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Abstract: This paper proposes a modeling method of maize in threshing. The static friction coefficient
and rolling resistance coefficient of the maize grain were measured using the slope method. The
maize grain stacking angle test was designed using the central composite design response surface
test. A regression model was established based on the simulation results to find the best combination.
The results suggested that the modeling method proposed in this paper was effective in improving
the accuracy of maize grain simulation compared with previous methods. Furthermore, this paper
presents a method to verify the feasibility and reliability of the maize grain cob discrete element model
using the distribution of grain in the granary and the final removal rate as the verification method.
The results of the actually simulated threshing test were analyzed using a Wilcoxon signed-rank test,
heat map analysis, and the Spearman’s rank correlation coefficient. It was found that the DEM model
of maize cob is suitable for simulating the maize threshing process. This can aid in further research
on the subject.

Keywords: maize; dem; modeling; static friction coefficient; roll resistance coefficient

1. Introduction

DEM is a numerical method for simulating the contact behavior between granular
materials and between particles and mechanical components. It was first introduced by
Cundall and Strack [1] to analyze rock mechanics problems. At present, the discrete element
method has been effectively and widely used in agricultural engineering and other fields
in modern calculation [2–5]. Due to the invisibility of the crop harvest process, the force
of the crop, the speed acquisition, and the wear of the mechanical device are difficult to
obtain in the actual process. Applying the discrete element method to the analysis of the
maize threshing process can intuitively obtain the movement and stress state of the maize
in the threshing device and effectively analyze the interaction between the maize threshing
mechanism and the maize threshing device. The method provides a theoretical basis for
subsequent design and analysis.

Directly introducing the actual measured maize parameters into DEM simulation can
lead to accuracy issues in simulation. Some research experiments have proved that when
establishing discrete element simulation, being closer to the actual simulation modeling
and closer to the actual simulation model parameter calibration is of great significance
to the reliability analysis of the discrete element simulation. Wang et al. [6] established
a discrete element model of maize ear by studying the geometric shape, size parameters,
and density of maize. By comparing the experimental data and simulation data, the
feasibility and effectiveness of the modeling method of maize ear and single maize grains
were preliminarily verified. Li et al. [7] proposed a construction method of a maize grain
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model based on the cross-section method. Rocky DEM [8] was used to calibrate the contact
parameters of the model, and the feasibility and accuracy of the maize grain model and
contact parameters were verified. Zhou et al. [9] classified maize seeds according to their
different shapes and modeled horse-tooth, truncated cone, ellipsoid, and spherical maize
seeds. The multi-sphere model of seed particles established by different researchers was
analyzed from the aspects of bulk density, angle of repose, and passing rate. Li et al. [10]
proposed a discrete element model rapid prototyping method for maize grain, maize cobs,
garlic, and wheat crops. This method can truly and accurately establish discrete element
simulation models of crop monomers or groups. The accuracy of the rapid prototyping
method was verified by physical experiments. Alejandro Gabriel Chiaravalle [11] used
Rocky DEM simulation to obtain the main parameters of the maize particle breakage model,
which laid the foundation for further simulation of the full milling process in the hammer
mill. Han et al. [12] used the discrete element method to calibrate and verify the parameters
of maize-coated particles. Wang et al. [13] proposed a method for measuring the energy
COR of irregular particles by deducing the calculation model of particle collision energy
(COR). The discrete element method was used to simulate the collision of maize particles.
The research results will be helpful to the creation of the maize grain simulation model and
the design of maize processing machinery.

Other teams have focused on studying grain properties, optimizing mechanical struc-
tures, and analyzing grain–mechanical interactions through the discrete element method.
Mousavviraad [14] proposed that grain moisture content should be taken into account
when calibrating discrete element models. They found through experiments that the per-
formance of grain in simulation experiments has a significant minimum value when they
have a high moisture content. Xia et al. [15] used the discrete element method to study
the material attributes (MAs), processing parameters (PPs), and quality attributes (QAs)
for the milling of grinding wheels. Based on the discrete element method, Dong et al. [16]
determined the optimal structural parameters of the optimized threshing components
from the perspective of the force in the maize threshing process. The results showed that
compared with the traditional nail-tooth and rod-tooth threshing devices, the proportion of
broken grain decreased by 31.80% and 46.12%, respectively, when the file-type threshing
device was used. Compared with the traditional sizing roller, the proportion of broken
grain by the variable diameter roller was reduced by 13.91%. Li et al. [17] used the discrete
element method to study the effect of the maize constitutive model on mechanical structure
design and mechanical properties. A new construction method of the maize ear discrete
element model is proposed and verified. The results show that the model can better explain
the threshing mechanism of maize ear.

