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Abstract

Grain loss and impact damage are key indicators of wheat threshing quality. To explore the mechanisms of
grain loss and damage, this study reproduces the wheat threshing process by establishing a discrete element
model of wheat plants and a simulation platform for threshing devices. It conducts simulations on the movement
laws of material flow and distribution laws of threshed materials under different conditions of feed rate, drum
rotational speed, and deflector angle. Based on simulation calculations, the average velocity and force laws of
wheat plants were obtained, and the influence laws of feed rate, drum rotational speed, and deflector angle on the
threshing process were analysed. Through multi-objective parameter optimisation analysis, it is determined that
when the feed rate is 7 kg s, the drum rotational speed is 815 r min, and the deflector angle is 70 degrees, the
threshing performance of the device is relatively superior. Bench verification tests before and after optimisation
showed that the impurity rate of wheat decreased from 29.19% to 25.02%, and the loss rate decreased from
1.61% to 0.95%, with the error between the model prediction results and the experimental results being less than
5%. The proposed model and optimisation strategy can directly guide the structural improvement of axial-flow
threshing devices, significantly shorten the research and development cycle of harvesting equipment, and
provide a reliable technical basis for efficient and low-loss wheat harvesting.
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Introduction

The threshing device is the core component
of the combine harvester, and its working
performance has become the main factor
restricting the development of the combine
harvester. During the harvesting process, grain
loss and damage are significantly affected by
the performance of the threshing devices (Fu,
Chen, Han, & Ren, 2018; Khir, Atungulu, &
Pan, 2013; Zareiforoush, Komarizadeh, &
Alizadeh, 2010). Therefore, many researchers
are dedicated to studying grain threshing
devices.

Traditional performance test methods for
threshing devices are usually bench or field
tests, which infer  their  functions,
characteristics, and operating laws by
observing the relationship between input and
output. This test method has the problems of

high cost, poor repeatability, long cycle, and
high labour demand, resulting in a series of
excessively lengthy and complex procedures.
The Discrete Element Method, as a new
type of numerical analysis method, has begun
to be applied in various links such as planting,
harvesting, threshing, cleaning, and
transportation in the process of agricultural
operations (Ajmal, Roessler, Richter, &
Katterfeld, 2020; Boac, Ambrose, Casada,
Maghirang, & Maier, 2014; Horabik &
Molenda, 2016). Miu and Kutzbach (2008b)
established a simulation model of the axial-
flow threshing device, reproducing the
threshing and separation processes of wheat.
Shi et al. (2019) obtained the optimal
combination of operating parameters affecting
the working performance of the straw crushing
drill-type conservation tillage seeder through
simulation and numerical analysis methods,


mailto:liqw0613@163.com
https://doi.org/10.22067/jam.2025.94433.1409

?  Journal of Agricultural Machinery Vol. 2, No. ?, ?, ?

and the straw coverage uniformity of the
optimised seeder reached 86.25%. W. Wang et
al. (2020) adopted the EDEM-Recurdyn
coupling method to analyse the migration
laws, velocity, and flow rate changes of wheat
during the continuous conveying process, and
the results showed that the error between the
experiment and simulation was 4.08%.
Siliveru and Ambrose (2021) used the Discrete
Element Method to partially reconstruct the
wheat milling process, predicted the sieving
behaviour of flour particles, and the range of
predicted standard errors was 0.13-8.27%.
Markauskas, Platzk, and Kruggel-Emden
(2022) explored the pneumatic conveying
mechanism of wheat straw in elbow conveying
using the Discrete Element Method, and the
results showed that the trajectory and pressure
drop of particles in vertical pipe sections
depend on the stiffness of the particles. Sun et
al. (2023) adopted the Discrete Element
Method to construct a wheat plant model, and
conducted vibration screening tests and impact
threshing tests to verify the accuracy of the
model. These studies have laid a foundation
for analysing the wheat harvesting process
using the Discrete Element Method.

