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ABSTRACT

Efficient cotton stalk recycling is crucial for agricultural sustainability. Traditional manual removal methods
suffer from low efficiency and high labor intensity. Existing mechanical harvesters face limitations such as low
removal rates, high stalk breakage rates, and significant omission rates. To address these challenges, this
study focuses on optimizing a self-developed multi-row disc-type stalk puller. The conventional flat disc was
redesigned into an obliquely angled disc with a bending angle. This 3D curved design enhances stalk
constraint capability, thereby improving gripping stability and lifting height. A kinematic model was developed
using the ADAMS dynamics simulation platform, revealing the relationships between motion trajectories and
key structural parameters. Parametric analysis quantified the effects of disc diameter and bending angle on
lifting height and working width. A three-factor, three-level orthogonal experimental design was implemented
to evaluate the influence of speed ratio, disc diameter, and disc inclination on three performance indicators:
removal rate (Y1), breakage rate (Y2), and omission rate (Y3). The results showed that for Y1 and Y3, the primary
influencing factors, in order of importance, were: disc diameter > bending angle > speed ratio; for Y», the order
was: speed ratio > bending angle > disc diameter. The optimal parameter combination was determined to be:
600 mm disc diameter, 20° bending angle, and 0.7 speed ratio. Field tests achieved a pull-out rate of 95.7%,
a breakage rate of 3.2%, and an omission rate of 1.1%. These findings provide both theoretical and technical
support for enhancing the efficiency of mechanized cotton stalk harvesting.

ES

FRFFESXEIRITHEA KN THELRREEEZX, RMeHA LR FEEWER. FmEAF/E, T
BN R R EZEFARFFN. BFFEESFRAMIT. I BRI KR I BRI,
TENVCEFBF/TE, TR THEHLHIZITEE ARFTTTREEINAN . B (E - F S #E CIFR A
HEITZBHIMB L1, FIF= R EZFFAIREET), MY F/EETET XI5 E M B A% S R
BT ADAMS Z 1 ZHEFE, BUBUEEHFRE, T TEH0TSEHEHEIFIRG KR, BITH
WA HTHIT T B B ITEBXIET R LIEEZHI B FNAE, B HE=RFE=FIEXREFE,
FHETTELL GHEE. GHMAFXRSETRFE, KRR FHIZNAE. REERZN #x
FPERSEMLEFI LTS GHEERZ > TEHE > B, BIREFHISEM L LGS GHERZ > TE
B> FELL, NI RGISEMEEXAFH . B > ITEBRE > G BT, KXKEFEGZEIFNIE, 72
RUSHAEE. LHEE=600mm, HFZH=20°, FL=07, BIFZFRFEN, ZSZHAE TIHFREEY
95.7%. HBIEX 3.2%, FEFEX11%, HEERGH—LIESHEFTH FFLE M T EL A FIRA ZHE,

INTRODUCTION

China is one of the world's major cotton producing countries, with the third largest cotton planting area
in the world and abundant cotton stalk resources. Cotton stalk is a high-quality biomass resource with a wide
range of applications such as building boards, chemical product raw materials (such as ethanol and

1 Weisong Zhao, Assistant researcher, Ph.D.; Jianhua Xie, Professor, Ph.D.; Mingjiang Chen, Researcher, Ph.D.; Chunsong Guan,
Associate researcher, Ph.D.; Jia Zhang, Associate Professor;, Zhenwei Wang, Assistant researcher;Yan Gong, Researcher.
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carboxymethyl cellulose), fuel and papermaking (Agwa et al., 2020; Keshav et al., 2023; Nguyen et al., 2020;
Wang Fangzheng et al., 2022). The comprehensive utilization of cotton stalks is an important measure to
accelerate the green and low-carbon development of agriculture, and mechanized removal of these is the
primary link in achieving numerous important uses (Fernando Correa Da Costa and Cuiaba, 2010; Jiang et al.,
2021, Liu Fei et al., 2019).

The cotton stalk pulling device is a key component of the cotton stalk harvester. Many scholars have
carried out work on the design of cotton stalk pulling technology and devices (Cai Jialin et al., 2020; Chen
Mingjiang et al., 2012; He Xiaowei et al., 2020; Tang Zunfeng et al., 2010; Xie Jianhua et al., 2023; Zhao et
al., 2023). According to the structural form, the pulling devices include toothed discs type (Ramadan, 2010),
tire roller type (Pan, 2014), clamping type (Zhao Weisong et al., 2024), flexible belt type (Cai Jialin et al., 2020),
toothed roller type (Zhang Aimin et al., 2016), etc. Among them, the toothed discs type stalk puller has a simple
structure and affordable price. It is widely welcomed by Chinese farmers and has been applied to a certain
extent. However, the operation effect of the toothed discs type stalk puller needs to be further improved, and
there are still many cotton stalks that are missed or broken. In order to solve this technical problem, some
scholars have carried out mechanism research, structural optimization design and other work. For example,
Wang Xiaoyu et al. (2011) simulated the motion trajectory of the toothed discs type stalk puller and obtained
the trajectory curve under the horizontal working condition of the toothed discs. Ma Jichun et al., (2010), further
carried out the motion analysis of the toothed discs type stalk puller and explained the influence of different
speed ratios on the motion law. Chen Mingjiang et al. (2019) used ADAMS to conduct an analysis of the
operation process and parameter optimization of a multi-row toothed discs stalk puller. The results showed
that the speed ratio was the key factor affecting the removal rate, and the optimal range was 0.55~0.8. Zhao
Weisong et al. (2022), further conducted a study on the optimization of the toothed discs structure and
established the response function of three influencing factors and assessment indicators. However, in the
current reported results, the toothed discs are all planar designs, that is, the toothed discs are flat structures.
This structure results in unsatisfactory clamping effect and lifting height of cotton stalks. In response to this
problem, the goal of this study is to explore the motion law and operation effect of non-planar toothed discs
structures, design a non-flat toothed disc, and conduct experimental research on motion trajectory analysis
and key influencing factors.

MATERIALS AND METHODS
Overall structure and working principle
The traditional gear-disc type cotton stalk puller is driven by a ground wheel, which relies on the friction

between the ground wheel and the ground to achieve power transmission. When operating at high speed, the
ground wheel slips and the transmission is unstable, resulting in poor stalk pulling effect and a significantly
reduced removal rate. The transmission ratio between the ground wheel and the toothed discs of the traditional
toothed discs cotton stalk puller is a constant value, and the working parameters of the mechanism cannot be
adjusted according to the changes in the cotton stalk harvesting period, which greatly limits the scope of
application of the stalk pulling machinery.

The toothed discs type multi-row cotton stalk pulling device designed in this paper is mainly composed
of a parallelogram hanging mechanism, a frame, a hydraulic motor and a speed sensor, a stalk supporter,
toothed discs, a folding mechanism and other components, as shown in Figure 1.

Fig. 1 - Structural diagram of multi-row cotton-stalk uprooting device
1. Hooking mechanism; 2. Fixed frame; 3. Telescopic rod; 4. Foldable frame; 5. Hydraulic motor; 6. Rotating shaft;
7. Non-flat toothed discs; 8. Crop support
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The side frames can be folded during transportation, and are easy to assemble and disassemble. They
can realize two-row or four-row operations, and the spacing between adjacent toothed discs is adjustable to
meet the requirements for harvesting cotton stalks at different row spacings. The electro-hydraulic control
technology can realize individual control of each gear disc, and the gear disc rotation direction and speed are
adjustable.

Working principle: When working, the stalk pulling tooth plate rotates at a certain speed driven by the
hydraulic motor. The tractor moves forward to feed the cotton stalks into the V-shaped tooth grooves on the
tooth plate. The stalks are pulled out of the soil.

Key components and hydraulic transmission system design
Overall design of the gear-disc multi-row cotton stalk pulling stand

The overall structure of the gear-disc multi-row cotton stalk pulling stand is shown in Figure 2. It is mainly
composed of a load-sensitive pump, an electro-hydraulic proportional valve, a display, a vehicle speed sensor,
a cotton stalk pulling device, a tractor, etc. The gear speed and speed ratio are controllable and adjustable,
and the gear speed, torque and other key operating parameters are monitored and recorded in real time
through sensors, which is convenient for subsequent data mining and analysis.

J

Fig. 2 - Toothed disc multi-row cotton-stalk uprooting device
1. Hydraulic oil tank; 2. Tractor; 3. Hydraulic proportional valves; 4. Non-flat toothed disc; 5. Hydraulic motor

The cotton stalk pulling device is suspended at the front end of the tractor through a parallelogram
mechanism. The pump is driven from the tractor's PTO via a coupling. Each disc is driven by a separate
hydraulic motor, for a total of 4 discs, capable of removing 4 rows of cotton stalks per operation. The rack width
of the toothed discs type multi-row cotton stalk pulling device is 2400 mm, the toothed discs spacing is
adjustable, and it can operate when the cotton stalk row spacing is greater than 500 mm.

Hydraulic transmission system design

In order to achieve adjustable speed ratio during operation, the gear-disc multi-row cotton stalk pulling
stand adopts electro-hydraulic control, as shown in Figure 3. The motor drives the stalk pulling gear to rotate,
and the tractor moves forward to realize the cotton stalk pulling operation function. The speed sensor can
transmit the gear speed signal to the controller. The control system CPU combines the vehicle speed signal
and feeds back the control signal to the PVG proportional valve according to the system setting. The PVG
proportional valve system controls the motor speed according to the signal.

