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ABSTRACT

To address the issues of high kernel breakage rate and poor adaptability in threshing devices for direct corn
kernel harvesting, this study proposes a flexible threshing device based on a single-point hinged structure. In
this design, the threshing elements are flexibly mounted via single—point hinges, allowing them to rotate upon
impacting corn kernels. This rotational motion provides an impact-buffering effect during the threshing process,
thereby reducing the risk of kernel breakage. By comparing the dynamic characteristics of the single-point
hinged flexible structure with those of a rigid structure, the superiority of the proposed device is confirmed. A
contact force model is established to analyze key parameters influencing threshing performance, identifying
the mass of the threshing element, rotational speed, and structural configuration as the primary factors. A
coupled simulation model was developed using RecurDyn and EDEM software to investigate the effects of
threshing element mass, rotational speed, and structural configuration on the kernel breakage rate and
unthreshed grain rate of the device, and to determine the optimal parameter range. Based on a three-factor,
three-level orthogonal experimental design, the optimal working parameters of the device were identified as
follows: threshing element mass of 200 g, rotational speed of 600 r/min, and a composite structural
configuration. Under these conditions, the kernel breakage rate was 3.95% and the unthreshed grain rate was
0.88%, meeting the practical requirements for harvesting performance. This study provides theoretical support
and a technical pathway for the design of high-efficiency, low-damage threshing devices for direct corn kernel
harvesting.
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INTRODUCTION

Direct corn kernel harvesting has emerged as a major developmental trend in China’s corn production
due to its advantages such as high operational efficiency, reduced mechanical losses, and decreased
dependence on post-harvest drying and manual labor (Jun et al., 2018, Mircea et al., 2020, Nenciu et al., 2021).
This method has been widely promoted across key corn-producing regions, including Northeast China and the
Huang—Huai—Hai Plain (Meizhou et al., 2020, Qing et al., 2024). However, due to the relatively high moisture
content of corn at harvest, the performance requirements for the threshing device in kernel—direct harvesting
systems have become more stringent-particularly in achieving a high threshing rate while effectively controlling
the kernel breakage rate. To reduce kernel breakage, many researchers in China have proposed flexible
threshing technologies.
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For example, a bionic flexible threshing technology was developed, inspired by the biomechanics of
the human thumb, which significantly reduces kernel damage while maintaining a high threshing rate (Jiale et
al., 2023). Similarly, a flexible resin hammer-claw threshing system was developed, achieving low-damage
threshing for corn (Zhanbin et al., 2020). A novel composite threshing device incorporating flexible teeth and
dual-torsion-spring short rasp bars was designed, enabling segmented flexible threshing that further reduces
kernel breakage (Meizhou et al., 2020). Clearly, flexible threshing has proven effective in reducing kernel
damage. However, challenges such as component fatigue and wear have limited its large-scale application
(Lin et al., 2024, VIadut et al., 2022; VIadut et al., 2023). To address this, the present study proposes a flexible
threshing technology in which the threshing element is hinged to the threshing rod. A mechanical model of the
contact force between the flexible threshing element and corn kernels is established to identify key parameters.
Using a DEM-MBD coupled simulation, the effects of different threshing element masses, rotational speeds,
and structural configurations on the contact performance with corn ears are investigated. Furthermore, bench-
scale experiments are conducted to determine the optimal parameters. This study provides theoretical support
for the development of high-efficiency, low-damage corn kernel direct harvesting technologies.

MATERIALS AND METHODS
Overall structure and working principle

As shown in Figure 1, the single-point hinged flexible corn threshing device mainly consists of threshing
elements, a drive shaft, upper cover, perforated screen, torque sensor, feed inlet, V—belt transmission system,
gearbox, frame, and motor. During the threshing process, corn ears are fed through the feed inlet. The motor
drives the drive shaft via the V—belt, which in turn rotates the threshing elements. Under the repeated action
of the rotating threshing elements, the kernels are separated from the cob. The detached corn kernels pass
through the perforated screen, achieving separation from the cob, while the cob is discharged from the
machine by the continuous action of the helically arranged threshing elements. During this process, when the
high-speed rotating threshing element strikes a corn kernel, it undergoes reverse rotation around the hinge
axis due to resistance from the corn ear, as illustrated in Figure 2. This reverse rotation acts as a buffer against
the impact load on the kernel, thereby reducing kernel damage. The structural parameters of the threshing test
bench are shown in Table 1.

