

Concave-convex seeds 29.5 20 4.20–4.40 3.00–3.10 1.15–1.20 
20 4.00–4.20 2.90–3.00 1.10–1.15 
19 3.80–4.00 2.80–2.90 1.05–1.10  

Fig. 2. -Three-dimensional modeling of pod pepper seeds (a) Prototype of pod pepper seeds (b) Corresponding 3D model.  
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[24], brown rice [25], and mung beans [17], the maximum and minimum shear modulus values of pod pepper seeds were identified in 
this paper, with an appropriate range of expansion, by taking 200 MPa as the upper limit and 4 MPa as the lower limit of shear 
modulus. Considering that the Poisson’s ratio of agricultural materials is in the range of 0.2–0.4 [26–28], a similar range was chosen 
for calibration of pod pepper seeds in this paper. 

2.5. Determination of contact parameters in the seeds of pod pepper 

2.5.1. Determination of static friction coefficient 
The coefficient of static friction is the ratio of the friction force to the normal force acting between two contact surfaces. The 

coefficient of static friction between particles and particles, and between particles and walls, is required to carry out the parameter 
calibration of pod pepper seeds. In this paper, the coefficient of static friction between different materials was measured using the 
oblique method [23]. The test material was a 500 mm × 150 mm × 3 mm steel plate beveled, as shown in Fig. 3. To start the test, a steel 
ramp was first placed on a horizontal table. Then, the seeds were placed on the ramp, and one end of the ramp was slowly raised. When 
the measured material exhibited a tendency to slide, the inclined plane stopped lifting, and the angle between the inclined plane and 
the horizontal tabletop was recorded at this time. The test was repeated for 10 times. Through Equation (4), the coefficient of static 
friction between the pod pepper seeds and the steel plate was calculated as 0.43. 

γ =
f
F
=

G sin α
G cos α = tan α (4)  

where, α is the angle between the inclined plane and the horizontal plane, (◦); γ is the coefficient of static friction between the pod 
pepper seeds and the steel plate; f indicates the friction between the seeds of the pod pepper and the steel plate, (N); F is the support 
force of the steel plate on the seeds of the pod pepper, (N); and G represents the gravitational force exerted on the seeds of pod pepper, 
(N). 

The limiting values of static friction for agricultural products are considered to be 0.2 and 0.6. The coefficients of static friction 
between fava bean and red clover seeds, which are similar in shape to pod pepper seeds, and steel plates are 0.457 [29] and 0.38 [30], 
respectively. The particle-particle static friction values are similar, as the coefficients of static friction between seeds of seeded melons 
and between radix peucedani seeds are 0.25 [31] and 0.53 [32], respectively. Therefore, the limiting values of static friction co
efficients of seed-to-seed and seed-to-steel plates were taken as 0.2 and 0.6 in this paper. 

Note: α is the angle between the slope of the steel plate and the horizontal ground, (◦); F is the support force of steel plate to pod 
pepper seeds, (N); f is friction force, (N); G is the gravity of pod pepper seeds, (N). 

2.5.2. Determination of rolling friction coefficient 
The rolling friction coefficient is the ratio of the friction force to the friction of the normal force preventing the particles from 

rolling. In DEM modeling, the shape of non-spherical particles is usually represented by an arbitrary increase in the rolling friction 
coefficient [33]. In this paper, the rolling friction coefficients between agricultural materials similar in shape to pod pepper seeds, and 
between agricultural materials and steel plates were investigated. According to relevant literature, the coefficient of rolling friction 
between seed melon seeds is 0.25, and that between seed melon seeds and steel plate is 0.75 [31]. The coefficient of rolling friction 
between chili pepper seeds is 0.75 and that between chili pepper seeds and steel plate is 0.60 [34]. In this study, by extending the value 
range appropriately, the range of values for the coefficients of rolling friction between pod pepper seeds and between the seeds and the 
steel plate was determined to be 0.10–0.90. 