Nevertheless, differences in grain varieties and discrete element modeling methods
will determine the authenticity and accuracy of the model. DEM modeling requires a
detailed understanding of the interaction between particles under various loads. The
correct value of the physical parameters of the particle material and the correct selection
and application of the particle interaction physical model are crucial as the input of DEM
modeling [18]. Only by carefully selecting the input parameter values can an accurate
simulation be performed [19]. Hence, how to obtain a crop discrete element model that
is closer to the actual results is one of the problems that need to be paid attention to at
present. In addition, due to the fact that most scholars ignore the interaction between
the maize–mandrel after the fracture of the cohesive force, the basic theory of maize
grain–mandrel separation in maize threshing research is still blank.

The purpose of this article is as follows:

1. In Rocky DEM, the characteristic parameters of maize should be consistent with the
real maize parameters. However, due to the differences in shape, surface roughness,
and grain shape between the maize simulation model and real maize, there are errors
between the contact parameters between maize grain and maize grain, maize grain
and threshing devices, and the real values. In order to ensure the rationality and
reliability of the simulation, the contact parameters need to be recalibrated.
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2. In order to solve the problem that the threshing process is not visible and the threshing
mechanism is difficult to analyze, a method is proposed to verify the mass distribution
of maize in the granary after threshing. The simulation is compared with the actual
situation, and the correlation coefficient between the simulation results and the actual
results is analyzed to verify the reliability of the simulation results, which provides
support for the subsequent feasibility analysis of the maize threshing mechanism
based on the simulation results.

2. Materials and Methods
2.1. Test Materials and Equipments

The maize variety in this experiment was Dr. Bang 767, and the average moisture
content measured during the experiment as shown in Figure 1 was 13%. Because the shape
of maize grain has a great influence on the static friction coefficient and roll resistance
coefficient, in order to ensure the accuracy of the simulation test, 200 maize grains were ran-
domly selected for shape classification. In previous experiments, the shapes of maize grain
were divided into horse-tooth shapes, truncated triangular pyramid shapes, ellipsoidal
cone shapes, spheroid shapes, and irregular shapes [6,20,21]. In this paper, the classification
of maize grain shape is shown in Table 1.
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Figure 1. Determination of moisture content in maize kernels. The setting (a) and the result (b).

Table 1. The classification of maize grain shape.

Grain Shape Grain Numbers Proportion

horse-tooth 162 81%
truncated triangular pyramid 23 11.50%

ellipsoidal cone 4 2%
spheroid 3 1.50%
irregular 3 1.50%
broken 5 2.5%

Broken shape is affected by pests and diseases, and it is difficult to determine the
specific shape of the maize. From Table 1, it can be seen that in the classification of maize
grain shape, the horse-tooth type accounts for 81%. Therefore, the shape of maize grain
is uniformly identified as horse-tooth shape in this paper. The total length, upper width,
lower width, and thickness of 162 maize grains of the horse-tooth shape were measured by
a vernier caliper. The measurement process is shown in Figure 2, and the average value is
shown in the Table 2.

The test equipment is shown in Figure 3.
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Table 2. The results of maize measurement.

Size Average (mm)

Total length 11.1
Upper width 8.1
Lower width 7

Thickness 4.5
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2.2. Test Methods

The parameters related to the properties of maize kernel are: Poisson’s ratio, density,
shear modulus, contact parameters, etc. These parameters can be measured and calculated
by means of experimental methods or simulation experiments. According to the literature,
it is found that the static friction coefficient and dynamic friction coefficient between maize
have more significant influence on the simulation results than other parameters in the
grain model simulation modeling of maize ears. Therefore, this paper will measure the
static friction coefficient and roll resistance coefficient and carry out the stacking angle test
on maize. Through the design of the simulation stacking angle response surface test, the
simulation stacking angle of maize grain was measured, and the static friction coefficient
and roll resistance coefficient of maize grain in the simulation were calibrated. After
completing the calibration and determining the optimal combination of parameters, this
paper designs the simulation test of the grain–cob model and verifies the feasibility and
reliability of the model by comparing the results of the actual test and simulation test.