17



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

Speed sensor :
Rotation
speed

Motor Motor Motor Motor

J ﬂﬂ % J Pressure

value
block

Monitor

= —

[ ]

L AR AF I REINNTRETS

Torque

Controller

Filter

# Fuel tank M . ,:;‘2
.oad sensing ﬁ R _
pump 1=
= > U % o 4

_E] | Electro-hydraulic proportional

5
=
E g
_g_J
|

| ﬂJI

| ~
|

el Lk A Y
._“

2

1|

i

]

= ™ e
|T - S

Fig. 3 — Diagram of electro-hydraulic control system

According to the electro-hydraulic control principle in Figure 3, the DANFOSS brand JR-L series load-
sensitive pump, PVG16-4 proportional valve, OMP series hydraulic motor and speed sensor, HFBG-NN-0101
pressure measuring valve block, MC024-110 controller, and DP570 display were selected. The numerical
range of the hydraulic motor and other modules was determined based on the stalk pulling torque.

According to the cotton stalk uprooting resistance, the stalk pulling torque of a single toothed discs is:

M=N-L (1)
where:

M is the pulling torque of a single toothed discs, N-m.

N is the pulling resistance of a single cotton stalk, the average value is 500 N, the max. value is 1T000N.

L is the pulling arm length, 0.25 m.

The calculation shows that the average stalk pulling torque of a single toothed discs is 125 N-m, and
the maximum is 250 N-m. Considering the 20% reserve torque, the maximum torque of a single toothed discs
is 300 N-m. When the circumferential speed of the toothed discs ranges from 0 to 6 m/s, the theoretical speed
is 0 to 229 r/min. Based on the above calculation results, the OMP 200 hydraulic motor and JR-L-S75C-LS
load sensitive pump are selected.

Design and analysis of the elevation gear disc
The gear disc is an important component for clamping and pulling cotton stalks. Its main parameters are

the gear disc diameter, tooth shape and tooth angle. The gear disc diameter not only affects its structural
strength, but also affects the length of the cotton stalk pulling stroke. The tooth shape is designed as a "V"-
shaped tooth groove. The V-shaped tooth groove has strong adaptability to the diameter and thickness of the
cotton stalk and good pulling effect. The cotton planting patterns in Shandong Province, China mainly include
760 mm equal row spacing planting and wide and narrow row planting. The narrow row spacing is generally
500-600 mm. Considering the versatility of the test bench, the gear disc radius r is designed to be 250 mm.
Too thin gear discs have insufficient strength, and too thick gear discs increase energy consumption and cost.
The designed gear disc thickness is 5 mm. The diameter (root) of cotton stalks is mostly between 12 and 15
mm, and some are between 15 and 25 mm. The thinner the root, the easier it is to miss and break, and the
thicker the root, the higher the removal rate. According to the geometric relationship in Figure 4, the V-shaped
tooth groove must meet the following requirements when it can clamp the cotton stalk:

LBC = dmax (2)

LAD = dmax (3)

Z/BAC = 2/BAD = 2tan-1l“’i (4)
AD

where:
Lpc - tooth width, mm; d..x - cotton stalk root diameter, taken as 25 mm.
Lup - tooth depth, mm; ZBAC - tooth angle, (°).
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Increasing both the tooth width (Lsc) and tooth depth (L4p) can enhance the adaptability of the non-flat
toothed discs to cotton stalks of varying thicknesses. However, an increase in tooth width reduces the number
of teeth, which may raise the probability of omission. Similarly, insufficient tooth depth (L.p) can also increase
the likelihood of omission. Based on Equations (2)~(4), when Lzc and dy.x are both set to 25 mm and 2BAC
is set to 35°, the calculated tooth depth Lsp is 39.64 mm (>d..), satisfying the required conditions. After
rounding, L4p is determined to be 40 mm. As shown in Figure 4, the toothed discs can meet the pulling out of
cotton stalks with different root diameters. After the cotton stalks are pulled out, they fall down due to the loss
of soil force on the root system. In order to enable the pulled cotton stalks to be smoothly separated from the
toothed discs, an auxiliary separation component is designed. It is a curved component that can change the

movement path of the cotton stalks so that the cotton stalks can be smoothly separated from the toothed discs.
Cotton stalk-discs

separation parts _ Non-flat toothed discs

M/l/q v /7

¥

L7
- « \\\ %
y =

Fig. 4 — Non-flat toothed disc structure diagram

The clamping point (Point O, also the contact point) during stalk pulling was analyzed, as shown in Fig.
5. In traditional flat discs, the clamping point follows a trochoidal trajectory (Chen Mingjiang et al., 2019). When
discs are horizontally positioned (parallel to the ground), this trajectory becomes two-dimensional (parallel to
the ground). Under these conditions, cotton stalks are typically pushed forward by the discs. This occurs
because the clamping point lacks upward motion, eliminating vertical pulling forces. In order to optimize the
trajectory of the clamping point, non-flat toothed discs were designed in this study. The objective of the design
is to make the disc able to hold the cotton stalks firmly and to make the clamping point have an upward motion
trajectory. The schematic structure of the non-flat toothed disc and its kinematic sketch are shown in Fig. 5.
Axis k:\'”/v,_

v,=wD/2

Non-flat
dentate discs

Bending angle
0 7 -

¥ Clamping point
Fig. 5 - Non-flat toothed discs structural diagram and motion diagram
a is bending angle; A is the ratio of the forward speed of the machine to the speed of the toothed disc, hereinafter referred to as the “speed ratio”;
vp is machine forward speed; w is angular speed of toothed discs; v is linear speed at clamping point; D is diameter of toothed discs.

To analyze the motion trajectory of clamping points on non-flat toothed discs and its impact on cotton
stalk removal, ADAMS software was used for simulation. Under identical speed ratios, trajectories were
simulated with varying disc diameters (D) and bending angles (a), as shown in Figure 6. Four parameter
combinations were tested: D =500 mm, a=6°; D =500 mm, a=12°; D =600 mm, a=6°; D=600 mm, a=12°. It
can be seen from Figure 6 that the overall movement trends of the trajectory curves of the four parameters are
consistent, all of which are spiral lines. However, the curves do not overlap, indicating that both the toothed
discs diameter D and the bending angle have an effect on the trajectory. On the whole, under the same bending
angle conditions, the larger the diameter of the toothed discs, the larger the value of the curve in the z-axis
direction, indicating a higher lifting height. Under the same gear disc diameter conditions, the larger the
bending angle, the greater the lifting height.
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Fig. 6 - Motion trajectory of non-flat toothed discs

In order to further analyze the influence of the gear disc diameter and bending angle on the running
trajectory, the x-y curve (Figure 7) and x-z curve (Figure 8) are drawn respectively. The x-y curve is used to

analyze the variation of the gear disc working width, and the x-z curve is used to analyze the variation of the
lifting height.
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Fig. 7 - x-y curves

As can be seen from Figure 7, when the toothed discs diameters are the same (D=500 mm, D =600
mm), the toothed discs with a large bending angle (a=12°) have a small movement width, while the toothed
discs with a small bending angle (a=6°) have a large movement width. The reason is that the large bending
angle causes the projection diameter of the toothed discs on the horizontal plane to become smaller, so the
movement width is reduced. A small movement width means a small effective working area, which easily
increases the probability of missing cotton stalks. When the bending angle is the same, the movement width
of the toothed discs with a diameter of 600 mm is greater than that of the toothed discs with a diameter of 500

mm. This shows that increasing the diameter of the toothed discs is an effective way to increase the movement
width.

20



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

180

— =500 [mm], w=6]"]
160 |- = D=500[mm], o=12[°]

= D=600[mm], a=6[]
w— =600 mm], o=12[°]

-

F

=
T

-

(5]

=
T

100

. Lifting height |mm]|
(-] *x
s 3
T T

&
.
-

T

[ =)
=
b4 T

=
T

L. [P ST R | L
0 500 1000 1500 2000 2500 3000 3500

x. Advance distance [mm]
Fig. 8 - x-z curves

As can be seen from Figure 8, when the diameter of the toothed discs is the same, the toothed discs with a large
bending angle has a larger lifting distance. This shows that under effective clamping conditions, the cotton stalk can be
pulled to a higher height, which is conducive to the successful removal of the cotton stalk. At the same time, it can also be
seen that increasing the bending angle (from 6° to 12°) produces a more obvious height increase than increasing the
toothed discs diameter (from diameter = 500 mm to diameter = 600 mm).

Through the above research, it can be found that for non-planar toothed discs, the diameter and bending angle of
the toothed discs have a greater impact on the movement width and lifting height. Therefore, this study selects three main
influencing factors, namely, toothed discs diameter, bending angle and speed ratio, and studies the influence of each factor
on the quality of cotton stalk removal through orthogonal experiments.

Experimental conditions

With the help of a self-made toothed discs type cotton stalk pulling test bench (Chen Mingjiang et al., 2022), all the
tests were completed by replacing different toothed discs. The test site was the Binzhou Cotton Production Full
Mechanization Agricultural Machinery and Agronomy Integration Demonstration Base in the National Agricultural Science
and Technology Park of Binzhou City, Shandong Province. The test time was November 15-18, 2018, and the weather
was cloudy. The cotton variety in the data collection area was Zhongmian 619, cultivated without film, with a planting row
spacing of 760 mm, a plant spacing of about 200 mm, and a plant height of 900~1200 mm.