2.5.3. Determination of the collision recovery coefficient 
The collision recovery coefficient is an important parameter in bulk analysis and is a measure of the ability of an object to return to 

Fig. 3. Measurement test of coefficient of static friction of pod pepper seeds.  
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its original shape after a collision [21]. A review of national and international literature shows that the values of the collision recovery 
coefficients between agricultural material species such as rapeseed [35], wheat [36], and soybeans [37,38] range from 0.1 to 0.7, and 
those with steel plates range from 0.4 to 0.7. Therefore, the range of particle-particle and particle-wall contacts, including published 
data, was taken as 0.1–0.7 in this research. 

2.6. Determination of the repose angle of pod pepper seeds 

As shown in Fig. 4, the cylinder lifting method was used to obtain the pod pepper seed pile to measure the angle of repose [39,40]. 
During the test, a bottomless steel cylinder with an inner diameter of 50 mm and a height of 200 mm was placed squarely on a 
horizontal table, to make its bottom surface in contact with the table. Afterwards, 2000 pod pepper seeds were injected into the 
cylinder, and then the cylinder was slowly lift upwards at a speed of 0.05 m • s− 1 until the pod pepper seeds changed to a stable pile of 
material on the table. The angle of repose of the pod pepper seeds at this time was measured. 

As shown in Fig. 5, images of stacked pod pepper seeds were processed using MATLAB (R2018b, Mathematical Engineering, Inc.) 
image processing techniques. After grayscale processing, binarization, contour extraction, and line fitting, the mean value of the angle 
of repose of both left and right sides of the pod pepper seeds was determined to be 27.56◦. 

2.7. Simulation of DEM model of pod pepper seeds 

The ranges of basic physical property parameters of pod pepper seeds and steel plates were obtained through several pre-simulation 
tests and in conjunction with relevant literature [26,41], as shown in Table 2. The previously established three-dimensional model 
group of pod pepper seeds was imported into the discrete element simulation software EDEM 2022 in stl format as a particle template. 
Subsequently, the particle template of pod pepper seeds was filled by single spherical particles in the software to establish the discrete 
element simulation model of pod pepper seeds (7 species in total), as shown in Fig. 6. 

As shown in Fig. 7(a), in the first stage, a virtual cylinder with a diameter of 50 mm was created by the EDEM software at the upper 
aperture of a bottomless cylinder with an inner diameter of 50 mm and a height of 200 mm, which was used as a particle factory to 
generate pod pepper seed particles. The particles were generated dynamically, with an initial velocity of 0.1 m • s− 1 in the -Z direction. 
A total of 2000 seeds were produced based on the proportions of the seven pod pepper seed models in Table 1, with gravitational 
acceleration of 9.81 m • s− 2, a generation rate of 1000 Pieces • s− 1, the production time of 2 s, and a time step of 3 × 10− 6s. The mesh 
size was 6 times the radius of the smallest particle, and Hertz-Mindlin was chosen as the simulation contact model (no slip). As shown 
in Fig. 7(b), in the second stage, an upward lifting velocity of 0.05 m • s− 1 was applied to the cylinder. After 4s of simulation time, a 
stable pile of pod pepper seed particles was finally created on the bottom plate, and the simulation angle of repose was measured using 
the protractor function that comes with the EDEM software. 

The basic parameters required for the simulation of discrete elemental particle stacking of pod pepper seeds included the intrinsic 
parameters of pod pepper seeds, the material properties of the contact materials, and the range of values of the relevant parameters 
determined from the previous experiments as well as the relevant information, as shown in Table 2. 

3. Result and discussion 

3.1. Box-Behnken experimental design 

The design of the Box-Behnken test was performed with the assistance of Design-Expert (13.0.1.0, Stat-Ease, Inc.) software. In order 
to increase the accuracy of the simulation experiment, Box-Behnken central combination experimental design theory was selected to 
carry out an eight-factor, three-level quadratic regression response surface test with 120 groups [42–45]. The maximum and minimum 
values of the eight test parameters in Table 2 were coded as levels +1 and − 1, respectively, to obtain a table of test factor levels as 

Fig. 4. Cylinder lifting method to measure the angle of repose of pod pepper seeds (a) Cylinder lifting process diagram (b) Side view of pod pepper 
seed pile. 
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shown in Table 3. 