In summary, the effectiveness of the
discrete element method (DEM) simulation
technology in wheat production processes has
been confirmed. However, most DEM
simulation frameworks for wheat threshing
processes rely on modelling-simulation,
simulation-optimisation, or  simulation-
validation, and rarely form a closed-loop of
"modelling-calibration-simulation-
optimisation-validation.” On the other hand,
due to the enclosed nature of the threshing
process, research on grain loss and impact
damage is limited. This study has conducted
preliminary research on the mechanisms of
grain loss and impact damage indirectly by
verifying the effectiveness of the simulation
through grain distribution.

Accordingly, to explore the mechanisms of
grain loss and impact damage of wheat in the
threshing device, as well as the interaction
mechanism between wheat and the threshing
device, this study reproduces the wheat

threshing process by establishing a discrete
element model of wheat plants and a
simulation platform for the threshing device.
Combined with the test bench, the working
performance of the threshing device was
verified. The feed rate, drum rotational speed,
and guide plate angle were analysed for their
effects on the kinematic and dynamic
responses of wheat within the threshing
device. This study aims to reveal the variation
trend of the interaction mechanism between
wheat and the threshing device under different
levels of influencing factors, as well as the
influence law of such interaction mechanism
on the operating performance of the threshing
device under varying factor levels. The main
contributions of this work are as follows: (1)
With respect to the construction methodology
of discrete element method (DEM) simulation
models for wheat threshing processes, an
integrated workflow incorporating modelling,
simulation, and validation was established.
This framework provides a viable technical
route for the application of DEM simulation
technology in the threshing process of
combine harvesters. (2) Velocities and force
laws of wheat during threshing, obtained via
simulation, reveal the coupled effects of
parameters such as feed rate, drum speed, and
deflector angle on grain loss and impurity
rates. This provides quantitative support for
the improvement and performance
enhancement of threshing devices, and such
laws are difficult to acquire through traditional
experiments. (3) DEM simulation predicts the
operational performance of wheat threshing
devices under varying parameters, with model
accuracy validated via bench and field tests.
This demonstrates that combining DEM with
response  surface  methodology enables
analysing device performance, predicting
threshing outcomes, and enhancing research
and development efficiency of wheat
harvesting equipment.

Materials and Methods

Discrete Element Model of wheat plants
Calibrating the physical properties and
contact characteristic parameters of wheat is a
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prerequisite for the reasonable prediction of
wheat behaviour. This study measured and
statistically analysed 600 wheat plants,
explored the distribution characteristics of
different structures of wheat, and provided
theoretical support for establishing a model.
The constructed model of wheat is shown in
Fig. 1. The test materials were sampled in
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Zhengzhou City, Henan Province, China, from
June 1 to 3, 2024, with the variety being
"Xumai 35". Materials for the bench tests were
manually harvested and brought back to the
laboratory for ~measurement; the basic
parameters of wheat obtained from the
measurements are shown in Table 1.
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Fig. 1. Structure diagram showing particle arrangement of wheat plant:
(a) Rachis, (b) Internode of the stem, and (c) Wheat plant

Table 1- Basic properties of test materials

Parameter Values
Plant height after stubble cutting ~ 477-734 mm
Length of ear 76.7-99.7 mm

Ratio of straw to grain 1:1.2
Thousand grain weight 40.87-42.72 ¢

13.42-17.54%
18.04-25.47%

Grain moisture content
Straw moisture content

The model parameters of each component
of wheat plants were determined via direct
measurement, slope test, tensile test,
compression test, shear test, bulk density test,
angle of repose test, and other methods. In Fig.
2, the measurement process is presented.
Firstly, the physical property parameters of
wheat plants were directly measured using
equipment such as electronic balances, density
bottles, and vernier callipers. Subsequently,
the contact characteristic parameters of wheat

plants were determined through slope tests,
bulk density tests, and angle of repose tests,
and the parameter results were optimised.
Finally, the mechanical property parameters of
wheat plants were determined through tensile
tests, compression tests, and shear tests. The
remaining parameters were determined from
the references. The parameters in the
simulation are presented in Table 2 and Table
3.
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Fig. 2. The measurement process of wheat plant parameters