Experimental methods

The test was carried out with reference to GB/T8097-2008 "Test Methods for Harvesting Machinery Combine
Harvesters" and DB37/T1856-2011 "General Technical Conditions for Toothed discs Type Cotton Stalk Pullers". Before
the test, the toothed discs spacing was adjusted according to the cotton planting row spacing. The effective test length of
each test was 30 m, and each group of tests was repeated 3 times. The experimental factors were toothed discs diameter,
bending angle and speed ratio. The removal rate is the main test index for cotton stalk removal, and the non-removal rate
mainly includes the breakage rate and the omission rate.

The calculation formula for the assessment index is shown below.

N,
y, = WIXIOO% ()
N
¥y =—3x100% 6)
N.
¥ :W}XIOO% (7)
Y+t =100% (8)

In the formula, y1, y2 and ys are the removal rate, breakage rate and omission rate respectively; Ni, N>
and NV; are the number of cotton stalks successfully pulled, the number of cotton stalks broken and the number
of cotton stalks missed respectively; N is the total number of cotton stalks, N= N+ Ny+ N3,
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RESULTS AND ANALYSIS

Based on the single factor test, the tooth disc diameter D, tooth disc inclination angle a and speed ratio A
were selected as influencing factors. The three different levels of factors were arranged according to the Ly(3*)
orthogonal table for orthogonal test. The evaluation indicators were cotton stalk removal rate (y1), breakage
rate (y2) and omission rate (y3). Each group of experiments was repeated 3 times, and the experimental factor
levels are shown in Table 2.

Table 1
Factors and levels
Levels Toothed disc diameter, D [m] Bending angle, a[°] Speed ratio A
1 0.5 0 0.5
2 0.6 10 0.7
3 0.7 20 0.9
The three-factor, three-level orthogonal test design scheme and results are shown in Table 2.
Table 2
Tests design scheme and results
No Factors Response indicators
) D a |2 Removal rate y1 [%] Breakage rate y2[%] Omission rate y3 [%]
1 1 1 1 83.31 4.73 11.96
2 1 2 2 90.89 3.95 5.16
3 1 3 3 92.31 6.05 1.64
4 2 1 2 93.69 1.11 5.20
5 2 2 3 95.06 1.43 3.51
6 2 3 1 93.24 5.41 1.35
7 3 1 3 76.74 13.52 9.74
8 3 2 1 82.82 2.30 14.88
9 3 3 2 89.71 2.94 7.35

The experimental results in Table 2 were subjected to range analysis using SPSS software. The range
values characterize the relative influence weight of each factor on the evaluation metrics within the selected
level ranges. Specifically, factors with larger ranges demonstrate stronger impact weights on the evaluation
indicators under their respective level selections, as summarized in Table 3.

Table 3
Orthogonal test range analysis results
1 [%] 2 [%] 3 [%]
Parameters D Y o ) D J - ) D Y o )
ki 88.83 | 84.58 | 86.45 | 4.91 6.45 | 4.15 | 6.25 8.97 | 9.40
ky 94.0 89.59 | 9143 |265 |256 | 267 |3.35 7.85 | 5.90
ks 83.09 | 9175 |88.04 |6.25 |480 |7.00 |10.66 | 3.45 | 4.96
R 10.91 7.17 4.98 3.60 | 389 |433 |7.31 552 | 444
Factors of priority D>a>1 A>a>D D>a>1
Optimal parameter combination D2a312 A2a2 D2 D2a313

Note: ki~ks refer to the mean values of each factor at its respective levels, %, R refers to range, %.

As shown in Table 3, the primary-secondary order of factors influencing cotton stalk removal rate was
D > a > 2, while their influence on breakage rate followed the sequence 1 > a > D, and the impact order on
omission rate was D > a > 1. With removal rate serving as the primary evaluation metric, the optimal parameter
combination was determined as D2a342.

In order to more intuitively show the influence of each factor level on the assessment indicators, Origin
9.0 is used to draw a horizontal indicator relationship diagram with the factor level as the horizontal axis and
each assessment indicator as the vertical axis, as shown in Figure 9.
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An increase in both stalk breakage rate and omission rate directly reduces the removal rate; therefore,
the removal rate was selected as the primary evaluation metric. When the removal rate is maximized, the
optimal parameter combination is determined as D= 0.6 m, a =20°, and A= 0.7, as shown in Table 3 and Figure
9. This parameter combination was used for a verification test, and the test was repeated 3 times to calculate
the average value of the assessment index. The field environment and the non-flat toothed discs during the
test is shown in Fig.10a, and the effect of cotton stalk uprooting is shown in Fig.10b. The test results show that
under the D2a342 parameter combination, the cotton stalk removal rate is 95.7%, the breakage rate is 3.2%,
and the omission rate is 1.1%. The test results show that the parameter combination is reasonable and can
achieve a good stalk removal effect.

a. Non-flat dentate discs cotton stem uprooting device b. Scene after cotton stalks are removed

Fig. 10 - Cotton stalk removal test
CONCLUSIONS

(1) Based on the requirements and characteristics of cotton stalk uprooting operations, an optimized
stalk removal device with non-flat toothed discs was designed. The key advantage of this device is that it
imparts a significant upward motion trend to the cotton stalks during the removal process, thereby increasing
the lifting height.

(2) ADAMS software was used to simulate and analyze the effects of three factors - disc diameter,
bending angle, and speed ratio - on the motion trajectory of the gripping point, lifting height, and working width.
The results show that the motion trajectory of the clamping point on the non-flat toothed discs follows a spiral
pattern. Increasing the disc diameter helps improve the working width and reduce the omission rate, while
increasing the bending angle is more effective than increasing the disc diameter for enhancing the lifting height.

(3) Following the orthogonal experiments carried out, an average cotton stalk removal rate of approx.
96% was obtained, using discs optimized in shape, dimensions and rotation speed. Thus, by using this type
of discs, the performance of the cotton stalk removal device can be significantly improved.
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ABSTRACT

To address the lack of contact parameters between Corydalis tuber and mechanical, or soil interfaces during
planting, harvesting, and processing stages, this study calibrated discrete element simulation parameters for
Corydalis tuber by combination of simulation tests and physical tests. 3D contour model of Corydalis tuber was
obtained using 3D scanning technology, and a multi-sphere bonded particle model was constructed by
automatic filling method. Simulation tests were conducted with the restitution coefficient, static friction
coefficient, and rolling friction coefficient between Corydalis tuber and Q235 steel, as well as between
Corydalis tuber and soil, as independent variables. The rebound height, friction angle, and rolling distance
were considered as dependent variables. A second-order polynomial fitting method was used to analyze the
experimental results. The actual test values were substituted into the polynomial equations to obtain simulation
values for the contact parameters of Corydalis tuber with Q235 steel and soil, and these values were then
validated against the experimental results. The findings indicate that the restitution coefficients of Corydalis
tuber-Q235 steel and Corydalis tuber-soil were 0.728 and 0.44, respectively. The static friction coefficients of
Corydalis tuber-Q235 steel and Corydalis tuber-soil were 0.41 and 0.76, respectively, while the rolling friction
coefficients were 0.02 and 0.033, respectively. Under these conditions, the relative error between the
simulation tests and physical tests was minimized. This study provides calibrated particle models and contact
parameters for mechanical processing applications, including sowing, harvesting, and drying of Corydalis
tuber.

BE

FIXI R FAFE, K NTEFFTHRE S, TEEMSHTNR, AFEEE AR SYERR
XIAE R F AT BT VRS HIRE . 16 =B FTHR AR R FHI =R FRE, R ERAETEL
FHIZ B TRART . DAINEHEFS Q235 . TBHIWELE R, BEERKR R EREAK G EF
B, WWAESRE. BEENERIEE A FEEHATIERE, HHRT_AXEZTAME . FLRBREFAZ
XER, KREHES Q235 i, LIEHIEMSHTEE, HESLFRABEHTRI . RBERFN T
#-Q235 #y, HHF-LIEIAWENE FH 5% 0.728, 0.44, ZFHF-Q235 #, HHF- 1T EAIEHEERE
A 0.41, 0.76, ZFHF-Q235 ], LHF-TEATAIEKE FH 7 7/%0.02, 0.033 47, (hEIAK SR
HEXTRER e KT T GEFFEF. KRR TFEVIHIN T IE RIS (B RS

INTRODUCTION

Corydalis tuber is one of the most widely utilized medicinal herbs in China. It is characterized by a
flattened, spherical shape and typically thrives in loose soils, such as sandy or semi-sandy environments.
Corydalis tuber contains over 30 types of alkaloids, including tetrahydropalmatine and corydaline (He et al.,
2007; Chen et al., 2008). It exhibits notable pharmacological effects, such as analgesic, sedative, hypnotic,
and anti-arrhythmic properties. In recent years, with the expanding applications of Corydalis tuber in the
medical field, its demand has continued to rise, leading to increased profitability in its cultivation. Hanzhong
City in Shaanxi Province is the largest Corydalis tuber cultivation area in China, with over 100,000 acres under
cultivation, accounting for more than 70% of the nation’s total production. Currently, the cultivation and
harvesting of Corydalis tuber rely predominantly on manual labor, resulting in high labor intensity and elevated
costs, which severely constrain the development of its cultivation industry.
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To achieve full mechanization across all stages of Corydalis tuber cultivation, from planting to harvesting,
has become an urgent necessity. Objective and accurate collection of the mechanical property parameters of
Corydalis tuber is a prerequisite for the development of specialized mechanized equipment (Han et al., 2017;
Liu et al., 2018; Ma et al., 2013; Shi et al., 2014).