3.2. Test results and analysis 

The Box-Behnken test design scheme and results are displayed in Table 4, where the factor combinations were ranked, encom
passing seed Poisson’s ratio (vp), seed shear modulus (Gp), coefficient of static friction between seed and seed (μs pp), coefficient of 
rolling friction between seed and seed (μr pp), coefficient of recovery from collision of seed with seed (Cp), coefficient of static friction 
between seed and steel plate (μs ps), coefficient of rolling friction between seed and plate (μr ps), and coefficient of recovery from 
collision of seed and plate (Cs). 

Fig. 5. Measurement of the angle of repose of pod pepper seeds using MATLAB (a) Original photograph; (b) Grayscale processing; (c) Binarization; 
(d) Contour extraction; (e) Line fitting. 

Table 2 
Range of simulation parameters.  

Parameter Symbol Base value Range 

Density of pod pepper seed (g • cm− 3) ρp 0.94  
Poisson’s ratio of pod pepper seed vp 0.3 0.2–0.4 
Shear modulus of pod pepper seed (MPa) Gp 102 4–200 
Coefficient of static friction between pod pepper seed and pod pepper seed μs pp 0.4 0.2–0.6 
Coefficient of static friction between pod pepper seed and steel plate μs ps 0.4 0.2–0.6 
Coefficient of rolling friction between pod pepper seed and pod pepper seed μr pp 0.5 0.1–0.9 
Coefficient of rolling friction between pod pepper seed and steel plate μr ps 0.5 0.1–0.9 
Collision recovery coefficient between pod pepper seed and pod pepper seed Cp 0.4 0.1–0.7 
Collision recovery coefficient between pod pepper seed and steel plate Cs 0.4 0.1–0.7 
Density of Steel Plate (g • cm− 3) ρs 7.85  
Poisson’s ratio of Steel Plate vs 0.30  
Shear modulus of Steel Plate (MPa) Gs 8 × 104   

Fig. 6. -Three-dimensional model of pod pepper seeds.  
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3.3. Simulated repose angle regression modeling and significance test 

Based on the experimental results in Table 4, the simulated angle of repose was analyzed by ANOVA through the Box-Behnken test, 
and the results of excluding the terms with F less than 1 are organized in Table 5. A P-value was used to analyze the significance of the 
object, with P < 0.01 representing that the response model was highly significant, and P < 0.05 suggesting that the response model was 
significant. The regression equation for the angle of repose of the simulation was obtained as: 

θ‘ =27.63 + 0.06vp + 1.01μs pp + 1.02μr pp + 0.49μs ps + 0.52μr ps − 0.07vpμr ps + 0.07μr pp Cp + 0.07μr pp μs ps − 0.06μ2
s pp

(5) 

As shown in Table 5, when the P-value of the regression model was less than 0.01, it meant that the established regression model 
was highly significant, and when the misfit term of the model was 0.2258, greater than 0.05, indicating that the model was well fitted 
and no misfit occurred. The coefficient of determination of the model, R2 = 0.9895, changed to R2 = 0.9833 after adjustment, which 
was very close to 1. Moreover, the coefficient of variation, CV = 0.5183 %, and the precision, Adeq Precision = 58.9022, revealed that 
the regression model was significantly reliable and could be adopted for further prediction analysis of target angle of repose. 

In this regression model, the P-values of the vp、 μs pp、 μr pp、 μs ps、 μr ps terms were less than 0.01, which indicated that they 
were within the 99 % confidence interval with an extremely significant effect on the regression model. The P-values of the vpμr ps、 
μr ppCp、 μr ppμs ps、 μ2

s pp terms are less than 0.05, indicating that the effect on the regression model was significant. 