2.2.1. Determination of Static Friction Coefficient

In this paper, the inclined sliding method is used to measure the static friction co-
efficient between grain and grain. The test process is as follows: Firstly, the grain plate
filled with grain is installed on the inclined plate, and the inclined plate is adjusted to a
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horizontal state. A maize grain is randomly selected on the grain plate, and the angle of
the inclined plate is slowly and uniformly raised. When the downward sliding trend of
maize grain occurs, the angle θS between the inclined plate and the horizontal direction
is calculated, as shown in Formula (1). The experimental process and analysis are shown
in Figure 4:

tan θS = tan(90◦ − β) (1)

where:

β is the angle displayed by the digital protractor.
tan θS is the value of the static friction coefficient.
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The determination of the static friction coefficient was repeated 10 times. The test
results are shown in Table 3.

Table 3. The determination of the static friction coefficient.

Results Static Friction Coefficient

Maximum 0.67
Minimum 0.46
Average 0.56

Standard deviation 0.06

2.2.2. Determination of Roll Resistance Coefficient

The roll resistance coefficient is identified as the tangent of the maximum slope when
the rolling resistance moment and moment generated by gravity are balanced in the linear
spring rolling limit model of Rocky DEM. This paper uses the slope rolling method to
measure the roll resistance coefficient. Considering that the shape of a single maize kernel
is relatively close to a cuboid, it is difficult to observe the rolling state of a single maize
kernel on the grain plate. The complete maize ear shape is close to a cylinder, and the
contact surface between the maize and the grain plate is also the kernel–kernel, and it is
easy to observe its rolling state. Therefore, the test process of the roll resistance coefficient
is similar to the test process of the static friction coefficient: The grain plate full of maize
grain is installed on the inclined plate, and the inclined plate is adjusted to a horizontal
state. A maize grain is randomly selected on the grain plate. The angle of the inclined plate
is slowly and uniformly raised. When the maize ear rolls downward, the angle θR between
the inclined plate and the horizontal direction is recorded. This angle is the rolling friction
angle between grain and grain, and the roll resistance coefficient is tan θR.

The determination of the roll resistance coefficient was repeated 10 times. The results
are shown in Table 4.



Agriculture 2024, 14, 587 6 of 18

Table 4. The determination of the roll friction coefficient.

Results Roll Resistance Coefficient

Maximum 0.133
Minimum 0.070
Average 0.104

Standard deviation 0.021

2.3. The Stacking Angle Test
2.3.1. The Actual Test

The test process is shown in Figure 5. The specific operation is as follows: First, the
natural slope meter is cleaned, and the disc is placed in the granary. Secondly, the grain is
poured into the granary until they reach the 10 mm mark on the scale. Then, the handwheel
is slowly shook, the disc is lifted to a certain height through the suspension line is set
to stand still for a period of time. After it is stable, the scale reading is measured and
read. Finally, according to Formula (2), the tangent value of maize grain stacking angle
is obtained.
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α = arctran
(

h
r

)
(2)

where:

α is the maize grain stacking angle, which is expressed by the angle system.
h is the scale reading.
r is the radius of the disk.

2.3.2. The Simulated Test

• Establishment of the maize grain model

In the simulation test, the original particle polymer, particle replacement, polyhedron
particles, and other methods can be used to establish a three-dimensional model of maize
kernels [6,10]. In order to improve the accuracy of the simulation test and reduce the
time consumption of the simulation test, this paper uses the method of custom polyhedral
particles to establish the maize kernel model. The modeling process is as follows: According
to the average value of the three-dimensional data of the pre-measured maize kernels, the
three-dimensional STL model of the maize kernels is drawn in Solidworks. Create a particle
in Rocky DEM’s particles and name it kernel. Its shape is defined as a custom polyhedron,
and select the custom polyhedron maize grain model drawn in Solidworks to import it.
The setting of relevant parameters is completed, and some parameters are determined
by experiments as shown in Figure 6 and previous references [11,22,23]. The relevant
parameter settings are shown in Table 5.
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Table 5. The settings of relevant parameters.

Parameters Value

Poisson’s ratio of kernel 0.4
Young’s modulus of kernel 116.91 MPa

Kernel density 1197 Kg/m3

Kernel–Kernel recovery coefficient 0.233
Kernel–Steel recovery coefficient 0.6

Static friction coefficient of kernel–steel 0.46
Poisson’s ratio of steel plate 0.29

Young’s modulus of steel plate 206 GPa
Steel plate density 8000 Kg/m3

• Accumulation angle test scheme

After the previous slope test, this paper determines the level of the two factors in
the simulation test as shown in Table 6. The central composite response surface analysis
method was used in the experiment. In the simulation test, the geometric model of the
natural slope meter and the geometric model of the maize kernel are imported into Rocky
DEM, and the simulation process is the same as the real test process.