The DEM simulates granular materials discretely, modeling each particle independently and assigning
it mass, stiffness, and damping properties. The particles interact with each other through contact, and the
dynamic forces and moments at the contact points are calculated using a contact mechanics model (such as
the Hertz-Mindlin model), which in turn predicts the motion state of individual particles. This method has unique
advantages in studying the plant-soil interaction in mechanized farming: First, it breaks through the continuum
assumption and directly characterizes the particle-level stress transfer and displacement processes in the
microscopic contact between the agricultural tool and the soil, accurately analyzing the soll
fragmentation/compaction mechanism. Second, its multi-physics coupling capability can simultaneously
simulate the stress deformation of mechanical components and the dynamic response of the soil, providing a
cross-scale analysis basis for the structural optimization of agricultural machinery. This discrete granular
dynamics feature makes it an important tool for shortening the research and development cycle of agricultural
machinery.

Originally developed to solve geotechnical problems, the discrete element method (DEM) is a numerical
method for calculating the mechanical properties of granular materials. It simulates granular materials as
individual particles and calculates the forces (such as contact and friction forces) and movements between the
particles iteratively over time steps. It is particularly suitable for studying plant-soil interactions in mechanized
farming because it can capture the discrete nature of soil particles and irregular shapes of crops (e.g., tubers),
enabling precise modeling of dynamic processes such as soil penetration, root-soil adhesion, and mechanical
harvesting collisions (Wang et al., 2024). In agricultural research, DEM has been widely applied to model
interactions between crops (e.g., seeds, roots) and soil or machinery. For example, DEM has been
successfully used to optimize soil-tool interactions in potato harvesting by simulating tuber-soil separation
processes. (Zhao et al., 2023), and to design seed metering devices by analyzing seed motion under dynamic
conditions. As aresult, the potato tubers obtained by DEM simulation analysis are more stable, and the leakage
rate and replay rate (coefficient of variation) are lower under reasonable seeding device structure design and
working parameters (forward speed of machine, seeding speed, etc.) (Chen et al., 2023). Xu Bing et al., (2027)
developed a discrete element model for buckwheat seeds using an automatic filling method, followed by
parameter calibration. Based on this model, they conducted an optimized design of the three-stage vibration
process for buckwheat. The optimized three-stage vibrating screen has higher clearance rate and lower
impurity rate. Chen Zeren et al., (2018) classified corn seeds by shape and developed discrete element models
for corn seeds using varying numbers of spheres in a filling method. This approach aimed to balance
computational efficiency and accuracy. The results were validated through a "self-flow screening" experiment,
demonstrating close alignment with actual outcomes. Recent studies on root crop mechanization (e.g., sugar
beet harvesting) have further validated DEM's accuracy in predicting tuber damage rates under varying soll
conditions (Yang et al., 2023). These applications demonstrate DEM's capability to capture granular behavior
and complex mechanical interactions, which is critical for analyzing Corydalis tuber in soil environments. For
example, analyze the uniformity and stability of Corydalis tubers seeding, harvest rate at harvest, loss rate,
etc.

Due to the flattened, irregular shape of Corydalis tuber and its dynamic interactions with soil during
mechanized harvesting, the discrete element method (DEM) is a preferred approach to capture these complex
behaviors. Addressing the lack of particle contact parameters essential for designing key machinery for sowing
and harvesting Corydalis tuber, this study employed 3D scanning technology to obtain a three-dimensional
model of Corydalis tuber. Using an automatic filling method, a discrete element model for Corydalis tuber was
established (Sun et al., 2022; Wang et al., 2017; Xu et al., 2022; Yu et al., 2020; Xu et al., 2018). Simulation
experiments were conducted with this model to determine the coefficients of restitution, static friction, and
rolling friction between Corydalis tuber and both soil and Q235 steel. These simulations were then compared
with actual tests to obtain mechanical parameters closest to the true values.

MATERIALS AND METHODS
Determination of fundamental physical parameters

The experimental subject selected was Corydalis tuber, harvested in early May from a designated
experimental field in Chenggu County, Hanzhong City, Shaanxi Province, China, cultivated with the "Zhehu
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No.1" variety. Sampling was conducted using the five-point sampling method, and subsequent measurements
of its physical characteristic parameters were performed. The density of Corydalis tuber was measured using
the water displacement method, yielding a density of 1085 kg/m3. The moisture content of Corydalis tuber at
harvest was determined using an Ohaus M23 rapid moisture analyzer. The average moisture content obtained
was 61.27%.

Determination of contact parameters

During the harvest period, interactions occur between the Corydalis tuber, as well as between the
particles and the soil or machinery. In discrete element simulations, the restitution coefficient, static friction
coefficient, and rolling friction coefficient play crucial roles in determining the accuracy and reliability of the
simulation. The soil selected for the experiment was that typically used for cultivating Corydalis tuber in the
local region, while the material chosen for the machinery components was Q235 steel.

Determination of the restitution coefficients of Corydalis tuber - Q235 steel, Corydalis tuber - soil

The restitution coefficient refers to the ratio of the separation velocity to the approach velocity in the
normal direction at the point of contact before and after a collision, depending solely on the materials involved.
The restitution coefficients for Corydalis tuber colliding with Q235 steel and soil were determined through a
free-fall test, as depicted in Figure 1. Corydalis tuber was dropped from a height of 200 mm, and upon collision
with the Q235 plate or soil bed, they bounced back. The rebound height h was recorded using a high-speed
imaging system, with a scale-marked grid paper and steel ruler placed behind the particles. To ensure the
reliability of the experimental data, 10 sets of tests were conducted, with each set repeated three times, and
the average value was taken.

2 3 4 5
(a) Free fall test (b) Positive perspective of the free fall test

Fig. 1 - Determination of restitution coefficients of Corydalis tuber — Q235 steel, Corydalis tuber - soil
1. Q235 steel; 2. High-speed camera; 3. Graph paper; 4. Corydalis tuber; 5. Ruler.

The coefficient of restitution can be calculated using the following formula:

e:V4—V3 (1)
V=V
v, =+J2gh (2)

v, =+2gH (3)
in which:

e — the coefficient of restitution between Corydalis tuber and the colliding material;
v; — the velocity of the colliding material before the collision, [m/s];

v, — the velocity of Corydalis tuber before the collision, [m/s];

v3; — the velocity of the colliding material after the collision, [m/s];

v4 — the velocity of Corydalis tuber after the collision, [m/s];

H — the height from which the object is dropped before free fall, [m];

h — the rebound height, [m];

g — the acceleration due to gravity, [m/s?].

28



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

Both materials underwent 10 sets of experiments, and the results are presented in Table 1.

Restitution coefficients of Corydalis tuber — Q235 steel, Corydalis tuber - soil Table
Number Corydalis tuber- The coefficient of | Corydalis tuber-soil The coefficient of
Q235 rebound restitution rebound height (m) restitution
height (m)
1 0.0307 0.3916 0.0180 0.3000
2 0.0667 0.5774 0.0110 0.2345
3 0.0443 0.4708 0.0213 0.3266
4 0.0267 0.3651 0.0220 0.3317
5 0.0658 0.5730 0.0170 0.2915
6 0.0773 0.6218 0.0157 0.2799
7 0.0763 0.6178 0.0160 0.2828
8 0.0513 0.5066 0.0270 0.3674
9 0.0760 0.6164 0.0247 0.3512
10 0.0570 0.5339 0.0147 0.2708
The average value 0.0572 0.5274 0.0187 0.3036

By substituting the average rebound height of Corydalis tuber on Q235 steel and soil into Equation 2, 3
and 1, the coefficient of restitution of Corydalis tuber-Q235 is obtained as 0.5274, and the coefficient of
restitution of Corydalis tuber-soil is 0.3036.

Determination of the static friction coefficients of Corydalis tuber - Q235 steel, Corydalis tuber - soil

The static friction coefficient refers to the ratio of the maximum static friction force to the normal force
between two objects. The factors influencing the static friction coefficient mainly include the type of friction
materials, the roughness of the contact surfaces, and so on. The static friction coefficients between Corydalis
and Q235 steel, as well as between Corydalis and soil, were measured using the inclined plane method, as
shown in Figures 2. Since Corydalis tuber have a flattened spherical shape, rolling is likely to occur during the
experiment. To ensure accuracy and reduce experimental errors, four Corydalis tubers were bonded into a
square shape using a hot glue gun. The inclined plane was equipped with an angle measurement device for
easy reading and recording of data. For both materials, 10 sets of experiments were conducted, with each set
repeated 3 times, and the average value was taken.

1 2 3 4
(a) Inclined plane method between Corydalis tuber and Q235 (b) Inclined plane method between Corydalis tuber and Soil
Fig. 2 - Determination of static friction coefficients of Corydalis tuber — Q235 steel, Corydalis tuber - soil
1. Angle measuring device; 2. Friction angle measuring instrument; 3. Q235 steel plate; 4. Corydalis tuber; 5. Soil plate.

The formula for calculating the static friction coefficient is as follows:

f=Gsin@ (4)
F,=Gcos0 ®)
S =uky, (6)
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in which: f— the frictional force acting on Corydalis tuber, [N];
G - the gravitational force of Corydalis tuber, [N];
Fx — the support force acting on Corydalis tuber, [N];
u — the static friction coefficient;
0 — the angle between the inclined plane and the horizontal surface, [°].

Both materials underwent 10 sets of experiments, and the results are presented in Table 2.