3.4. Analysis of the effect of each factor on the influence of the simulation repose angle 

According to the F-value results in Table 5, the degree of influence of individual factors on the simulated angle of repose regression 
model of pod pepper seeds could be measured, which was reflected by the contribution value K. It presented a positive correlation, that 
is, the larger the K value, the greater the degree of influence [46]. 

The formula for calculating the K value is as follows: 

δ =

⎧
⎪⎨

⎪⎩

0 F ≤ 1

1-
1
F

F > 1
(6)  

KXj = δXj +
1
2
∑

δXiXj + δ2
Xj (7)  

where, F is the F-value of the analysis of variance and δ is the appraisal value. The contribution of each factor to the simulated angle of 
repose was calculated according to equations (6) and (7), and the results are displayed in Table 6. 

Fig. 7. Simulation test of repose angle (a) Filling the cylinder with 2000 seed pellets (b) Lift the cylinder.  

Table 3 
Table of factors and levels.  

Codes vp Gp μs pp μr pp Cp μs ps μr ps Cs 

− 1 0.2 4 0.2 0.1 0.1 0.2 0.1 0.1 
0 0.3 102 0.4 0.5 0.4 0.4 0.5 0.4 
1 0.4 200 0.6 0.9 0.7 0.6 0.9 0.7  
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Table 4 
Box-Behnken experiment design scheme and results.  

Test No. vp Gp μs pp μr pp Cp μs ps μr ps Cs Simulated angle of repose θ’/(◦) 

1 1 0 0 − 1 0 1 − 1 0 26.71 
2 1 0 1 0 0 − 1 0 − 1 28.15 
3 0 − 1 0 1 − 1 0 1 0 29.02 
4 0 − 1 0 − 1 0 1 0 1 27.13 
5 0 0 0 0 1 1 − 1 − 1 27.61 
6 0 0 − 1 1 1 − 1 0 0 27.15 
7 0 − 1 1 0 0 1 − 1 0 28.60 
8 0 − 1 0 1 1 0 − 1 0 28.06 
9 0 0 0 0 0 0 0 0 27.55 
10 − 1 − 1 0 0 1 1 0 0 28.11 
11 1 0 0 − 1 1 0 0 − 1 26.59 
12 − 1 1 1 − 1 0 0 0 0 27.64 
13 0 0 − 1 − 1 0 0 − 1 − 1 25.05 
14 0 − 1 0 − 1 0 − 1 0 − 1 26.14 
15 1 0 0 1 0 1 1 0 29.62 
16 0 1 0 − 1 0 1 0 − 1 27.11 
17 − 1 0 1 0 0 − 1 0 1 28.14 
18 − 1 0 − 1 0 − 1 0 − 1 0 26.07 
19 0 0 0 0 − 1 1 − 1 1 27.54 
20 1 1 0 0 0 0 − 1 − 1 27.08 
21 − 1 − 1 0 0 0 0 1 1 28.32 
22 − 1 0 1 0 − 1 0 1 0 29.09 
23 0 1 1 0 0 1 1 0 29.59 
24 − 1 0 0 1 0 1 − 1 0 28.59 
25 0 0 − 1 1 0 0 1 − 1 28.12 
26 − 1 − 1 0 0 − 1 − 1 0 0 27.01 
27 0 0 0 0 0 0 0 0 27.62 
28 1 1 0 0 − 1 − 1 0 0 27.16 
29 1 0 1 0 0 1 0 1 29.11 
30 1 0 0 1 − 1 0 0 − 1 28.48 
31 0 − 1 0 − 1 − 1 0 − 1 0 26.04 
32 0 0 0 0 − 1 − 1 − 1 − 1 26.44 
33 0 0 1 − 1 0 0 − 1 1 27.14 
34 − 1 − 1 0 0 0 0 − 1 − 1 27.01 
35 0 − 1 1 0 0 − 1 1 0 28.49 
36 1 0 − 1 0 − 1 0 1 0 27.17 
37 1 1 1 1 0 0 0 0 29.84 
38 − 1 0 − 1 0 0 1 0 1 27.11 
39 − 1 1 0 0 0 0 1 − 1 28.06 
40 0 0 0 0 0 0 0 0 27.60 
41 0 0 0 0 0 0 0 0 27.57 
42 − 1 0 0 − 1 − 1 0 0 − 1 26.41 
43 0 − 1 0 − 1 1 0 1 0 27.11 
44 − 1 1 0 0 1 − 1 0 0 27.15 
45 0 0 − 1 1 0 0 − 1 1 27.04 
46 0 1 0 1 − 1 0 − 1 0 28.09 
47 0 0 1 − 1 0 0 1 − 1 27.99 
48 0 1 − 1 0 1 0 0 − 1 26.58 
49 0 1 − 1 0 0 − 1 1 0 26.43 
50 − 1 0 1 0 0 1 0 − 1 29.03 
51 0 0 − 1 − 1 1 1 0 0 25.21 
52 0 0 1 1 − 1 − 1 0 0 29.01 
53 − 1 0 0 − 1 1 0 0 1 26.65 
54 1 0 0 1 1 0 0 1 28.76 
55 1 0 0 − 1 − 1 0 0 1 26.71 
56 − 1 1 0 0 − 1 1 0 0 28.10 
57 0 0 0 0 1 1 1 1 28.71 
58 0 0 1 1 0 0 − 1 − 1 29.05 
59 0 − 1 0 1 0 1 0 − 1 28.99 
60 0 0 0 0 − 1 1 1 − 1 28.51 
61 1 1 − 1 − 1 0 0 0 0 25.67 
62 0 − 1 − 1 0 − 1 0 0 − 1 26.44 
63 0 0 0 0 − 1 − 1 1 1 27.53 
64 1 − 1 0 0 − 1 1 0 0 28.07 
65 1 0 − 1 0 0 − 1 0 1 26.19 
66 0 1 0 1 0 − 1 0 − 1 28.10 
67 0 1 1 0 1 0 0 1 28.54 
68 1 − 1 0 0 1 − 1 0 0 27.08 