Table 6. The level of the two factors in the simulation test.

Level Static Friction Coefficient Roll Resistance Coefficient

−1 0.41 0.054
0 0.56 0.104
1 0.71 0.154

2.4. Simulation Test of Maize Threshing
2.4.1. Modeling of Adhesive Model

In order to analyze the threshing situation of maize and the threshing mechanism
of maize in the threshing process, this paper proposes a kernels–cob adhesive model.
The model will realize the separation of maize kernels and maize cobs in the simulation
experiment of maize threshing and contribute to the subsequent research on threshing.
Combined with the existing related research [10], in this paper, the ideal state of the
kernels–cob bonding force is regarded as a constant value. When the external force of
the maize is greater than the adhesive force, the kernel will be separated from the cob
to achieve threshing. Therefore, in Rocky DEM, this paper will use the contact model of
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Hertzian–Mindlin theory and the adhesion model of constant adhesive force. The setting
of the adhesive force parameters is calculated according to Formula (3) [8].

Fn, adh =

{
0 −sn ≥ δadh

fadhg min(m1, m2) −sn ≤ δadh
(3)

where:

Fn, adh is the normal adhesive contact force.
sn is the contact normal overlap, which is assumed to be positive when particles touch each
other and negative when they are separated.
m1 and m2 are the mass of the particles in contact.
g is the gravity acceleration.
δadh is a model parameter listed as adhesive distance in the Rocky UI. If the distance
between two particles or between a particle and a boundary surface is below δadh, the
adhesive force will be activated. In Rocky, the value of this parameter can be defined in the
materials interaction editor panel.
fadh is a model parameter listed in the Rocky UI as force fraction. The value of the adhesive
force will be equal to the particle gravity force multiplied by the value of fadh. If the
force fraction is 1, that means the adhesive force will be equal to the gravity force on the
particle. In the case of contact between two particles of different mass, the smallest mass is
considered for gravity force calculations.

In Rocky DEM, the combination model of maize kernels and maize cobs and the
cohesive force model used in this paper are shown in Figure 7.
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2.4.2. Establishment of the Threshing Simulation Model

According to the actual threshing cylinder shown in Figure 8, in this paper, the single
longitudinal axial flow threshing device model and conveyor belt model are imported into
Rocky DEM, as shown in Figure 9. In order to be consistent with the actual test, in the
simulation, the simulation parameters of the machine working in the threshing process are
set as shown in Table 7.

Table 7. The simulation parameters of the machine working in the threshing process.

Parameters Value

Rotational speed of threshing cylinder 400 Rpm
Conveying speed of conveyor belt 0.8 m/s

Maize feeding amount 10 Kg/s
Simulation duration 20 s
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2.4.3. Analysis of Kernels Distribution after Threshing

In reality, the threshing process is invisible. In this paper, the kernels distribution after
threshing is analyzed. By collecting the actual and simulated kernels distribution data
after threshing, the two groups of distribution data will be compared, and the correlation
between the two groups of distribution data will be analyzed to prove the validity of the
adhesive model. In order to analyze the distribution of the actual simulated grains after
threshing, a 4 × 4 equal-area segmentation of the granary was performed in this paper, as
shown in Figure 10.
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3. Results and Discussion
3.1. Analysis of the Results of the Stacking Angle Test
3.1.1. The Actual Test Results and Discussion

After repeating the above test process 10 times, the recorded results are shown in
Figure 11, and the obtained test results are shown in Table 8.
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Table 8. The results of the actual stacking angle test.

Results Gauge Reading (mm) Stacking Angle (DEG)

Average 52.4 27.646
Standard deviation 2.32 1.040

After repeated tests, this paper calculates that the average reading of the scale obtained
from the 10 stacking angle tests is 52.3 mm, and the standard deviation is 1.70. The average
stacking angle is 27.646◦, and the standard deviation is 1.040. The data show that the data
points of the 10 stacking angle tests are very concentrated near the average value, and there
is not much dispersion. Therefore, this paper takes 27.646◦ as the final selection result of
the actual stacking angle.