Table 2
Static friction coefficients of Corydalis tuber — Q235 steel, Corydalis tuber - soil
Number Corydalis tuber-Q235 The static friction Corydalis tuber-soil The static friction
static friction angle (°) coefficient static friction angle coefficient
(°)
1 25.95 0.4867 38.88 0.8064
2 26.12 0.4903 38.88 0.8064
3 26.50 0.4986 41.18 0.8749
4 28.05 0.5328 40.18 0.8632
5 24 .42 0.4540 40.97 0.8683
6 25.48 0.4766 39.43 0.8224
7 24.05 0.4463 42.38 0.9126
8 25.25 0.4716 38.83 0.8050
9 28.52 0.5433 40.77 0.8622
10 27.89 0.5292 4212 0.9041
Average value 26.22 0.4925 40.43 0.8525

In the ten groups of tests of these two types of materials, the static friction angle between Corydalis
tuber and Q235 ranges from 24.05° to 28.52°, and the static friction angle between Corydalis tuber and soil
ranges from 38.83° to 42.38°. The surface roughness of the corresponding material plate (Q235 steel plate or
soil plate) has been ensured to be continuously consistent before each Corydalis tuber test, and the surface
condition of the particles of the Corydalis tuber used for test is unchanged. The friction angle measuring
instrument used for the test had an accuracy of + 0.2°, and the corresponding angle was displayed during the
measurement (two decimal places were retained by default). The experimental environment and the accuracy
of the measuring instrument complied with the specifications.

By substituting the average static friction angle of Corydalis tuber on Q235 steel and soil into Equation
4, 5 and 6, the static friction angle of Corydalis tuber-Q235 is obtained as 0.4925, and the static friction angle
of Corydalis tuber-soil is 0.8525.

Determination of the rolling friction coefficients of Corydalis tuber — Q235 steel, Corydalis tuber - soil

Rolling friction occurs when an object rolls without slipping or tends to roll on another object's surface,
causing deformation at the contact point between the two materials, which generates resistance to rolling. In
this study, the rolling friction coefficient between Corydalis and Q235 steel plate, as well as between Corydalis
and soil, was measured using the bevel rolling method. The experimental setup is shown in Figure 3.

In the rolling friction factor measurement, the Corydalis tuber roll without sliding on the inclined plane,
and the rolling resistance generated by the steel plate on the Corydalis tuber is essentially static friction.
According to the results measured in Table 2, the average static friction angle between the Corydalis tuber
and Q235 is 26.22°. And in order to facilitate the fixation of the inclined plane and horizontal plate of the steel
plate, the angle between the inclined plane and horizontal surface was set to 30°, ensuring the plane interface
was as smooth as possible. Corydalis tuber was placed at a distance of L = 35 mm, and with an initial velocity
of 0 m/s, they were allowed to roll freely until they stopped. The horizontal rolling distance (S) of the Corydalis
tuber was measured. Ten sets of experiments were conducted for each material, with each set repeated three
times. The average rolling distance was taken as the final data. The shape of the Corydalis tuber is mostly
irregular and flattened spherical, and the size is relatively small and highly variable, air resistance cannot be
ruled out during testing, so it may have a slight effect on the test results in actual measurement.
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Fig. 3 - Determination of rolling friction coefficients of Corydalis tuber — Q235 steel, Corydalis tuber — soil
(a) Bevel rolling method between Corydalis tuber and Q235; (b) Bevel rolling method between Corydalis tuber and Soil
1. Q235 steel plate; 2. Corydalis tuber; 3. Soil plate.

Fig. 4 - Force analysis of the Corydalis tuber rolling process

The force analysis of the rolling process of Corydalis tuber particles is shown in Figure 4. According to
the law of conservation of energy during the entire rolling process, the rolling friction coefficient u' can be
calculated as follows:

0—0=GLsinB+ (—u'GcosB L)+ (—u'GS)
GLsin f=G(Lcosf+S)u'
Lsinf

[A—
K= T cos g+S 7
in which: 8 — the angle of inclination of the inclined plane, [°];

S — the distance traveled by Corydalis tuber while rolling on a flat surface, [m];

L — the distance traveled by Corydalis tuber while rolling on an inclined plane, [m];

u— the rolling friction coefficient of Corydalis tuber and materials.

Both materials underwent 10 sets of experiments, and the results are presented in Table 3.

Table 3
Rolling distances of Corydalis tuber — Q235 steel, Corydalis tuber - soil
Number Corydalis tuber-Q235 rolling distance (mm) Corydalis tuber-soil rolling distance (mm)
1 108.7 65.0
2 109.7 66.3
3 167.0 46.3
4 135.3 40.0
5 114.0 59.7
6 129.3 57.3
7 117.3 35.0
8 109.3 443
9 142.3 54.3
10 149.7 44.0
Average value 1221 49.7
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By substituting the average rolling distances of Corydalis tuber on Q235 steel and soil into Equation 7,
the rolling friction coefficient of Corydalis tuber-Q235 is obtained as 0.115, and the rolling friction coefficient of
Corydalis tuber-soil is 0.219.

Establishment of the Discrete Element Model for Corydalis tuber
3D model of Corydalis tuber

Given the highly irregular shape of Corydalis tuber, modeling using traditional three-dimensional
software proves to be challenging (Zhang et al., 2024). In this study, advanced three-dimensional imaging
technology was employed, utilizing the HandySCAN3D scanner to capture the three-dimensional morphology
of Corydalis tuber (The surface roughness of the Corydalis tuber, deformation of the tuber and slight
compression have negligible effects on the accuracy of the model.). The scanner has an accuracy of 0.0025
mm and a measuring rate of 1,300,000 measurements per second, then the contour model was saved in STL

file format, as shown in Figure 5.

v

(a) Corydalis tuber (b) 3D model of Corydalis tuber (c) Corydalis tuber Outline model
Fig. 5 - The 3D model of Corydalis tuber

Discrete element model

In this study, a multi-sphere bonded particle model was employed to establish the discrete element
model for Corydalis tuber. The previously scanned contour model of Corydalis tuber was used as the filling
space. Spherical particles with diameters of 1 mm, 2 mm, and 4 mm were utilized for the filling, with the
respective quantities of spherical particles being 3,439, 426, and 61, as shown in Figure 6. In consideration of
both the accuracy of the equilibrium simulation and simulation speed, spherical particles with a diameter of 2
mm were ultimately selected for the particle filling of Corydalis tuber.

(a) 1Tmm (2) 2mm (3) 4mm
Fig. 6 - Multi ball bonding model

Calibration of contact parameters between Corydalis tuber, Q235 steel and soil

There exists a discrepancy between the parameters used in actual experiments and those in the
simulations, making them unsuitable for direct application in subsequent mechanical simulation (Zhao et al.,
2024). To enhance the accuracy and reliability of the discrete element simulations, calibration of the relevant
parameters was performed through simulation experiments.

Calibration of the coefficient of restitution

Based on the coefficient of restitution of Corydalis tuber with Q235 steel and soil obtained from previous
drop tests, the established discrete element model of Corydalis tuber was utilized to create simulation
experiments under actual test conditions, as shown in Figure 7.
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Fig. 7 - Drop test simulation
1. Corydalis tuber; 2. Baseplate.

In the simulation experiments, the static friction coefficient and rolling friction coefficient between the
Corydalis tuber, Q235 steel, and soil were set to 0. Based on the results of the actual experiments, the
coefficient of restitution for collisions between Corydalis tuber and Q235 was selected within the range of 0.3
to 0.8, while the coefficient of restitution for collisions between Corydalis tuber and soil was selected within the
range of 0.05 to 0.65. The experimental results and the quadratic curve fitting results are shown in Figure 8.
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Fig. 8 - The fitted curves of the coefficient of restitution and rebound height from impact
simulation tests of Corydalis tuber with Q235 steel and soil

To establish the functional relationship between the coefficient of restitution and rebound height for
collisions between Corydalis tuber and Q235 steel, as well as soil, a quadratic polynomial fitting was performed.

The equation of the fitting curve is as follows:
¥, =232.238x,” —131.922x, +30.622 (8)

y, =141.686x,> —35.603x, +6.93 9)

in which: y; — the rebound height of Corydalis tuber and Q235 steel, [m];
x; — the coefficient of restitution between Corydalis tuber and Q235 steel;
y2 — the rebound height of Corydalis tuber and soil, [m];
x> — the coefficient of restitution between Corydalis tuber and soil.

The coefficient of determination for regression equation y; was R2 = 0.9707, and for y», it was R? =
0.9853. Both models had P << 0.05, indicating that the regression models were highly significant. Substituting
the average rebound heights from the actual free-fall experiments, y; and y», into Equations (8) and (9) yielded
the coefficient of restitution between Corydalis tuber and Q235 steel, x; = 0.728, and the coefficient of
restitution between Corydalis tuber and soil, x> = 0.44. By setting x; and x> as the coefficients of restitution in
the simulation experiments and repeating the trials 10 times, the average rebound height for Corydalis tuber
and Q235 steel was 58.87 mm, and for Corydalis tuber and soil, it was 18.99 mm. The relative errors compared
to the measured results from the actual experiments were 2.02% and 1.55%, respectively. This demonstrates
that the calibrated simulation results were consistent with the experimental data. Ultimately, the coefficients of
restitution for the discrete element simulation were determined to be 0.728 for Corydalis tuber and Q235 steel,
and 0.44 for Corydalis tuber and soil.
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Calibration of static friction coefficient

Based on the static friction angles of Corydalis tuber with Q235 steel and soil obtained from previous
inclined plane tests (Zhuang et al., 2023), the established discrete element model of Corydalis tuber was
utilized to create simulation experiments under actual test conditions, as shown in Figure 9.