(continued on next page) 
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3.5. Simulation of the angle of repose with corresponding surface analysis of relevant parameters 

According to Table 6, three factors that had large effects on the angle of repose of pod pepper seeds were screened out: seed-to-seed 
static friction coefficient (μs pp), seed-to-seed rolling friction coefficient (μr pp), and seed-to-steel plate rolling friction coefficient (μr ps), 
and their interactions were analyzed as shown in Fig. 8. As observed from Fig. 8(a), the angle of repose of seeds reached its maximum 
value when the coefficient of static friction between seed and seed (μs pp) and the coefficient of rolling friction between seed and seed 
(μs pp) of pod pepper were both at high levels. According to Fig. 8(b), when the coefficient of static friction between seed and seed 
(μs pp) or the coefficient of rolling friction between seed and steel plate (μr ps) of pod pepper was certain, the angle of repose of the seed 
increased linearly with the increase of the coefficients of static and rolling friction, and the coefficient of static friction between seed 
and seed (μs pp) caused a greater effect on the angle of repose than the coefficient of rolling friction between seed and steel plate (μr ps). 
As can be seen from Fig. 8(c), when the coefficient of seed-to-seed rolling friction (μr pp) was certain, the angle of repose increased 
slowly with the increase in the coefficient of seed-to-steel plate rolling friction (μr ps), and when the coefficient of seed-to-steel plate 
rolling friction (μr ps) was certain, the angle of repose demonstrated a larger increase with the increase in the coefficient of seed-to-seed 

Table 4 (continued ) 

Test No. vp Gp μs pp μr pp Cp μs ps μr ps Cs Simulated angle of repose θ’/(◦) 