3.1.2. The Simulation Test Results and Discussion

In order to obtain the optimal parameter combination of the static friction coefficient
and roll resistance coefficient, the two-factor and three-level simulation tests are carried out
in this paper. After the experiment, the CSV-format data of the stacking angle are exported,
and a linear regression analysis is carried out by using a Python script independently
written in this paper. The degree of the stacking angle is obtained. The result of the first test
is shown in Figure 12, and the linear analysis after script processing is shown in Figure 13.
The final stacking angle results of the simulation test are shown in Table 9.
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Table 9. The final stacking angle results of the simulation test.

Std Static Friction
A

Dynamic Friction
B

Stacking Angle
(DEG)

1 1 −1 27.75
2 0 −1 25.5
3 0 0 24.8
4 1 0 28.1
5 −1 −1 23.3
6 −1 0 26.7
7 0 0 23.9
8 −1 1 29.1
9 1 1 31.8
10 0 1 30.1
11 0 0 28.2
12 0 0 27.9
13 0 0 26.9

The linear equation of the linear regression line i in Figure 13 and the formula for
solving the simulated stacking angle are shown in Formula (4).

y = kix + bi

α = arctan(|k1|)±arctan(|k2|)
2

(4)

where:

α is the simulated stacking angle, Deg.
ki is the slope of the linear regression line i, i = 1, 2.
bi is the intercept of linear regression line i.

The second-order regression model of the stacking angle and two factors was estab-
lished using Design Expert software. The quadratic polynomial equation was obtained
as Formula (5). Figure 14 is the response surface of the influence of A and B on the
stacking angle.

θ = 26.42 + 1.56A + 2.42B − 0.3625AB + 0.5216A2 + 1.17B2 (5)
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The results of the model analysis of variance are shown in Table 10, where the whole
model is significant, the F-value is 5.03, and the p-value is 0.0284, indicating that at least one
independent variable in the model has a significant impact on the dependent variable. In
the model, the contribution of the static friction coefficient (A) and roll resistance coefficient
(B) to the prediction of the stacking angle was significant, and the p-values were 0.0392 and
0.0056, respectively, which were less than 0.05. The p-value of the lack of fit is 0.9381 > 0.05,
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which is not significant, indicating that the model has a good degree of fitting and no
unexplainable significant variation.

Table 10. The results of the model analysis of variance.

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

Model 57.2 5 11.44 5.03 0.0284 *
A 14.57 1 14.57 6.4 0.0392 *
B 35.28 1 35.28 15.5 0.0056 **

AB 0.5256 1 0.5256 0.2309 0.6455 -
A² 0.7513 1 0.7513 0.33 0.5836 -
B² 3.79 1 3.79 1.67 0.2379 -

Residual 15.94 7 2.28 -
Lack of fit 1.4 3 0.4678 0.1288 0.9381 -
Pure error 14.53 4 3.63
Cor total 73.13 12

* means significant influence in the 95% confidence interval. ** means significant influence in the 99% confidence
interval. – means no significant influence.

3.1.3. Determination of the Optimal Parameter Combination

According to the objective function and constraints, as shown in Formula (6):
θ = 27.655

s.t.
{

−1 ≤ A ≤ 1
−1 ≤ B ≤ 1

(6)

The optimal calibration parameter combination of the kernels stacking angle is: static
friction coefficient of 0.47, and roll resistance coefficient of 0.129. In order to verify the
accuracy of the optimal parameter combination, the optimal combination parameter with a
static friction coefficient of 0.47 and roll resistance coefficient of 0.129 was set into Rocky
DEM. The simulation test was repeated three times. The process is shown in Figure 15. The
simulation accumulation angles are 27.435◦, 27.837◦, and 27.034◦, respectively.
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In order to explore whether there was a significant difference between the simulation
test results and the actual test results, the Shapiro–Wilk test was performed on the actual
stacking angle data. As shown in Formula (7), W = 0.947, p = 0.629 > 0.05, indicating that
the data obeys the normal distribution and has normality.