Table 2- Main parameters of wheat plants for the DEM Model

Parameter Value Source
Grain
Length 6.46 mm Measurement by vernier callipers
Width 3.62 mm Measurement by vernier callipers
Height 3.11 mm Measurement by vernier callipers
Number on a wheat ear 46 Measurement through counting
Density (kg m™3) 1377-1513 Measurement by density bottle
. L (Arnold & Roberts, 1969; Moya, Sanchez, & Ramon Villar-Garcia, 2022;
Poisson’s ratio 0.16~0.42
Standards, 2006)
Young’s modulus (Pa) 1.35-2 x 108 (Sun et al., 2023)
Stem (first internode/second internode/third internode)
Length 267/160/110 mm Measurement by ruler and tape measure
. 3.58/3.85/4.09 . .
Diameter mm Measurement by vernier callipers
Density (g m™) 0.82-2.13 Measurement by ruler and scale
Poisson’s ratio 0.25-0.30 (Khawaja & Khan, 2022; Schramm, Tekeste, Plouffe, & Harby, 2019)
Young’s modulus (Pa) 1.5-6.8 x 10° Tensile test
Restitution coefficient
Grain-grain 0.326 Optimisation results
Grain-steel 05-0.75 (Chen, Wassgren, Veikle, & Ambrose, 2020; Horabik, Parafiniuk, & Molenda,
o 2016; Horabik et al., 2020; Lu et al., 2023)
Straw-straw 0.16-0.32 (Schramm et al., 2019; Shi, Jiang, Wang, Thuy, & Yu, 2023; Sun et al., 2023)
Straw-steel 0.491-0.593 (Schramm et al., 2019; Sun et al., 2023)
Static friction coefficient
Grain-grain 0.588 Slope test and optimisation results
Grain-steel 0.580 Slope test and optimisation results
Straw-straw 0.609-0.729 Slope test
Straw-steel 0.493-0.578 Slope test
Rolling friction coefficient
Grain-grain 0.079 Optimisation results
Grain-steel 0.023-0.170 Slope test
Straw-straw 0.012-0.028 (Sun et al., 2023)
Straw-steel 0.045-0.113 Slope test
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Table 3- Mechanical parameters of parallel bonds

Normal stiffness per

Shear stiffness per

Parameter unit area (N m-) unit area (N m-) Normal stress (MPa) Shear stress (MPa)
Grain-rachis 1e09 5e08 2e06 2e06
Rachis-rachis 1e09 5e08 1e07 5e06
Straw-rachis 5e09 1e09 1.5e07 4e06
Straw-straw 5e09 1e09 1.5e07 4e06

Longitudinal axial flow threshing test bench and
simulation model

The test bench and simulation model of the
longitudinal axial flow threshing device used
in this study are shown in Fig. 3. The detailed
physical characteristics and dimensional
parameters of the threshing devices used in the
bench tests and simulation models are shown
in Table 4. The key components of the
threshing device include the screw feeding
head, threshing cylinder, concave, and top
cover. Prior to the test, wheat plants of a
certain mass were evenly spread on one side of
the conveyor belt, with a 3-metre acceleration
zone reserved. The conveying speed of the
conveyor belt was controlled by adjusting the
motor speed, thereby regulating the feeding
rate of the test. At the start of the test, the
threshing device was first adjusted; after it
operated stably, the conveyor belt switch was

turned on to feed the materials. The threshed
materials, without passing through the
cleaning system, directly fell into the material
receiving boxes below the concave and at the
tail of the cylinder. During simulation, wheat
plant particles were directly generated by the
particle factory above the conveyor belt, and
threshing simulation tests were conducted
according to the initially set feeding rate. In
EDEM, 7-9 kg of wheat plants were generated
per second as required by the study, with each
wheat plant consisting of 46 particles. The
continuous generation time of plants was set to
5 s, and the simulation duration was set to 10
S. The calculation used 10% of the Rayleigh
time, with a time step of 4x107 seconds. Data
were saved every 0.01 seconds, and the
number of solvers was set to 24.