69 0 − 1 − 1 0 0 − 1 − 1 0 25.45 
70 − 1 0 − 1 0 0 − 1 0 − 1 26.01 
71 0 1 1 0 0 − 1 − 1 0 27.61 
72 1 1 0 0 0 0 1 1 28.14 
73 1 0 0 − 1 0 − 1 1 0 26.61 
74 0 0 − 1 − 1 − 1 − 1 0 0 25.06 
75 0 1 0 − 1 1 0 − 1 0 26.08 
76 − 1 0 1 0 1 0 − 1 0 27.05 
77 0 − 1 − 1 0 1 0 0 1 26.51 
78 0 0 − 1 − 1 0 0 1 1 26.03 
79 − 1 0 0 1 1 0 0 − 1 28.59 
80 0 1 0 − 1 − 1 0 1 0 27.08 
81 − 1 − 1 1 1 0 0 0 0 29.45 
82 − 1 0 0 1 0 − 1 1 0 28.51 
83 1 − 1 0 0 0 0 − 1 1 27.23 
84 0 1 0 1 0 1 0 1 29.02 
85 0 1 1 0 − 1 0 0 − 1 28.64 
86 0 1 0 1 1 0 1 0 29.19 
87 0 0 0 0 0 0 0 0 27.57 
88 0 0 1 − 1 1 − 1 0 0 27.08 
89 0 0 0 0 0 0 0 0 27.70 
90 1 − 1 − 1 1 0 0 0 0 27.65 
91 0 0 0 0 1 − 1 − 1 1 26.63 
92 − 1 0 0 − 1 0 1 1 0 27.52 
93 − 1 0 0 − 1 0 − 1 − 1 0 25.44 
94 − 1 0 0 1 − 1 0 0 1 28.50 
95 1 1 0 0 1 1 0 0 28.20 
96 0 − 1 1 0 1 0 0 − 1 28.51 
97 − 1 0 − 1 0 1 0 1 0 27.00 
98 − 1 1 − 1 1 0 0 0 0 27.60 
99 0 0 1 − 1 − 1 1 0 0 28.04 
100 0 0 1 1 0 0 1 1 30.14 
101 0 − 1 0 1 0 − 1 0 1 28.08 
102 0 1 − 1 0 0 1 − 1 0 26.63 
103 0 0 − 1 1 − 1 1 0 0 28.09 
104 0 1 − 1 0 − 1 0 0 1 26.58 
105 1 0 1 0 − 1 0 − 1 0 28.14 
106 1 0 1 0 1 0 1 0 29.22 
107 − 1 1 0 0 0 0 − 1 1 27.24 
108 1 0 − 1 0 0 1 0 − 1 27.13 
109 1 0 − 1 0 1 0 − 1 0 26.31 
110 0 1 0 − 1 0 − 1 0 1 26.30 
111 1 − 1 0 0 0 0 1 − 1 28.15 
112 0 − 1 − 1 0 0 1 1 0 27.61 
113 1 0 0 1 0 − 1 − 1 0 27.63 
114 0 − 1 1 0 − 1 0 0 1 28.61 
115 0 0 1 1 1 1 0 0 30.14 
116 − 1 − 1 − 1 − 1 0 0 0 0 25.41 
117 0 0 0 0 0 0 0 0 27.57 
118 0 0 0 0 1 − 1 1 − 1 27.65 
119 1 − 1 1 − 1 0 0 0 0 27.63 
120 0 0 0 0 0 0 0 0 27.88  
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rolling friction (μr pp), which further indicated that the effect of the coefficient of seed-to-seed rolling friction (μr pp) was more pro
nounced for the angle of repose of the seeds. 