W =

(
n
∑

i=1
aixi

)2

n
∑

i=1
(xi−x)

x = 1
n

n
∑

i=1
xi

(7)

where:

xi is the i-th order statistic, i = 1, 2, . . ., n.
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The actual average stacking angle of 27.645◦ is taken as the theoretical value, and the
one-sample t-test is carried out on the simulated stacking angle, as shown in Formula (8).
The results show that there is no significant difference between the average simulated
stacking angle (M = 27.435, SD = 0.4015) and 27.645◦, t (2) = −0.904, p > 0.05, d = −0.52.
The relative errors between the final simulation stacking angle under the optimal param-
eter combination and the actual selected value of 27.645◦ are 0.76%, 0.69%, and 2.210%,
respectively. The error is less than 3%, which can be used for the simulation of the maize
threshing test.

t =
x − µ

s/
√

n
(8)

where:

x is the sample average;
µ is the theoretical value or the assumed mean of the population;
s is the sample standard deviation;
n is the sample size.

3.2. Discussion of Threshing Test Simulation Results of Maize Kernels–Cob Model
3.2.1. Results and Discussion of Actual–Simulation Threshing Performance

Threshing performance is one of the important indexes for evaluating the threshing
performance of maize harvester in the process of maize threshing. In this paper, it is used as
a means to verify the reliability of the maize kernels–cob model. In the actual experiment,
the average maize threshing performance obtained in this paper is 97.62%. Compared
with the actual situation, the simulation experiment can clearly show the change process of
maize threshing with time in the threshing device. According to the statistics of the contacts
adhesive particle in Rocky DEM, this paper obtains the simulated threshing process, and
the results are shown in Figure 16. At 20 s, the maize threshing result was in a stable state,
the adhesion rate for kernels–cob was 2.75%, and the corresponding threshing performance
was 97.25%. The relative error with the actual threshing performance is 0.37%. The results
show that the relative error between the simulation test results and the actual test results is
small, and the test results are reliable, which is helpful for further studying the mechanism
of maize threshing and providing a reference for optimizing the maize threshing process.
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3.2.2. The Test Results of Mass Distribution of Maize Kernels after Threshing

• Discussion of actual–simulation quality distribution results

The actual test process of maize threshing was captured by a high-speed camera, as
shown in Figure 17. The process of the maize threshing actual–simulation test is shown in
Figure 18.
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servation windows is derived in the .csv format, and the ratio of the mass in each granary 
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After the actual test and simulation test, the maize grain quality of 16 granaries
is measured. In the simulation test, the data table of the maize kernels quality in the
16 observation windows is derived in the .csv format, and the ratio of the mass in each
granary to the total mass was obtained, as shown in Formula (9). The ratio of the mass in
each granary to the total mass was calculated, and the results are shown in Table 11. The
point-line image drawn according to the results is shown in Figure 19.

ωi =
Mi
MT

× 100% (9)

where:

ωi is the percentage of maize kernels in the total mass of the i-th granary in %.
Mi is the maize grain quality of the first granary in kg.
MT is the maize grain weight of the 16 granaries in kg.

Table 11. The ratio of the mass in each granary to the total mass.

Granary i Realistic ωi Simulated ωi

1 6.59 6.99
2 2.91 1.67
3 2.80 2.07
4 4.70 5.87
5 25.24 21.40
6 10.23 5.05
7 9.81 5.10
8 10.57 12.61
9 9.87 12.03
10 4.62 3.91
11 1.32 3.34
12 4.31 7.09
13 3.31 5.52
14 1.40 2.32
15 0.72 2.57
16 1.60 2.46
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Figure 19. The point line image of the actual–simulation test.

According to the above results and the point-line image, this paper intuitively finds
that the actual results are close to the simulation results. In order to further verify the
reliability of the maize kernels–cob model in threshing process, in this paper, the Wilcoxon
signed-rank test statistical method was used in a non-parametric test to verify whether
there is a significant difference between the actual results and the simulation results. The
calculation process is shown in Table 12, and Formula (10) is shown as follows.

T+/− =
n

∑
i=1

R+/−
i (10)

where:

T+/− is the sum of positive/negative rank.
R+/−

i is positive/negative rank.

Table 12. The calculation process of the Wilcoxon signed-rank test.

Granary i Realistic ωi Simulated ωi d R+
i R−

i

1 6.59 6.99 0.4 1 -
2 2.91 1.67 −1.24 - −7
3 2.8 2.07 −0.73 - −3
4 4.7 5.87 1.17 6 -
5 25.24 21.4 −3.84 - −14
6 10.23 5.05 −5.18 - −16
7 9.81 5.1 −4.71 - −15
8 10.57 12.61 2.04 10 -
9 9.87 12.03 2.16 11 -

10 4.62 3.91 −0.71 - −2
11 1.32 3.34 2.02 9 -
12 4.31 7.09 2.78 13 -
13 3.31 5.52 2.21 12 -
14 1.4 2.32 0.92 5 -
15 0.72 2.57 1.85 8 -
16 1.6 2.46 0.86 4 -

Total T+ = 79 T− = 57

The Wilcoxon signed-rank was tested and statistically analyzed. The results showed
that Z = −0.569 and p > 0.05, indicating that there was no significant difference between
the results of the maize threshing simulation test and the maize threshing actual test.