Fig. 9 - Ramp test simulation

In the simulation experiments, the coefficients of restitution between Corydalis tuber and Q235 steel, as
well as soil, were predefined. The rolling friction coefficients and inter-particle parameters for Corydalis tuber
were set to 0. Based on the actual experimental results, the static friction coefficient ranges for Corydalis tuber
with Q235 steel and soil were selected as 0.1~0.7 and 0.3~0.9, respectively, with an increment of 0.1. The
experimental results and the quadratic curve fitting results are shown in Figure 10.

The fitted equations for the static friction coefficient curve between Corydalis tuber and Q235 steel, as
well as soil, are as follows:

y; =—20.714x +66.809x;, +2.3 (10)
y, =—20.317x,> +65.666x, +2.336 (11)

in which:
y; — the inclination angle (Corydalis tuber and Q235 steel), [°];
x3 — the static friction coefficient between Corydalis tuber and Q235 steel;
4 — the inclination angle (Corydalis tuber and soil), [°];
x4 — the static friction coefficient between Corydalis tuber and soil.
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(a) Corydalis tuber - Q235 steel (b) Corydalis tuber - soil

Fig. 10 - The fitted curves of the static friction coefficient and inclination angle from simulation
tests of Corydalis tuber with Q235 steel and soil

The coefficient of determination for regression equation y; was R? = 0.9990 with P = 0.0000009 <<
0.05, and for y4, it was R? = 0.9997 with P = 0.000000079 << 0.05, indicating that both models were highly
significant. Substituting the average inclination angles from the actual inclined plane tests, ys = 40.52 and y4 =
122.1, into Equations (10) and (11), yielded the static friction coefficients xs = 0.41 for Corydalis tuber with
Q235 steel and x4 = 0.76 for Corydalis tuber with soil. These static friction coefficients were then set as
parameters for the simulation experiments, and 10 trials were conducted for each scenario. The resulting
frictional inclination angle between Corydalis tuber and Q235 steel was 26.13°, with a relative error of 0.17%
compared to the actual test. The frictional inclination angle between Corydalis tuber and soil was 40.46°, with
a relative error of 0.41%. These results demonstrate that the calibrated simulation results closely aligned with
the actual experimental data. Therefore, the static friction coefficients determined for the simulation
experiments were finalized as 0.41 for Corydalis tuber with Q235 steel and 0.76 for Corydalis tuber with soil.
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Calibration of rolling friction coefficient

Similarly, based on the rolling friction distances between Corydalis tuber and Q235 steel, as well as soil,
measured in previous experiments, simulation experiments were constructed using the established discrete
element model of Corydalis tuber under actual experimental conditions, as shown in Figure 11.

/ o

Fig. 11 - Rolling test simulation
1. Material plates; 2. Corydalis tuber.

In the simulation experiments, the coefficients of restitution and static friction coefficients between
Corydalis tuber and Q235 steel, as well as soil, were predefined. The inter-particle contact parameters for
Corydalis tuber were set to 0. The rolling friction coefficient range for Corydalis tuber and Q235 steel was
selected as 0.01~0.07, and for Corydalis tuber and soil, it was 0.01~0.05, both with a step size of 0.01. The
results of the simulation experiments and the fitted curves are shown in Figure 12.
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Fig. 12 - The fitted curves of the rolling friction coefficient and rolling distance from
simulation tests of Corydalis tuber with various Q235 steel and soil.

The fitted equations for the rolling friction coefficient curve between Corydalis tuber and Q235 steel,
as well as soil, are as follows:

s =—2287.41x.> —900.53x; +141.23 (12)

¥, =3979.59x,> —1128.78x, +83.26 (13)

in which: ys—the rolling distance (Corydalis tuber and Q235 steel), [m];
x5 — the rolling friction coefficient between Corydalis tuber and Q235 steel;
s — the rolling distance (Corydalis tuber and soil), [m];
xs — the rolling friction coefficient between Corydalis tuber and soil.

The coefficient of determination for regression equation ys was R? = 0.9923 with P =0.000058 <« 0.05,
and for ys, it was R? = 0.9950 with P = 0.00495 « 0.05, indicating that both models were highly significant.
Substituting the average rolling distances from the actual rolling tests, ys = 122.1 mm and ys = 49 mm, into
Equations (12) and (13), the rolling friction coefficients were calculated as x5 = 0.02 for Corydalis tuber with
Q235 steel and xs = 0.03 for Corydalis tuber with soil. These rolling friction coefficients were then set as
parameters for the simulation experiments, and 10 trials were conducted for each scenario. The resulting
rolling distance for Corydalis tuber with Q235 steel was 118.5 mm, with a relative error of 3.04% compared to
the actual test. The rolling distance for Corydalis tuber with soil was 48.375 mm, with a relative error of 2.73%.
These results demonstrate that the calibrated simulation results were generally consistent with the
experimental data. Therefore, the rolling friction coefficients determined for the simulation experiments were
finalized as 0.02 for Corydalis tuber with Q235 steel and 0.033 for Corydalis tuber with soil.
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CONCLUSIONS

(1) Through experiments measuring the restitution coefficient, static friction coefficient, and rolling
friction coefficient between Corydalis tuber and Q235 steel, as well as soil, the actual experimental values for
these parameters were obtained. These tests included measurements of the restitution coefficient, static
friction coefficient, and rolling friction coefficient for Corydalis tuber under both conditions.

(2) A three-dimensional contour model of Corydalis tuber was obtained using 3D scanning technology.
The contour model obtained by scanning cannot be directly used in subsequent discrete element simulation
experiments. In order to improve the accuracy of discrete element particle modeling of Corydalis tubers and
the simulation accuracy, a multi-sphere bonded particle model of the Corydalis tuber was generated using the
automatic filling method in the EDEM software.

(3) The simulation test takes the restitution coefficient, static friction coefficient and rolling friction
coefficient between the Corydalis tuber and Q235 steel, and between the Corydalis tuber and soil as
independent variables, and the collision height, friction angle and rolling distance as dependent variables. A
second-order polynomial fitting was performed based on the simulation results, and the actual experimental
values were substituted into the polynomial equation to obtain the simulated contact parameter values of the
Corydalis tuber with Q235 steel and soil. The values were then verified based on the actual experimental
measurements, and the relative error between the two was less than 5%.
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ABSTRACT

The germination of castor seeds was affected by different damage forms after shelling. Traditional methods
could not express the change of mechanical damage characteristics on the surface of castor seeds. In the
study, an improved migration learning algorithm for castor seed damage classification was adopted. The
convolution kernel size of the first convolutional layer of the AlexNet model was modified, part of the
convolutional layer was divided into two layers to increase the depth of the convolution model. Then a multi-
scale convolution kernel was added to extract the damage characteristics of castor seeds. The results showed
that combined with the hyperparameter optimization of convolutional layer stratification and the AlexNet model,
the classification effect was improved. The average test accuracy was 98.10%. After the addition of multi-scale
convolution, the average test accuracy was improved by 0.57%. The results show that the classification
accuracy of cracked castor seeds is 71%, and the classification accuracy of castor seeds with missing shells
is 63%. The classification accuracy of whole castor seeds is 67%. The verification of damage identification
device for castor seeds was developed to verify the correctness of the algorithm. This study provided a
theoretical and convolutional network model supported for the development of an online real-time damage
classification detection system for castor seeds.

BE

BEMTFRFETEEHT/IT T AEIHIIR G 5. 75T %R BA R BV MR GIFURIZEN . &
HFRIE T — XA BT IRG AT BFETE L, EHT AlexNet BEE — 1B REHIBFRAZA ).
BRERABEE, XENEFRREGIRE . FM—1EREERE, WIERERATHIRGIFE. ZR%
B, ZEEREDEHESE AT AlexNet BE, #EXREFEFTHE, FMNEREERE FEHNRAEE
ET 057%. FRERET, HAREEHFHIAEEHEY 71 RETEBFATFHIAELEHES 634, #
PEBEFNTHIN EREGIES 670, KHETTX BB THI AL L RE D RN R H T X7,

INTRODUCTION

Castor plant is one of the world's top ten oil crops. Its seeds are rich in oil (35%-55% oil content
depending on the species) and are also widely used as raw materials for detergent, cosmetics, medicines and
biodiesel (Acosta-Navarrete et al., 2017; Santos, 2019). Because of its high viscosity, high ignition point, low
freezing point, it is also made into lubricant and widely used in aviation, high-speed lathe and other industrial
fields (Li et al., 2018; Mosquera-Artamonov et al., 2018). The damage of castor seeds in the process of shelling
will directly affect germination and plant growth, and will also affect the yield of castor oil used for oil extraction.
Therefore, it is very important to classify and detect damaged castor seeds, which needs to extract the defect
features that affect the surface marks of castor seeds. The traditional conventional classification algorithms
cannot meet the requirements of damage classification of castor seeds.