3.6. Parameter optimization and simulation verification 

Through the optimization module of Design-Expert 13.0 software, the second-order regression equation (5) was optimized and 
solved to obtain a set of the best simulation parameter combinations for pod pepper seeds by taking the actual repose angle as the 
target value (27.56◦) to make the simulation test repose angle closest to the actual repose angle (27.56◦): seed Poisson’s ratio of 0.22, 
seed shear modulus of 15.47 MPa, seed-to-seed static friction coefficient of 0.25, seed-to-seed rolling friction coefficient of 0.67, seed- 
to-seed collision recovery coefficient of 0.64, seed-to-steel plate static friction coefficient of 0.55, seed-to-steel plate rolling friction 
coefficient of 0.45, and seed-to-steel plate collision recovery coefficient of 0.34. 

Hou et al. stated that the physical angle of repose of ice grass seeds was not significantly different from the simulation test angle of 
repose by two-sample T test, and the relative error was small, which verified the authenticity of the simulation parameters [22]. Du 
et al. carried out the simulation verification test of the cylinder lifting method and pumping plate method, and the results manifested 
that the relative error between the simulated angle of repose of pod peppers and the physical angle of repose was within 3.35 %, which 
confirmed the credibility and reliability of the calibration parameters [41]. Chen et al. achieved the relative errors of the simulated 
angle of repose and the physical angle of repose obtained by the pumping plate method and the cylinder lifting method, respectively, to 
verify the accuracy of the calibration parameters [47]. Therefore, in this paper, the cylinder lifting method (as shown in Fig. 9(a)) and 
the pumping plate method (as shown in Fig. 9(b)) combined with the two-sample t-test were used to validate the reliability and 
authenticity of the discrete elemental parameters of the calibrated pod pepper seeds. By utilizing the parameters aforementioned as 
EDEM simulation parameters, a total of 10 simulation experiments were conducted. The angle of repose of pod pepper seeds was 
obtained as 26.43◦, 28.36◦, 27.18◦, 29.27◦, and 28.65◦ for the cylinder lifting method, and 25.83◦, 27.36◦, 28.48◦, 29.77◦, and 30.45◦

for the pumping plate method. Two-sample t-tests were performed on the simulated angle of repose and the physical test angle of 
repose for the two samples, respectively, resulting in P1 = 0.406 > 0.05 and P2 = 0.493 > 0.05 were obtained, indicating that there is 
no significant difference between the physical test angle of repose and the simulated test angle of repose after calibration of the 
simulation parameters. The average angle of repose of the particles acquired by the cylinder lifting method was 27.98◦, with a relative 

Table 5 
Variation analysis of Box-Behnken quadratic model.  

Source of variance Sum of square Degree of freedom Mean square F-value P-value 

Model 144.47 44 3.28 160.71 <0.01 
vp 0.234 1 0.234 11.45 <0.01 
Gp 0.0423 1 0.0423 2.07 0.1541 
μs pp 56.74 1 56.74 2777.31 <0.01 
μr pp 57.88 1 57.88 2832.77 <0.01 
μs ps 13.6 1 13.6 665.8 <0.01 
Cs 0.0721 1 0.0721 3.53 0.0641 
μr ps 15.07 1 15.07 737.6 <0.01 
vpCp 0.0521 1 0.0521 2.55 0.1146 
vpμr ps 0.0907 1 0.0907 4.44 0.0384 
Gpμs ps 0.0258 1 0.0258 1.26 0.2646 
Gpμr ps 0.0389 1 0.0389 1.90 0.1718 
μs pp μr pp 0.0378 1 0.0378 1.85 0.1778 
μs pp μs ps 0.0599 1 0.0599 2.93 0.0911 
μr ppCp 0.0992 1 0.0992 4.85 0.0306 
μr ppμs ps 0.0859 1 0.0859 4.2 0.0439 
μr ppCs 0.0354 1 0.0354 1.73 0.1923 
Cpμr ps 0.0422 1 0.0422 2.06 0.1549 
μ2

s pp 0.0846 1 0.0846 4.14 0.0454 

C2
p 0.0725 1 0.0725 3.55 0.0634 

Residual 1.53 75 0.0204   
Lack of fit 1.45 68 0.0213 1.74 0.2258 
Pure error 0.0855 7 0.0122   
R2 0.9895     
Sum 146 119     