Fig. 1 - Schematic structure of the single-point hinged flexible corn threshing test bench
1 - Feeding inlet; 2 - Upper cover plate; 3 - V-belt drive system; 4 - Torque sensor; 5 - Reducer; 6 - Motor; 7 - Rack;
8 - Drive shaft; 9 - Threshing element; 10 - Hole punching sieve
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Fig. 2 - Schematic diagram of the threshing process of the sin
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Table 1
Structural Parameters of the Threshing Test Bench
Parameter Value
Dimensions (L x W x H) (mm) 1200 x 510 x 1400
Rotational speed of threshing drum (r/min) 0-1000
Threshing clearance (mm) 40
Feeding rate (kg/s) 2

Threshing Load Analysis of Corn Ears in a Single-Point Hinged Structure

To determine the threshing load exerted on the corn ear during the flexible threshing process, a
comparative analysis was conducted between the load—bearing conditions rigid (where the threshing element
is rigidly fixed to the connecting shaft) and flexible threshing configurations (Kiniulis et al., 2018). As shown in
Figure 3(a), the threshing element is in a critical pre-collision state, about to impact the corn ear. At this moment,
the motion states of both the rigid and single-point hinged flexible threshing elements are essentially the same.
Figure 3(b) illustrates the scenario in which the rigid threshing element comes into contact with the corn ear.
In this case, F represents the contact force on the corn ear, directed tangentially to the circular motion of the
threshing element; Fy is the supporting force from the concave screen; mg denotes the gravitational force of
the corn ear; and f is the frictional force from the concave screen acting on the ear. During rigid threshing, the
threshing element is fixed and non-flexible, directly exerting an impact force on the corn ear. This impact is
transmitted rapidly and in a concentrated manner over a relatively long duration, often resulting in strong
localized pressure on the corn ear and causing kernel breakage (Duane et al., 1972). In contrast, Figure 3(c)
shows the flexible threshing process. When the threshing element strikes the corn ear, it undergoes reverse
buffering due to its ability to rotate about the hinge axis. This prevents continuous compression of the corn ear,
significantly reducing the threshing load applied by the element and minimizing kernel damage.

)

/

(a) critical moment before collision

7 \ /
7 /

(b) Mechanical Analysis of the Contact Process in Rigid (c) Mechanical Analysis of the Contact Process in Single-
Threshing Point Hinged Flexible Threshing

Fig. 3 - Comparison of Contact Mechanics: Single-Point Hinged Flexible vs. Rigid Threshing
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Contact Force Analysis
In the threshing process, the separation of kernels from the cob depends on the impact load applied
by the threshing component to the corn kernels. It is evident that the greater the applied force, the more
favorable the separation of kernels from the cob becomes. However, an excessive force may lead to an
increased kernel breakage rate (Yajun et al., 2021). Conversely, if the applied force is too small, it may result
in a higher unthreshed rate. Therefore, it is necessary to analyze the impact load exerted by the threshing
component on the corn ear. Based on the threshing process of the device (Figure 3), the following assumptions
are made (Zhenjie et al., 2021):
(1) Initial velocity of corn ear v,=0.
(2) There is no friction between the threshing element and the corn kernel.
(3) At the critical moment before the collision, the threshing element and the maize are considered
as a system, ignoring the influence of other components.
Momentum change of the threshing element before and after the collision Ap, :
App = my(vy, — vp) (1)
In the formula, m,—Thresher element mass;
v,—Pre-collision velocity of the threshing element;
v;,—Post-collision velocity of the threshing element.
Momentum change of the corn before and after the collision Ap,:
Ape = mc(v; — v.) (2)
In the formula, m,—Mass of the corn;
v, —Corn pre-collision velocity;
v,—Velocity of the corn after collision.

During the collision process, the total momentum of the system is conserved, and thus we can derive:
Mmpvy + MV, = Mpvj, + mev; (3)
Simplifying:
my vy = vj,) = me(vg — v) (4)
The contact force F' can be expressed according to the impulse-momentum theorem as:

F-t= Aph
In the equation, t represents the collision time. It can be concluded that:
F= A% _ mh(v'?—vh) (5)
Assuming the collision is an inelastic collision, the collision coefficient e(0 < e < 1) is defined as:
_ VeV 6
€= Vp—V¢ ( )

The coefficient of restitution e is defined as:

e=1 represents a perfectly elastic collision, meaning there is no energy loss and kinetic energy is
conserved.

e=0 represents a perfectly inelastic collision, where the objects stick together after the collision,
resulting in the maximum kinetic energy loss.