At present, convolutional neural network, transfer learning and other deep learning methods are
attracting more and more attention. These learning methods have been widely used in image processing
(Kamilaris and Prenafeta-Boldu, 2018), medical aviation, agriculture and other fields. In the field of agriculture,
migration learning is often applied in the identification and classification of plant leaf diseases (Huang et al.,
2019; Rangarajan et al., 2018), the identification and location of crop pests (DeChant et al., 2017, Thenmozhi
and Srinivasulu Reddy, 2019), the identification and classification of crop fruits ( Liu et al., 2020), the location
of plant organs and the prediction of growth potential (Fengle and Zengwei, 2020; Liang et al., 2019; Yang,
2018), and so on. Relevant studies show that the pre-training model of migration learning has obvious
advantages compared with traditional machine vision technology.
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Through the classification of the integrity of different agricultural materials, it can be found that the
classification method based on the depth model is more accurate and efficient than the traditional classification
algorithms such as support vector machine, linear discriminant model, and artificial neural network (Xie et al.,
2020; Zhiheng et al., 2018; Zhu et al., 2020). Through the improvement of AlexNet model, relevant studies
have improved the accuracy and efficiency of classification, making the improved model more suitable for the
objects needing classification (Lv et al., 2020; Xiaoqing et al., 2019). The surface stripes of castor seeds
affected feature extraction and different damage features extraction required different algorithms, while
traditional algorithms could not meet the classification of damage on castor seeds surface.

In this study, the AlexNet model was transferred to the classification of castor seed damage. The AlexNet
network model was optimized by modifying the convolution kernel size of the first convolutional layer, layering
partial convolution layers, and adding multi-scale convolution. It was optimized from batch size, learning rate
to improve the test accuracy of the model. Finally, the modified AlexNet was verified by the damage
identification device of castor seeds.

MATERIALS AND METHODS
Dataset construction

The typical variety of ZheBi No.4, widely planted in Tongliao Academy of Agricultural Sciences, Inner
Mongolia, was selected as the test sample. The germination experiment showed that the two damaged types
of seed shell missing and crack had the most significant effect on the germination of castor seeds. Therefore,
castor seeds with these two damage types and whole (no damage) were classified.

In this study, an LT-USB 1080 CMOS industrial camera was used to shoot samples of castor seeds placed
on white A4 paper under the indoor environment. The shooting distance was 5~10 cm, then 525 images were
obtained. The resolution of the images was 1,920%1,080 pixels, and the images were cropped to 227x227
pixels of samples containing castor seeds. The image of castor seeds with seed shell missing castor seed,
crackled castor seed and whole castor seed were flipped to expand the castor seed image data set. The seed
shell missing castor seed, cracked castor seed, and the whole castor seed was named with 0_1.jpg, 1_1.jpg,
and 2_1.jpg forms, respectively. In the training set, some castor seeds were shown in Fig. 1.

S 2= o P o Q% e
a. Seed shell missing castor seeds; b. Cracked castor seeds; c. Whole castor seeds (no damage)

Fig. 1 — Images of castor seeds of different types

AlexNet Model construction

The AlexNet model consists of five convolution layers, three maximum pooling layers, and three full
connection layers, a total of eleven layers. The size of the input image is required to be 227x227x3 (227 pixels
high, 227 pixels wide, 3 color channels). After convolution, the output image size is shown in equation (1) while
after pooling, the output image size is shown in equation (2).

N, =Nu=F+2P (1)
N

N, ==y (2)
S

where, N, is the image output size; N;, is the image input size; F is the size of the convolution kernel; P is the
padding; S is the step size.

The image was input into the AlexNet model. Through the convolutional layer, local response
normalization layer, and maximum pooling layer, the output image size is 27x27x96. In the second part, the
data flow follows the convolutional layer, the maximum pooling layer, and the local response normalization
layer successively, and the output image size is 13x13%256. The third part and the fourth part respectively
contain a convolutional layer. After the convolution operation of two layers, the output image size is
13x13%x384. The fifth part is the convolutional layer and the maximum pooling layer, then the output image
size is 6x6x256. The sixth part and the seventh part are the full connection layer, each layer has 4096 neural
units. To reduce overfitting, Dropout is added after the full connection layer. The eighth part is the output layer.
The structural model is shown in Figure 2.
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Fig. 2 - AlexNet network model diagram

The convolutional layer extracts the local features of the image through the convolution operation. After
the feature map of the upper layer is processed by the convolution kernel, the feature map of the new layer
can be obtained by the excitation function. The working process of the convolutional layer is as follows:

xi = le.H *kl.ln +bf, (3)
ieM,
where, x', is the n" feature map of layer /; M, is a set of feature mappings selected from the input feature
mappings; k', is the i element in the »™ convolution kernel of the layer /; b/, is the n™ offset of layer /; '*' is the
convolution process.

The pooling layer is also called a downward sampling layer, which produces the sampling results of
input feature maps and changes the size of features without changing the number of feature maps. The working
process of the pooling layer is shown in equation (4):

N N £ (4)

where, fiown () is the lower sampling function.

Evaluation Index
The accuracy of the classification algorithm is evaluated by the accuracy index, which is defined as
equation (5):
a= Ne x100% (5)
Nr
where, a is the accuracy rate, %; N¢ is the number of correctly classified samples; N7 is the total sample of
training.

Operation platform

All the training and testing in this study are carried out on the same computer with the processor is
Inter(R) Xeon(R) CPU E5-2643 v3 3.4 GHz, 32 G memory, AMD FirePro W7100 Graphics Adapter, and 8 GB
of running memory, running under Windows 10 operation system.

Improvement of the AlexNet model method

Selection of the convolution kernel size

Convolution kernels are referred to as the local receptive field (LRF), which is a kind of filter. In this
study, the convolution kernel size of the first convolutional layer in the AlexNet model is selected to learn the
key features, to obtain better model performance. In this study, according to the literature(DeChant et al., 2017;
Liu, 2020) and experimental experience, convolution kernel sizes of 5x5, 7x7, 9x9, 11x11, 13x13, and 15%x15
were selected for training.
Convolution layer stratification

In this study, the convolutional layer 2 is divided into two layers, and the LRF size is modified to 3x3.
The convolutional layer 3 is divided into two layers, and the LRF size is modified to 2x2. The convolutional
layer 5 is divided into 2 layers, and the LRF size is modified to 2x2.

The parameters of each layer are shown in Table 1.

Table 1
Parameters of the convolutional network
CNN layers Split layers Output size | LRF size Strides
Conv 1 Conv 1 55x55x96 11x11 4
Pooling 1 Pooling 1 27x27x96 3x3 2
Conv 2 Conv 2_1 29%29x256 3x3 1
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CNN layers Split layers Output size | LRF size Strides

Conv 2_2 27%27%256 3x3 1
Pooling 2 Pooling 2 13x13%256 3x3 2
Conv 3_1 14x14x384 2x2 1

Conv 3
Conv 3_2 13x13x384 2x2 1
Conv 4 Conv 4 13x13%256 3x3 1
Conv 5_1 14x14%256 2x2 1

Conv 5
Conv 5_2 13x13%256 2x2 1
Pooling 3 Pooling 3 6x6x256 3x3 2
FC6 FC6 4096x1 \ \
FC7 FC7 4096x1 \ \

FC8 FC8
(sorting) (sorting) 3 ' '
Adding multi-scale convolution
The structure of multiscale convolution is shown in Fig. 3.
Previous layers
LRN size: 1x1 LRN size: 1x1
LRN si;ezlxl

k.
LRN size: 1x1
Number: 128

Number: 32

k.
LRN size: 3x3 LRN size:5x5
Number: 128 Number: 128

concentration

Fig. 3 — Structure of multi-convolution module

Multi-scale convolution has been widely used in VGG-Net, Inception series, GoogLeNet, and ResNet
series. These networks have fully verified the superiority of multi-scale convolution in image recognition and
target positioning. To learn better damage characteristics of castor seeds, a multi-scale convolution was added
between convolutional layer 1 and convolutional layer 2. Three convolution kernels of different scales (1x1),
(3%3), and (5x5), with the number of 32, 96, and 128 convolution kernels, were adopted to extract the sample
image features in parallel. Then they merged into the same tensor and continue to pass them down.

RESULTS AND DISCUSSION
Influence of parameters on model performance
The influence of convolution layer 1 on the accuracy of model verification

In this study, the convolution kernel size of the first convolution layer of the AlexNet model was changed
to learn the key features and obtain better model performance. The influence of the convolution kernel size on
the recognition accuracy of the convolutional neural network is shown in Fig. 4.

When the convolution kernel size is 11x11, the average test accuracy is the highest. The results showed
that there are significant differences in the shape characteristics among the data sets. So, the model network
only needed to learn the shape features of the damage to ensure the fitting ability of the data. Therefore, the
convolution kernel of convolutional layer 1 in this paper is selected 11x11.
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Fig. 4 — Average test accuracy under different convolution kernel sizes

Influence of learning rate on model performance

As an important super parameter in supervised learning and deep learning, learning rate determines
whether the objective function converges to the local minimum and when it converges to the minimum. An
appropriate learning rate can make the objective function converge to the local minimum in an appropriate
time. Fig. 5 shows the curves of training accuracy and loss value. It can be seen that when the learning rate is
0.1, the training accuracy oscillates back and forth around the minimum value, and the loss value fluctuates
within a wide range. After convergence, the loss value is relatively large, resulting in the over-fitting phenomenon.