Table 6 
The contribution rate of each factor to the simulated repose angle.  

vp Gp μs pp μr pp Cp μs ps μr ps Cs 

1.60 0.86 2.32 2.22 1.68 1.48 2.21 0.93  
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error of 1.524 % from the actual angle of repose of 27.56◦. The average angle of repose of the particles realized by the pumping plate 
method was 28.38◦ with a relative error of 2.975 % to the actual angle of repose of 27.56◦, which further proved the reliability and 
authenticity of the simulation test. 

Fig. 8. Effect of factor interactions on angle of repose.  

Fig. 9. Verification test of calibration parameters (a) Cylinder lifting method (b) Pumping plate method.  
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4. Conclusions  

(1) With the application of the reverse engineering technology, the shape contour of the pod pepper seeds was comprehensively 
scanned by the three-dimensional stereo laser scanner, which was encapsulated and then used to construct the seed particle 
simulation model by auto-filling in EDEM. A three-dimensional model group of the pod pepper seeds was established based on 
the distribution law of the measured pod pepper seeds’ size ranges and frequencies in the process of discrete element simulation.  

(2) The basic physical properties of pod pepper seeds were determined through physical tests combined with relevant literature at 
home and abroad, and the ranges of values of parameters such as external dimensions, density, water content, modulus of 
elasticity, shear modulus, Poisson’s ratio, and so on, were identified for the seeds of pod pepper. Specifically, the values of static 
friction coefficient, rolling friction coefficient, and collision recovery coefficient between pod pepper seeds ranged from 0.20 to 
0.60, 0.10–0.90, and 0.10–0.70, respectively; the values of static friction coefficient, rolling friction coefficient, and collision 
recovery coefficient between pod pepper seeds and steel plate were 0.20–0.60, 0.10–0.90, and 0.10–0.70, respectively; Pois
son’s ratio and shear modulus of pod pepper seeds ranged from 0.2 to 0.4 and 4–200 MPa, respectively.  

(3) Box-Behnken central combination experimental design theory was chosen to conduct an eight-factor, three-level quadratic 
regression response surface test. Based on the test results, the quadratic regression model between each parameter and pod 
pepper seed rest angle was established and optimized. According to the analysis of variance (ANOVA), it was found that the 
primary and interaction terms of the five parameters, as well as the static friction coefficients of the pod pepper seeds and the 
quadratic terms of the seeds, imposed significant effects on the angle of repose of the pod pepper seeds. By analyzing the effect of 
each factor on the seed repose angle, the contribution of each factor to the simulated repose angle could be obtained, and the 
law of their action was explored by performing response surface analysis on the three factors with the largest contribution.  

(4) The optimal simulation parameters were achieved by considering the measured pod pepper seed repose angle (27.56◦) as the 
target value for the optimization of the solution, including: seed Poisson’s ratio of 0.22, seed shear modulus of 15.47 MPa, seed- 
to-seed static friction coefficient of 0.25, seed-to-seed rolling friction coefficient of 0.67, seed-to-seed collision recovery coef
ficient of 0.64, seed-to-steel plate static friction coefficient of 0.55, seed-to-steel plate coefficient of rolling friction of 0.45, and 
seed-to-steel plate collision recovery coefficient of 0.34. Additionally, simulation validation tests were carried out for the 
cylinder lifting method and the pumping plate method, respectively, and the two-sample t-tests of the results of the two yielded 
P1 = 0.406 > 0.05 and P2 = 0.493 > 0.05, indicating that there was no significant difference in the angle of repose of pod pepper 
seeds obtained from the simulation test and the real test, and that the relative errors were 1.524 % and 2.975 %, respectively, 
which further verified the reliability and authenticity of the simulation. Overall, the reliability and authenticity of the test can 
be used as a reference for DEM calibration of other seeds with complex shapes. 
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