0< e <1 represents a partially elastic collision, where some of the kinetic energy is converted into other
forms of energy, such as heat or deformation energy.

By combining Equation (4) with Equation (6):

, _ (+e)mev+(mp—em)vy _

h= p—— Up (7)
h c
Substituting Equation (7) into Equation (5), we obtain:
F = % [(1+em61;;:ir:::—emc)vh _ Uh] (8)
After simplification:
F = s [(L+ e)me(v, = vp) = emewy] 9)
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Assuming the initial velocity of the corn ear:
_ mpm(1+e)
T tlmprmg) N
The initial velocity of the threshing element v;,, can be expressed as:
anhn

vh_T (11)

(10)

where: n —rotational speed of the element;
1, — the rotational radius of the threshing element.
Substituting Equation (11) into Equation (10), we obtain:
F= mpme(1+e)2nrpn
60t(mp+m)
It is evident that, without altering the structural configuration of the threshing element, adjusting the
mass m; and angular velocity wy, of the threshing element allows for regulation of the impact load, thereby
achieving the objective of reducing kernel damage.

(12)

Determination of Experimental Factors

Cylindrical threshing Spherical threshing
element element

Drive shaft

front part middle part ) rear part

Fig. 4 - Arrangement of Combination-Type Threshing Elements

In this study, the threshing components were fabricated from medium—carbon steel (No. 45 steel),
which provides high wear resistance and sufficient structural strength under prolonged operation. To reduce
the aggressiveness of the threshing component surface and mitigate kernel damage, the working surfaces
were polished to a smooth finish and all edges were chamfered with a rounded radius of 2 mm. These
treatments reduce localized stress concentrations upon contact with kernels, thereby lowering the risk of visible
cracks or peeling while maintaining the necessary threshing performance. The threshing components are
available in two forms: flat—head and ball-head. The flat-head threshing component has a stronger ability to
grab and transport the corn ears, which leads to a larger contact force on the corn kernels. On the other hand,
the ball-head threshing component has a weaker ability to grab and transport the corn ears, but it is gentler
during the threshing process (Yuan et al., 2021). Considering that the impact load is larger when the kernels
are not yet detached, and once a kernel is partially separated, the impact load on adjacent kernels decreases
significantly, it is necessary to enhance the grabbing and transporting ability in the feeding section. Therefore,
the front feeding section uses flat—head threshing components, while the middle and rear sections use ball-
head threshing components (as shown in Fig. 4). In comparison to using a single type of threshing component,
the combination of different forms in the threshing component theoretically ensures both high threshing
efficiency and reduced damage to the corn ears in the middle and rear sections of the threshing zone. To verify
the superiority of the combination—type threshing component, both simulation and bench tests were conducted,
comparing single-type components with the combined-type components. Based on the analysis in Section
“Contact Force Analysis”, the mass and speed of the threshing components are selected as experimental
factors. According to the literature, experiments were conducted at rotational speeds of 400 r/min, 500 r/min,
600 r/min, 700 r/min, and 800 r/min (Xin Ping, 2021). At low speeds, the mass must be large enough to ensure
that the unthreshed rate meets the requirements. At high speeds, the mass should not be too large to avoid
excessive kernel breakage. Preliminary experiments determined that at 400 r/min, a threshing component
mass of 260 g meets the unthreshed rate requirement, while at 800 r/min, a mass of 140g meets the breakage
rate requirement. Therefore, five mass levels (260 g, 230 g, 200 g, 170 g, and 140 g) were selected for the
experiment. First, simulation tests were performed to determine the optimal range, and then, based on bench
orthogonal experiments, the optimal parameters were identified.
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DEM-MBD COUPLED MODEL AND SIMULATION TEST
Establishment of the DEM Model

To accurately establish a Discrete Element Method (DEM) model of corn, 50 corn ears of the widely
cultivated variety "Zhengdan 958" in Shandong Province were selected, and their morphological and structural
dimensions were measured, as shown in table 2. Based on the diameter and length of the cob, a coordinate
sketch of the corn kernels was created in SolidWorks, and the kernel coordinates were exported using a macro
command and then imported into EDEM software to construct a complete corn ear model (Mousaviraad and
Tekeste, 2024; Xiaoyu et al., 2022), as shown in Figure 6.