(b)

Fig. 3. Wheat threshing device with longitudinal axial flow: (a) Experimental and (b) Simulation platforms

Table 4- Main structural and working parameters of threshing device

Parameter Value
Diameter of roller 710 mm
Length of roller 1850 mm
Adjustable range of rotational speed of roller ~ 0-1150 rpm

Adjustable range of angle of deflector

60-80 degrees

Field trials validation

To verify the accuracy of the predictions
from the simulation and parameter
optimisation model, a verification test was

conducted on June 1, 2025, in the
experimental field of Yiyang County, Luoyang
City, China. The operating parameters adopted
were the optimal parameter combination
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derived from the model: a feeding rate of 7 kg
s!, a drum rotational speed of 815 r min?, and
a deflector angle of 70 degrees. During the
test, key operating scenarios and loss
observation points were recorded (Fig. 4): (a)
Overall view of the field test site, showing the
operating status of the harvester in the wheat
field; (b) Threshing drum, where grain losses
remaining in the drum were measured; (c)

(©)

Results

Threshing Simulation Validation

After threshing, the materials in the
material receiving boxes at the bottom of the
threshing device were collected and counted,
and the percentage of grain mass in each small
box relative to the total grain mass was
calculated. Based on the grid numbers, the
grain mass distribution curve in the material
receiving box was plotted, as shown in Fig. 5.
The absolute error of grain mass in each
material receiving box ranges from 0.09% to
4.43%, and the simulation well reproduces the
results of the bench test. To enhance the

Cleaning sieve, where grain losses remaining
on the sieve plate were measured; (d) Field
ground, where entrainment and unthreshed
losses were evaluated by collecting and
analysing scattered grains. The test data
collected from these observations were further
used to verify the reliability of the model's
prediction results.

G
i

(d)

Fig. 4. Field trial: (a) Test site, (b) Drum losses, (c) Clearance losses, and (d) Entrainment and uncleaned losses

persuasiveness of this explanation, this study
employs  Spearman's  rank  correlation
coefficient to conduct further data analysis on
the correlation between the two curves. For the

original data X, and Y,, the correlation

coefficient r, can be expressed as:

. cov(R(X),R(Y)) "

ORr(x)OR(Y)
where, cov(R(X),R(Y)) is the covariance
of variables, and o ,0qy, IS the standard
deviation of variables.
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Fig. 5. Trend in grain mass distribution variation

The results show that the Spearman's rank
correlation coefficient is 0.94, indicating that
the test results and simulation results have a
positive correlation and share the same
changing trend.

To more intuitively observe the law of grain
distribution, this study respectively plotted
heatmaps of the simulation results and bench
test results regarding the grain mass
distribution at the bottom of the wheat plants’
threshing device, as shown in Fig. 6. The two
heatmaps use the same colour scale for
representation. According to the analysis of
the heatmaps, grains are mainly distributed
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between (1, 1) and (2, 4), with a higher
distribution at (1, 1), (1, 4), (2, 1), and (2, 4).
Generally, it shows a trend where there are
more grains on both sides of the rows and
fewer in the middle, and more grains in the
front of the columns and fewer in the rear.
This is because, as the cylinder rotates, wheat
grains are subjected to the tangential impact
force of the cylinder. Due to inertia, wheat
grains tend to move in the tangential direction
and finally fall into the outer material
receiving boxes after hitting the cylinder walls
on both sides.
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Fig. 6. Grain mass distribution change trend heatmap: (a) Simulation and (b) Test

Analysis of the Movement Law of Wheat Plants
The movement speed and the magnitude of
impact force of wheat plants in the threshing

device were exported through the post-
processing function of EDEM, so as to further
analyse the movement law of wheat plants in



?  Journal of Agricultural Machinery Vol. 2, No. ?, ?, ?

the threshing device. Here, wheat plants are
considered to consist of two parts: grains and
stems. The threshing device is equidistantly
divided into four sections from the feeding end
to the tail of the cylinder, namely the feeding
section, threshing section, separating section,
and impurity discharging section. During the

—®— Velocity

Feeding section

6 -

4
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simulation, the feeding rate was 4 kg s, the
conveyor belt speed was 2 m s, the drum
rotational speed was 800 rpm, and the guide
plate angle was 70 degrees. The exported data
are shown in Fig. 7, where the velocity and
impact force of wheat plants within the range
of 0~8s are recorded for each section.
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Fig. 7. Average impact force and velocity for wheat plants

Within the feeding section, the initial
velocity of grains is close to the conveyor belt
speed (2 m s?), and the impact force they are
subjected to is usually less than 5 N, which is
far lower than the force required for threshing.
The stem velocity gradually accelerates from
an initial low speed to a velocity matching the
inlet of the threshing section (0~3 m s¥,
slightly higher than the grain velocity), and the
impact force it undergoes shows a slight
increase. This indicates that the core function
of the feeding section is to uniformly and
continuously feed the plants into the threshing
section through the feeding head, focusing on
avoiding blockage rather than threshing. At
this point, grains are still attached to the ears
(not separated from the stems) and move along
with the overall movement of the stems. As
the carrier of grains, stems dominate the
movement of grains during the feeding process
and move axially under the spiral propulsion
of the feeding head and guide plate.