• Discussion of the actual–simulation kernels distribution trend results

In this paper, the heat maps of the actual results and the simulation results are drawn,
respectively, to reflect the kernels distribution in the actual–simulation maize threshing
process, as shown in Figure 20. According to the heat map analysis, whether it is actual



Agriculture 2024, 14, 587 16 of 18

threshing or simulated threshing, the main distribution areas of maize grains are the B and
C areas. Among them, the B2 area accounted for the most, and its values were 25.237 and
21.402, respectively, followed by the B4 area, which were 10.574 and 12.607, respectively. In
addition, from column A to column D, the distribution of maize grain quality showed a
trend of less on both sides and more in the middle. From row 1 to row 4, the distribution of
maize grain quality showed a trend of more on both sides and less in the middle.
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Figure 20. The heat maps of the actual results (a) and the simulation results (b).

• Test of the trend correlation of actual–simulation kernels distribution results
and discussion

In this paper, the actual results are used as the X-axis, and the simulation results are
used as the Y-axis to draw a scatterplot so as to visually analyze the relationship between
the two, as shown in Figure 21. According to the scatter distribution, this paper observes
that the scatter points are roughly distributed around the y = x trend line.
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In addition, in order to accurately evaluate the correlation between the actual–simulation
kernels distribution results, this paper uses the Spearman correlation coefficient for analysis,
as shown in Formula (11).

r =

n
∑

i=1
(Xi − X)

(
Yi − Y

)
n
∑

i=1
(Xi − X)

2 n
∑

i=1
(Yi − Y)2

(11)

The results show that there is a significant positive correlation between the actual results
and the simulation results (Spearman correlation coefficient (r = 0.776, p = 0.000404 < 0.001)).
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4. Conclusions

1. In this paper, the static friction coefficient between maize kernels and maize ker-
nels was 0.56 when using the slope sliding method. The roll resistance coefficient
between maize kernels and maize kernels was determined to be 0.104 by the slope
rolling method.

2. By designing the central composite response surface test, the regression equation of the
stacking angle fitting under simulation was obtained. The best parameter combination
of the static friction coefficient and roll resistance coefficient was found: the static
friction coefficient was 0.47, the roll resistance coefficient was 0.129. After simulation
verification, three simulation stacking angles were obtained, which were 27.435◦,
27.837◦, and 27.034◦, respectively. The t-test showed that there was no significant
difference between the average simulation stacking angle (M = 27.435, SD = 0.4015)
and 27.645◦, t = −0.904, p > 0.05, d = −0.52.

3. In Rocky DEM, the modeling method of maize kernels–cob was compared with
the traditional maize kernels modeling method. The results showed that the relative
errors between the maize kernels–cob model and the actual maize kernel measurement
results were 0.76%, 0.69%, and 2.210%, respectively, which proves that the modeling
method can effectively improve the simulation accuracy of maize kernels.

4. In this paper, the reliability and accuracy of the discrete element model were analyzed
by comparing the distribution of maize kernels in the granary after threshing in the
actual–simulation test. A Wilcoxon signed-rank test, heat map analysis, and the Spear-
man correlation coefficient were used to analyze the results of the actual–simulation
threshing test. The following results were obtained: Wilcoxon signed-rank sum test
(Z = −0.569, p > 0.05); heat map analysis (whether actual or simulated, from Column
A to Column D, the distribution of maize grain quality showed a trend of less on both
sides and more in the middle. From row 1 to row 4, the distribution of maize grain
quality showed a trend of more on both sides and less in the middle); and Spearman
correlation coefficient (r = 0.776, p = 0.000404 < 0.001).

5. The overall results showed that there was no significant difference between the
simulation test and the actual test of maize threshing, and there was a significant
positive correlation between the distribution of maize grains. Therefore, the maize ear
discrete element model can be used for the simulation test of maize threshing process
and contribute to the subsequent research on maize threshing.
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