To determine the influence of the flexible threshing device on the contact force acting on the corn ear,
the ear model was simplified by replacing the corn kernels with spherical particles. The characteristic
parameters of the corn ear and the threshing device materials are shown in Table 3 and Table 4 (Dandan et
al., 2021; Horabik et al., 2017; Zhe et al., 2018).

Fig. 5-Corn Cob Modéiu '

Table 2
Dimensions of Corn Ear and Cob Shaft
Corn ear Maize Cob
Axial Length
Item Large End Small End Large End Small end (mm)
Diameter (mm) Diameter (mm) Diameter (mm) diameter(mm)
Maximum 56.47 47.31 36.18 28.78 203
Minimum 45.34 39.68 27.45 21.56 145
Mean 52.35 45.69 31.46 25.47 176
gtaf‘d‘i‘rd 214 1.87 1.63 1.43 9.44
eviation
Table 3
Parameters of materials
Attributes Ear of Corn Steel
Poisson ratio 0.4 0.3
shear modulus (MPa) 127 7.9x104
Density (kg/m®) 1197 7850
Table 4
Parameters of mutual materials
Contact Form Corn-Corn Corn-Steel
Coefficient of restitution 0.086 0.332
Coefficient of static friction 0.484 0.512
Coefficient of rolling friction 0.103 0.097

DEM-MBD Coupled Model Construction

To expedite the simulation process and minimize the settings for constraint and contact parameters,
unnecessary components in the simulation model of the threshing test rig were eliminated. A simplified model
of the threshing device, incorporating three different combinations of threshing elements, was developed using
SolidWorks and imported into RecurDyn software in STEP format, as shown in Figure 6. Based on the
operational process of the single-point hinged maize threshing test rig, constraint and motion conditions
between the components were defined in RecurDyn. Using Ground as the reference, fixed constraints were
applied to the housing and the perforated screen of the threshing device. Fixed constraints were also
established between the connection shaft of the threshing elements and the drive shaft. Rotational constraints
were assigned to both the main shaft and the threshing elements, referencing their respective rotational axes.

1195



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

Additionally, a motion function was applied to the drive shaft's rotational joint using the Motion module to ensure
that the drive shaft rotated at a constant speed, as specified. After finalizing the parameter settings in RecurDyn,
the simulation model was exported as a wall file format via the External SPI module.

kel RIS SEIE combination-type
et e el e elles- |3t -head

ball-head

Fig. 6 - MBD Simulation Models of Three Structural Forms
Simulation Experiment

To reflect the differences in the threshing process for different types of threshing elements and to determine
the optimal parameter range for rotational speed and threshing element mass for the bench test, coupled
simulation experiments were conducted. Based on the analysis in section “Determination of Experimental
Factors”, the experimental factors chosen were the type of threshing element structure, rotational speed, and
the mass of the threshing element. The threshing element structures include cylindrical, spherical, and
combined types. Rotational speeds of 400 r/min, 500 r/min, 600 r/min, 700 r/min, and 800 r/min were selected,
and the masses of the threshing elements were set at 260 g, 230g, 200 g, 170 g, and 140 g.

During the simulation process, part attributes were set in RecurDyn software, and the user input option
was used to set different threshing element masses. The speed of the rotating axis was controlled by adjusting
the “motion” module to achieve different rotational speeds. A particle factory was added at the feed inlet,
with the feeding rate set to 2 kg/s. The gravitational direction was set to the -Z direction. The total simulation
time was set to 6 seconds with a time step of 19.17%, and data was saved every 0.1 seconds. The simulation
process is shown in Figure 7.

Fig. 7 - Coupled Simulation Model

Bench Test

The single—point hinged corn flexible threshing test stand was used for the bench test, conducted at
the experimental field in Hejiayan Tuan Village, Juxian, Rizhao City, Shandong Province (Figure 8a). The
threshing device uses a scraper-type conveyor for feeding, with a torque sensor connected at the small pulley
to monitor the torque change at the input end of the threshing process in real-time. The cylindrical and spherical
threshing components used in the bench test are shown in Figure 8b. The initial mass of the threshing
components is 230g, which is reduced to the required mass by drilling holes in the components for the test.
The motor speed is controlled by a frequency converter, and a grain collection box is placed at the bottom.
The corn variety used in the test is Zheng dan 958, with a moisture content of 28.36%.