Within the threshing section, the grain
velocity decreases from slightly greater than

the conveyor

subjected to

speed to O,
significant difference from the stem velocity.
This indicates that the movement of grains is
no longer dominated by the stems. The impact
forces on grains and stems underwent a
process of drastic change: the impact force
from the drum on grains and stems surged to
76 N, which serves as the direct driving force
for grain detachment.

Within the separating section, grains exhibit
the same movement characteristics as those in
the threshing section. The sudden increase in
velocity at 1 s is related to the impacts from
the feeding section and threshing section; the
struck grains and stems, with higher velocities,
reach the separating section first. Unlike the
threshing section, during this stage, stems are
intense and unstable
forces, which are jointly generated by the
impact of drum teeth and the extrusion of the
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concave plate, resulting in stem breakage.

Within the impurity discharging section, the
magnitude of grain velocity is consistent with
that of stem velocity, while the impact force
they are subjected to is almost zero. This
indicates that within this section, the grain
velocity is dominated by the stems, and there
exist unthreshed grains that are discharged
along with the stems. The materials are mainly
transported by the pushing force and frictional
force of the impurity discharging components,
which only maintain their movement toward
the impurity discharge port without a
significant threshing effect.

Response Surface Experiment and Analysis

To improve the working performance of the
wheat axial-flow threshing device, a three-
factor and three-level response surface
experiment was simulated using EDEM, with
feeding rate, drum rotational speed, and guide
plate angle as the experimental factors.
Response surface optimisation design is a
statistical analysis method that finds the

optimal parameter combination through
experimental design and  mathematical
modelling, and it is a commonly used method
in discrete element method and parameter
optimisation of agricultural machinery (Luo et
al., 2023; Shi et al., 2023; Wang, Wu, & Jia,
2023; Zhou et al., 2023). The factors and level
coding of the response surface experiment for
wheat threshing model parameters are shown
in Table 5. The design scheme and results of
the response surface optimisation experiment
are presented in Table 6, where all non-
experimental factors were set to level 0.
Design-Expert was used to perform fitting
analysis on the design scheme and
experimental results in Table 6, and a ternary
quadratic polynomial regression model of
wheat impurity rate Y1 with respect to feeding
rate Xy, drum rotational speed X», and guide
plate angle X3 was established as shown in
Equation (2). The significance test table of the
regression equation is presented in Table 7.

Y, =27.24+1.75X, +2.49X, +2.04X, +0.523X, X, +1.37X +1.05X? @)
Table 5- Coding of factors
Factor Low level 0 level High level
Feeding rate 7 8 9
Rotational speed of roller 700 800 900
Angle of deflector 65 70 75

Table 6- Experimental design and results of threshing test for wheat

No. Feeding rate X1 Rotational speed of roller X2 Angle of deflector X3 Impurity rate Y1 Loss rate Y>
1 -1 -1 0 24.44 1.26
2 -1 0 -1 24.17 1.27
3 1 0 -1 28.03 1.38
4 0 -1 1 28.47 1.24
5 0 1 1 34.92 1.04
6 0 1 -1 29.85 1.26
7 0 -1 -1 25.73 1.60
8 1 0 1 31.96 1.08
9 1 1 0 32.58 1.08
10 0 0 0 27.38 1.01
11 0 0 0 27.47 1.04
12 -1 0 1 28.72 1.01
13 1 -1 0 27.96 1.32
14 0 0 0 27.19 1.02
15 -1 1 0 29.16 0.92
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Table 7- Regression equation variance analysis of impurity rate