According to (GB/T21962-2020) Technical Regulations for Corn Harvesting Machinery and
(GB/T5982-2017) Threshing Machine Testing Methods, the test factors include threshing component mass,
drum speed, and threshing component structure. Corn ears are fed at a rate of 2 kg/s, and the test evaluation
indices are kernel breakage rate and the unthreshed rate. Each test group is repeated three times, and the
average value is taken.
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The formula for calculating the indices is as follows:
Z, = % X 100%
s Wi
Let Z, denote the kernel damage rate (%), where W, represents the mass of damaged kernels (g),

defined as the total mass of kernels exhibiting visible cracks or peeled surfaces, and W; is the total mass of
kernels in the sample (g).

The threshing performance index is defined as follows:
Sw = ﬁ X 100%
w = w, 0
where: S, — threshing completeness rate (%);
W; - total mass of kernels remaining on the cob (g);

W, — total mass of all kernels, including both threshed and unthreshed ones (g).

Conveyor chain

computer

Frequency converter

and transmitter
Grain collection box

(a)
Fig. 8 - Test Stand for Threshing Device
RESULTS AND DISCUSSION

Analysis of Single-Factor Simulation Results
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Fig. 9 - Simulation Test Results
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Figure 9a shows the variation curves of the contact force between different threshing elements and
corn ears over time. In terms of overall trends, the flat—head threshing element consistently generates a
relatively high contact force throughout the threshing process, with an average value of 365.06 N. In contrast,
the ball-head threshing element maintains a lower contact force, averaging 290.17 N. This indicates that under
the same conditions, the flat-head element exerts a greater force on the kernels, making kernel damage more
likely.

In the combination configuration, flat—head elements are arranged at the front section, while ball-head
elements are installed in the middle and rear sections. As a result, before 2.5 s, when the corn ear is in the
front section, the contact force is higher; after 2.5 s, as it moves to the middle and rear sections, the contact
force decreases. The overall average contact force in this configuration is 317.71 N. The simulation results
align with expectations: the combination setup exhibits strong contact in the flat—-head section and gentler
contact in the ball-head section. Compared to a fully flat—head configuration, it reduces the overall contact
intensity; compared to a fully ball-head configuration, it improves threshing efficiency. Thus, this configuration
demonstrates the best performance among all structures in the single—factor experiment, providing a
theoretical basis for structural optimization of the threshing device.

Figure 9b illustrates the effect of threshing element rotational speed (from 400 r/min to 800 r/min) on
contact force with corn ears. As shown, the contact force spikes sharply at the beginning, because initially, it
is difficult to detach the kernels from the cob, leading to a surge in contact force. Subsequently, the force
fluctuates within a range — this is because once some kernels around a corn ear are detached, the threshing
load required to remove the remaining kernels decreases. Therefore, as the threshing element acts on different
parts of the ear, the contact force exhibits fluctuations and a general downward trend. It can also be seen from
Figure 9b that the contact force increases with higher rotational speeds of the threshing element. Specifically,
when the drum speed is 800 r/min, the average maximum contact force reaches 420.1 N, while at 400 r/min,
it is only 274.4 N. This is because a higher drum speed results in a higher velocity of the threshing elements,
thus increasing the impact load on the corn ears; conversely, lower speeds reduce the impact load. In addition,
under the condition of 400 r/min, an abnormally high contact force is observed in Region A. This suggests that
when the speed is too low, the flexible threshing element is unable to immediately separate the kernels from
the cob. Only when the element deforms to its limit, or even transitions to a rigid state, can separation occur,
resulting in a sustained high contact force over time. This also indicates that excessively low drum speeds are
not suitable for flexible threshing. According to the literature, if the contact force on corn kernels during
threshing exceeds 400 N, the risk of kernel breakage increases significantly (Dandan et al., 2021). Considering
both breakage rate and threshing efficiency, rotational speeds of 500 r/min, 600 r/min, and 700 r/min are
identified as optimal.