Sources  Sum of squares Degree of freedom Mean Square F values P values
Model 119.08 6 19.85 323.39 <0.0001
X1 24.64 1 24.64 401.49 <0.0001
X2 49.55 1 49.55 807.4 <0.0001
X3 33.17 1 33.17 540.49 < 0.0001
XoX3 1.36 1 1.36 22.12 0.0015
X2? 6.95 1 6.95 113.31 <0.0001
X3? 4.12 1 412 67.14  <0.0001
Residual 0.491 8 0.0614
Lack of fit 0.4501 6 0.075 3.67 0.2295
Pure error 0.0409 2 0.0204
Total sum 119.57 14

Note: P < 0.01 (highly significant); 0.01 <P < 0.05 (significant); P > 0.1 (not significant). The same as below.

A ternary quadratic polynomial regression
model of wheat loss rate Y, with respect to
feeding rate Xy, drum rotational speed Xz, and
guide plate angle X3 was established, as shown
in Equation (3), and the significance test table

of the regression equation is presented in
Table 8.
Y, =1.03+0.05X, —0.14X, —1.43X, +0.03X X,

+0.04X,X, +0.11X? +0.15X ? 3)

Table 8- Regression equation variance analysis of loss rate

Sources  Sum of squares Degree of freedom Mean Square F values P values
Model 0.467 7 0.0667 266.87 < 0.0001
X1 0.02 1 0.02 80 < 0.0001
X2 0.1568 1 0.1568 627.2 <0.0001
X3 0.1624 1 0.1624 649.8 <0.0001
X1X2 0.0025 1 0.0025 10 0.0159
Xa2X3 0.0049 1 0.0049 19.6 0.0031
X2? 0.0449 1 0.0449 179.77  <0.0001
X3? 0.0836 1 0.0836 334.29 <0.0001
Residual 0.0018 7 0.0003
Lack of fit 0.0013 5 0.0003 11 0.5395
Pure error 0.0005 2 0.0002
Total sum 0.4688 14

It can be seen from Table 7 and Table 8 that
the P-value of the model is less than 0.01, and
the P-value of the lack of fit term is greater
than or equal to 0.1, indicating that the
regression model can be used for experimental
analysis. Both the impurity rate Y1 and the loss
rate Yo exhibit a quadratic function
relationship with the drum rotational speed Xz
and the guide plate angle X3, and a linear
function relationship with the feeding rate Xj.

From the results of the F-value test, the
drum rotational speed has the largest range of
influence on the impurity rate of threshed
materials, while the feeding rate has the
smallest range of influence. The reason for this
is that an increase in drum rotational speed

intensifies stem breakage, and broken stems
are more likely to be discharged through the
concave plate. The guide plate angle affects
the movement speed of the material flow in the
threshing chamber. Generally, the larger the
axial angle of the guide plate, the slower the
movement speed of the material flow, the
longer the residence time of stems, and the
more times they are struck. The feeding rate
affects the thickness of the material layer. As
the feeding rate increases, the spatial density in
the threshing chamber relatively increases, and
the gap between the material layer and the
threshing chamber relatively  decreases,
leading to an increase in the degree of material
fragmentation and a consequent increase in the
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impurity rate of threshed materials.

By contrast, the guide plate angle exerts the
most significant influence on the loss rate of
threshed materials. As the drum rotational
speed and guide plate angle increase, the loss
rate exhibits a trend of first decreasing and
then increasing. This is because a smaller
guide plate angle increases the flow resistance
of materials, leading to material accumulation,
with some materials being directly discharged
in a compressed state. A larger guide plate
angle accelerates the flow velocity of
materials, resulting in insufficient effective
interaction between plants and threshing
elements, which causes some grains to fail to
separate from the rachis. At lower drum
rotational speeds, the impact force of threshing
elements on plants is insufficient, and the total
loss rate is dominated by unthreshed loss; the
loss rate increases because materials are not
sufficiently  threshed. At higher drum
rotational speeds, excessive centrifugal force
may directly throw incompletely threshed ears
out of the threshing chamber. Meanwhile, stem
breakage increases, and a large number of
grains are discharged along with broken stems,
leading to a sharp increase in entrainment loss.
The loss rate increases with the increase in the

feeding rate. This is because excessively high
material density forms a protective layer that
prevents internal grains from being threshed;
meanwhile, it blocks internal grains from
separating out of the threshing chamber,
resulting in an increase in entrainment loss and
unthreshed loss.

By setting X1= Xo= 0, X1= X3= 0, and Xo=
Xs= 0, respectively, the patterns of influence
of interaction factors X1Xz, X1Xs, and X2Xs on
the impurity rate Y1 and loss rate Y2 were
obtained, as shown in Fig. 8. It can be seen
from Fig. 8a that the drum rotational speed X:
has a relatively significant influence on the
interaction with the impurity rate Y31, and the
impurity rate of threshed materials is the
minimum when X>= -1 and Xs= -1. It can be
seen from Fig. 8b that in the interaction
between the feeding rate X; and the drum
rotational speed X> on the loss rate Y, the
drum rotational speed has a more significant
influence on the interaction, and the loss rate
reaches the maximum when Xi= -1 and Xo= 1.
It can be seen from Fig. 8c that the drum
rotational speed and the guide plate angle exert
a roughly similar influence on the loss rate.
The loss rate is minimised when X>= 0 and
X3=0, as well as when X>=1 and Xsz= 1.

Color Scale Color Scale
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(b) Y2=

(a) Yi=f (0, Xa, X3)

f (Xg, X2, 0)

(C) Y,=f (0, Xo, X3)

Fig. 8. The interaction effects of factors on threshed materials

Parameter ~ Optimisation and  Experimental
Verification
With the optimisation objectives of

minimising the impurity rate and loss rate, the
parameter optimisation research on the wheat
axial-flow threshing device was carried out.
The constraint conditions for the objective
function and factor variables were established
as shown in Equation (4).

1< X, <1i=123
o<y . <1j=12 (4)

jmin —
minY;, j=1,2
Using Design Expert software to optimise
and solve the multi-objective equations, the

optimal parameter combination for wheat is
obtained as follows: feeding rate 7 kg s, drum
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rotational speed 815 rpm, and guide plate
angle 70 degrees.

To verify the accuracy of the prediction by
each index model and the working quality of

the optimised threshing device, further wheat
threshing bench tests, field trials and discrete
element simulations were conducted. The test
results are presented in Table 9.

Table 9- Test results of optimised parameter combination

Item

Impurity rate (%) Loss rate (%)

Predicted value of model
Value of validation test
Value of validation simulation
Relative error
Working quality of harvester

26.01 0.96
25.02 0.95
27.19 0.94
3.81/4.54 1.04/2.08
1.27 1.30

Discussion

Currently, there are relatively few discrete
element simulations for the wheat threshing
process. This is mainly because the method for
constructing wheat plant models suitable for
the threshing process lacks a theoretical basis,
the bonding parameters of stems are difficult
to determine, and the methods for verifying
simulations are often not very convincing.
These limitations have hindered the practical
application of the discrete element method in
the optimisation of threshing equipment,
whereas this study has effectively addressed
these issues through targeted methodological
improvements.

In previous studies, significant progress has
been made in the model construction and
parameter calibration of wheat grains (Chen et
al., 2020; Horabik et al., 2020; X. Wang et al.,
2023). As noted in the studies by Sun et al.
(2023) and Wang, Mao, and Li (2020b),
neglecting minor components of wheat plants,
such as awns and leaves, has little impact on
the morphological, geometric, and mass
parameters of wheat plant populations. Thus,
in this study, the model construction of non-
key observation objects, including awns,
glumes, and leaves, was neglected. Zhou et al.
(2023) used the X-ray Tomography method to
acquire the point cloud structure of wheat
grains when constructing the wheat grain
model, which is a more accurate model
construction  approach. However, wheat
exhibits natural variations during its natural
growth process. In this study, calibration of
parameters such as the standard deviation of
the normal distribution and bulk density was

introduced to reduce the uncertainty in model
density caused by natural variations in the
volume between real wheat grains and the
model.