Figure 9c presents the simulation results for threshing elements of different masses. As the mass of
the threshing element increases, the impact force generated during contact with the corn kernels increases
significantly. A comprehensive analysis shows that although increasing the element mass helps enhance the
threshing intensity, an excessively high mass substantially increases the contact force, which may lead to a
higher kernel breakage rate. Conversely, a mass that is too low results in insufficient threshing capacity, thus
increasing grain loss. Compared to other masses, threshing elements weighing 230 g, 200 g, and 170 g
demonstrate a better balance between achieving higher threshing efficiency and maintaining a lower breakage
probability.

Based on the results of the single—factor simulation experiments, the selected range of rotational speed
parameters is set to 500 r/min, 600 r/min, and 700 r/min, while the selected range of mass parameters is 230
g, 200 g, and 170 g. According to the simulation data on the effect of the threshing element structural form on
threshing performance, the combination configuration outperforms the other two single-element configurations.
This provides a theoretical basis for further validation through bench-scale experiments.

Orthogonal Experiment and Verification

To determine the optimal combination of operating parameters, a three-factor, three-level Box-
Behnken response surface design was developed based on the results of single-factor experiments. Within
the optimized parameter ranges identified through simulation testing, rotational speeds of 500 r/min, 600 r/min,
and 700 r/min, and threshing component masses of 170 g, 200 g, and 230 g were selected for the trials. The
coded levels of the experimental factors are shown in Table 5.
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Table 5
Coding table of test factors
Factor
Level Rotational Speed Quality Component Structure
X1(r/min) X2 (g9) X3
-1 500 170 ball-head
600 200 Combination type
1 700 230 flat-head

The experimental design and results are shown in Table 6, where X1, X2 and X3, represent the coded
values of the experimental rotational speed, threshing element mass, and threshing component combination
respectively, Y1 and Y2 respectively represent the kernel breakage rate and the unthreshed rate.

Table 6
Design and results of simulation test
. . Component
Test RotatlonaI.Speed Quality Structure Y1/% Y2/%
number X1(r/min) X2(g) X;
1 -1 1 0 5.65 1.89
2 0 0 3.88 0.88
3 0 -1 -1 4.58 2.14
4 -1 -1 0 4.72 1.95
5 0 0 0 4.05 1.04
6 -1 0 1 4.31 1.81
7 -1 0 -1 4.42 2.18
8 1 0 -1 4.53 1.68
9 1 0 1 5.22 0.41
10 0 0 0 3.95 0.96
1 1 -1 0 5.83 2.01
12 0 1 1 5.39 0.82
13 0 0 0 4.05 0.75
14 0 1 -1 5.42 1.14
15 0 0 0 3.95 0.84
16 0 -1 1 4.90 1.41
17 1 1 0 5.94 0.33

Analysis of Experimental Results
To analyze the significance of rotational speed, threshing element mass, and threshing component
combination on each evaluation index, analysis of variance (ANOVA) and significance testing were performed on the
kernel breakage rate and threshing loss rate using Design-Expert software. The results are presented in Table 7.
Table 7
Analysis of airflow velocity in front of screen

Analysis of variance

Source df Grain breakage rate Y1 Unthreshed grain rate Y2
F Value P-value F Value P-value
Model 9 113.1 < 0.0001 39.73 < 0.0001
X1 1 78.39 < 0.0001** 87.31 < 0.0001**
X2 1 81.37 < 0.0001** 83.76 < 0.0001**
X3 1 10.61 0.0139* 54.66 0.0002**
X1 X2 1 18.08 0.0038 39.65 0.0004
X1X3 1 22.32 0.0021 12.24 0.01
X2 X3 1 7.38 0.0299 2.54 0.1551
X12 1 179.01 < 0.0001 40.05 0.0004
X22 1 566.52 < 0.0001 16.45 0.0048
X32 1 4.97 0.061 13.37 0.0081
Residual 7
Lack of fit 3 1.78 0.2908 1.79 0.289
Pure error 4
Total error 16

Note: *significant (P<0.05), **very significant (P<0.01)
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Based on the data in Tables 7, the rotational speed, threshing component mass, and threshing
component combination form exhibit varying degrees of influence on the grain breakage rate and threshing
loss rate. All three parameters are significant factors affecting both the breakage rate and the threshing loss
rate of corn kernels. Among them, the primary to secondary factors influencing the breakage rate (Y1), in
descending order of importance, are: threshing component mass > rotational speed > component combination

form. For the threshing loss rate (Y2), the order of influence is: rotational speed > threshing component mass >
component combination form.

Grain breakage rate ( % )
Grain breakage rate ( % )

(a)
Fig. 10 - Response Surface Diagram of Interaction Factors for Kernel Breakage Rate

unthreshed rate ( % )
unthreshed rate ( % )

Fig. 11 - Response Surface Diagram of Interaction Factors for Unthreshed Rate

As shown in Figure 10a, the kernel breakage rate initially decreases and then increases with the rise
in both the rotational speed and mass of the threshing element. The highest breakage rate occurs when both
speed and mass are at high levels, while the lowest breakage rate is observed when these parameters are at
moderate levels. Notably, a higher breakage rate is also observed under low—speed and low—mass conditions.
This trend can be attributed to the fact that increasing the rotational speed raises the linear velocity of the
threshing element, thereby increasing the impact kinetic energy. Simultaneously, an increase in mass amplifies
the inertial force, resulting in greater instantaneous impact loads on the kernels. When both speed and mass
are elevated, the combined impact intensity significantly increases, making the kernels more susceptible to
breakage. Conversely, at low speed and mass, the flexible threshing effect is reduced, leading to higher stress
on the kernels and thus greater breakage.

Figure 10b shows that under constant mass conditions, the influence of the threshing element’s
structural configuration on kernel breakage rate becomes more pronounced with increasing rotational speed.
As the structure transitions from spherical to composite and cylindrical forms, the breakage rate increases
accordingly. The cylindrical threshing element exhibits consistently higher breakage rates across all rotational
speeds. In general, the higher the speed, the greater the structural configuration’s impact on kernel breakage
rate.

As shown in Figure 11a, the unthreshed rate decreases with increasing threshing element rotational
speed and mass, indicating a negative correlation between these two factors and the unthreshed rate. The
underlying reason is that a higher rotational speed increases the number of contacts between the threshing
element and the corn ear, facilitating the detachment of kernels. Likewise, an increase in the element’ s mass
enhances the impact force, thereby improving threshing completeness.
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In Figure 11b, under the same mass condition (200 g), notable differences in threshing performance
are observed among different structural configurations of the threshing elements. The cylindrical structure
results in the lowest unthreshed rate, suggesting that its smaller contact surface generates a more
concentrated impact force, significantly improving threshing efficiency. Conversely, the spherical structure
yields the highest unthreshed rate, likely due to its larger contact area, which weakens the impact and leaves
some kernels unthreshed. At lower rotational speeds, the structural configuration of the threshing element has
a greater effect on the unthreshed rate.

The optimal combination of parameters for this threshing device is: rotational speed of 600 r/min,
threshing element mass of 200 g, and a combination-type configuration.

CONCLUSIONS

This study investigates a novel flexible corn threshing technology and develops an experimental bench
in which threshing elements are hinged to the threshing rods. A series of single—factor simulations and
multifactor orthogonal experiments were conducted, leading to the following conclusions:

By analyzing the impact loads during the operation of both rigid and flexible structures, the superiority
of the single—point hinged flexible configuration over the rigid one was demonstrated. A contact force model
between the flexible threshing element and the corn ear was established, and key operational parameters
were identified.

Using the DEM-MBD coupled simulation method, the effects of threshing element mass, rotational
speed, and structural configuration on contact force and adhesive bond failure between kernels and cobs were
systematically analyzed. The results provided the basis for determining the test parameter range for bench-
scale experiments.

Response Surface Methodology (RSM) optimization experiments revealed that the primary factors
affecting the kernel breakage rate are: threshing element mass > rotational speed > structural configuration;
while for the unthreshed rate, the order of influence is: rotational speed > mass > configuration. Considering
both kernel breakage and unthreshed rate, the optimal working parameters were identified as a threshing
element mass of 200 g, rotational speed of 600 r/min, and a combination-type configuration. Under these
conditions, the kernel breakage rate was 3.95%, and the unthreshed rate was 0.88%.

The threshing principle and structural approach proposed in this study effectively mitigate the high
breakage rate caused by traditional rigid-impact methods. This research provides a feasible solution for
efficient and low-damage direct harvesting of corn kernels and offers valuable insights for the development
and engineering application of flexible threshing devices.
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