The construction of the wheat stem model
is also critical for realising the threshing
process simulation of wheat plants. Sun et al.
(2023) constructed a wheat plant model with a
high degree of fidelity, which is worthy of
learning in terms of methodology, thinking,
and logic. The difference lies in the treatment
of spike model construction: Sun et al. added
connecting spheres as the connecting medium
between grains and the rachis. Wang, Mao,
and Li (2020a) have realised the discrete
element simulation of tangential flow
threshing for rice. However, the same
modelling method is not applicable to axial-
flow threshing devices with a large feeding
rate. The sphero-cylindrical stem model
adopted in this study addresses the issue of
excessive particle count, reducing the number
of particles per wheat plant from hundreds to
46, which significantly improves
computational efficiency. Schramm  and
Tekeste (2022) provided a theoretical basis for
threshing simulation research through their
work on parameter measurement and
calibration of wheat stems. But it did not
further conduct research on the discrete
element simulation of threshing. This study
effectively verified the feasibility of threshing
simulations by comparing the material
distribution law at the bottom of the threshing
device obtained from bench tests and
simulations. Miu and Kutzbach (2008a,
2008Db) established a complete mathematical
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model of the grain feeding, threshing, and
separation processes, with the model's
simulation results consistent with experimental
data. However, this method merely involves
statistics and analysis of threshing outcomes
and cannot reconstruct threshing phenomena
or reveal threshing mechanisms. Compared
with studies focusing on statistical analysis of
threshing results, our approach reconstructs the
dynamic threshing process at the particle scale,
enabling the revelation of mechanisms (e.g.,
force transmission between stems and grains,
trajectory characteristics of detached grains)
that are difficult to capture by purely statistical
methods.

Building on the work of predecessors, this
study completed such tasks as the construction
of wheat models, the establishment of
threshing benches, threshing simulations, and
the exploration of threshing mechanisms. The
implementation of these efforts can address
some existing issues in the current
development of threshing technology. For
instance, the performance test methods for
traditional threshing devices are characterised
by high cost, poor repeatability, long cycle,
and high labour demand. Additionally, their
internal threshing process is difficult to
directly observe, making it impossible to
further study the interaction between wheat
and threshing components, among other
problems.

However, this study also has several
limitations. Based on the analysis and research
presented in this paper, future research will
focus on the following aspects: (1) There are
significant differences in threshing
performance under dry and wet threshing
conditions. Moisture content will be taken as a
variable to test its interaction with the current
parameters. (2) Considering the impact of
different wheat varieties on discrete element
models (DEM), a wheat model with stronger
generalisation ability will be established, and
its adaptability will be verified. (3) DEM
simulation has high computational
requirements and is not suitable for real-time
applications. In the future, we will further
explore the potential of combining DEM with

lightweight models in reducing the cost of
real-time applications, as well as simplified
modelling strategies for large-scale
agricultural systems.

Conclusion

(1) The discrete element parameters of
wheat plants were measured and optimised
using methods such as the inclined plane
method, compression test, tensile test, and
statistical ~ principles.  Additionally, the
rationality of the simulation was verified with
the law of mass distribution of materials at the
bottom as the evaluation index. The results
show that the threshing simulation and the
bench test are consistent in the law of mass
distribution of materials at the bottom,
indicating that the discrete element model of
wheat plants constructed in this study is
suitable for research on the wheat threshing
process.

(2) Using EDEM to analyse the movement
patterns of wheat plants in the threshing
device, the average velocity and force-bearing
laws of wheat particles were obtained. It was
found that stems, as carriers of grains,
dominate the movement of grains during the
feeding and impurity discharge processes. In
the threshing and separating sections, there are
significant differences in the movement
patterns between grains and stems. Violent and
unstable impact forces are the direct driving
force for grain detachment. The maximum
velocity of particles occurs in the impurity
discharge section, reaching 7.3 m s The
maximum force borne by particles occurs in
the separating section, amounting to 184.8 N.

(3) Through EDEM simulation and
response surface optimisation experiments, the
optimal parameters for the threshing device
used in the experiment were determined as
follows: a feeding rate of 7 kg s?, a drum
rotation speed of 815 rpm, and a guide plate
angle of 70 degrees. Bench verification
experiments before and after optimisation
showed that the wheat grain impurity rate
decreased from 29.19% to 25.02%, and the
loss rate decreased from 1.61% to 0.95%, with
the error between the model prediction results
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and the experimental results being less than
5%.
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