12
?' —&— Training loss —e— Testing loss

accuracy/%
Loss
o

—o— Training accuracy —e— Testing accuracy 2t

. . . . . . L L . . . . "
0 120 240 360 480 600 720 o 120 240 360 480 600 720
Iterations Iterations

Fig. 5 — The curve of training, testing accuracy, and loss value with excessive learning rate

Fig. 6 is the graph of test accuracy and loss under different learning rates. When the learning rate is
0.00001 and 0.000001, the parameter to be optimized converges very slowly. After 700 iterations, the loss
value converges slowly at close to 1. When the learning rate is 0.001, the model test accuracy is better, and
the loss value converges near to 0. Therefore, this study chose a learning rate of 0.001 for training.
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a) Test accuracy curve under different learning rates b) Test loss curve at different learning rates

Fig. 6 — Test accuracy and loss curves under different learning conditions

Influence of regularization on model accuracy

Regularization is an important means to control model complexity, combat over-fitting, and pursue a
better prediction effect. In this study, L2 regularization is adopted to reduce the over-fitting phenomenon by
adding a weight loss function. The regularization formula of L2 is shown as equation (6).

.Q(w):%wTw (6)

where, o is the weight vector.
Influence of stratification of the convolutional layer on the model

The convolutional layer is divided into two layers, which can increase the depth of the network and
detect the characteristics of the object to be detected more deeply, then improve the accuracy of the test. After
repeated calculations, the average test accuracy of the convolutional layer stratified model is 98.10%, which
is 0.48 percentage points higher than the original AlexNet model of 97.62%.
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Influence of multi-scale convolution on the model

After adding multi-scale convolution based on the AlexNet model, the average accuracy on the test set
is improved by 0.57%, which indicates that the features extracted by the model after introducing multi-scale
convolution can more accurately express the features of different damage types.
Comparison of different models

To further verify the recognition effect of the model, the recognition effect of common deep convolutive
neural network models such as VggNet-16, GoogLeNet, ResNet-50, and ResNet-101 on damage types of
castor seeds is compared in the same experimental conditions.
VggNet-16 model

In the VGG (Visual Geometry Group) network, by using a smaller convolution filter, increasing the depth
of the model structure to 16 layers and reducing the number of parameters, which is also known as VggNet-
16. The structure model is shown in Fig. 7. The VggNet-16 model is composed of a continuous convolution
layer with a convolution kernel of 3x3 and a maximum pooling layer with a convolution kernel of 2x2. Then two
full connection layers are added, and the last layer serves as Softmax output. In this study, VggNet-16 was
used to classify the damage of castor seeds and compared them with the improved AlexNet model.

224x224x3 224x224x64

112:4112x128

4

Fig. 7 — VggNet-16 network model diagram

GooglLeNet model

GooglLeNet is a deep convolution network model, which has achieved a good classification effect and
improved computational efficiency in many applications. GoogLeNet is also known as the Inception Model. Its
architecture consists of twenty-two layers, including 2 convolutional layers, 4 maximum pooling layers, 9 linear
stacked Inception modules, and average pooling. Average pooling is applied at the end of the last inception
module. Its structural model is shown in Fig. 8. In each initial module, multi-scale convolution such as 1x1,
3x3, and 5x5 are applied for dimension reduction. In this study, GoogLeNet was used to complete the task of
castor seed damage classification and was compared with the improved AlexNet model.
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224x2243
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Fig. 8 — GooglLeNet The castor seed has two characteristic arcs, and the mechanical damage characteristics
appear randomly on one of the network model diagram

ResNet-50 and ResNet-101 models

ResNet (Deep Residual network) has a good performance, its backpropagation will not encounter the
problem of gradient disappearance. In this study, ResNet-50 and ResNet-101 were applied to complete the
task of castor seed damage classification and were compared with the improved AlexNet model.

The output results of each model are shown in Table 2. It can be seen that the average test accuracy of
the improved AlexNet model is 1.05% higher than that of the AlexNet model. The average test accuracy of the
deep learning model based on VggNet-16 and GooglLeNet was slightly higher than the modified AlexNet model
in this study. But the training efficiency was much lower than that of the model. VggNet-16 efficiency is 86.26%
lower than modified AlexNet, and GoogLeNet efficiency is 56.72% lower than modified AlexNet.
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The average test accuracy and training efficiency of ResNet-50 and ResNet-101 pre-training models
are lower than modified AlexNet. Therefore, the model used in this study is more suitable for the classification
of castor seeds damage types.

Table 2
Test accuracy under different depth models
DCNNS types Test accuracy/% Time/h

Modified AlexNet 98.67 1.16
AlexNet 97.62 0.63
VggNet-16 99.10 8.44
GoogLeNet 99.05 2.68
ResNet-50 96.83 4.80
ResNet-101 97.46 8.65

Design and verification of damage identification device for castor seeds
General composition of a damage identification device for castor seeds

The castor seed has two characteristic arcs, and the mechanical damage characteristics appear
randomly on one of them. When castor seeds are placed naturally, only one of the character arcs can be
picked up by the visual system. Therefore, it is necessary to carry out double-sided identification of castor oil
seeds to ensure no damage to castor oil seeds missed detection. According to this requirement, when
designing the damage identification device for castor seeds, the turning mechanism of castor seeds must be
designed so that the two characteristic surfaces of castor seeds can be collected and recognized. At the same
time, the system should include a castor seed conveying and identification mechanism for double characteristic
surface detection of castor seeds. The three-dimensional structure diagram of the castor damage identification
device is shown in Fig. 9.

| s
|oo

w

Fig. 9 — Stereo structure diagram of castor damage identification system
1.Castor seed planter; 2. Rack; 3. Electromotor; 4. Camera board II; 5. Flipping roller; 6. Conveyor belt II;
7. Conveyor belt I; 8. Camera board I

Experimental verification

In this study, the number of damage identified and classified was applied as the index to verify the
rationality of the damage identification device for castor seeds. By comparing the accuracy of device
identification with the actual damage accuracy, the superiority of the network model based on improved
AlexNet is verified. The damage identification test device of castor seeds was developed. It can change the
speed through the frequency modulator to obtain the appropriate speed.

It can verify the feasibility of the combination of the castor seed identification test device and the
improved AlexNet model of castor seed damage classification method, it can also measure the stability of the
identification performance of the castor seed identification device and verify the robustness of the interface
algorithm.

The test equipment in this study is a self-developed damage identification test device for castor seeds.
Fig.10 shows the experimental device for damage identification of castor seeds.
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Fig. 10 — Experimental apparatus for damage identification of castor seeds
1. Camera II; 2. Computer; 3. Flipping roller; 4. Conveyor belt II; 5. Camera I;
6. Conveyor belt I; 7. Rack; 8. Electromotor

During the test process, castor seeds were placed on the conveyor belt of the castor seed damage
device one by one in order through an artificially simulated seed planter. The photos of different types of castor
seeds were taken by the camera and saved to the folder of the designated route. The type of castor seeds
was verified through the interface of damage classification of castor seeds.

Since the first visual identification system can only verify one characteristic cambered surface of castor
seed, three conditions should be taken into account on the process of validating the whole castor seed. When
the castor seed is identified as a whole in the first visual system and cracked in the second visual system, the
castor seed belongs to cracked castor seed. When the castor seed is identified as a whole in the first visual
system and seed shell missing castor seed in the second visual system, it is identified as a seed shell missing
castor seed. When the castor seed is identified as the whole in the first visual system and as whole in the
second visual recognition system, it is identified as a whole castor seed. The verification results are shown in
Fig.11.

a. Whole-Crack verification diagram b. Whole-Seed shell missing verification diagram

Fig. 11 — Verification of non-damaged (whole) castor seeds

Table 3
Repeat tests for each damage type device
Predicted damage category Classification performance
Damage Seed shell Accurac Actual Theoretical Damage rate
category Crack . Whole o y damage rate / | damage rate difference /
missing 1 % o 1 % %
0 (4 (4
Crack 71 6 23 71.0 23.7 33.3 9.6
Seed shel 9 63 28 63.0 21.0 33.3 12.3
missing
Whole 21 12 67 67.0 0.0 0.0 0.0

In this study, 100 castor seeds with cracks, 100 castor seeds with seed shells missing, and 100 castor
seeds without damage (whole) were selected for verification. The verification results are shown in Table 3.
It can be drawn that the device can better identify and classify the three castor seeds. The accuracy of

identification of cracked castor seeds was 71%, that of castor seeds with missing seed shell was 63%, and
that of castor seeds with the whole shell was 67%. The damage rate of castor seeds was identified by damage.
The actual crack damage rate was 23.7% in the process of identification, and the difference in damage rate
was 9.6%. The damage rate of seed shell loss was 21.0%, and the difference in damage rate was 12.3%. It
can be verified that the identification device and verification algorithm of castor seeds can meet the practical
application.
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CONCLUSIONS

To eliminate damage of castor seeds, an improved AlexNet model was proposed to classify castor seed
damage types. The model was optimized by batch size, learning rate and regularization coefficient. The model
was compared with other models and the damage identification device of castor seeds was used to test. The
conclusions are as follows:

(1) Compared with other models, the improved AlexNet model has an average test accuracy of 1.05%
higher than that of the original model under the same experimental conditions.

(2) The results of experiment show that the identification and classification accuracy of cracked castor
oil seeds is 71%, and the identification and classification accuracy of castor seeds with missing shells is 63%.
The classification accuracy of complete castor oil seeds is 67%.

(3) The damage rate of castor seeds was identified. The actual crack damage rate is 23.7% in the
process of identification, and the difference in damage rate is 9.6%. The loss damage rate of seed shell is
21.0%, and the difference of damage rate is 12.3%, which verified that the identification device and verification
algorithm of castor seeds could meet the practical application.
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ABSTRACT

To address the challenges of complex farmland environment, an intelligent obstacle avoidance control
algorithm for agricultural unmanned aerial vehicles (UAVSs) is developed. The objective is to solve the problem
of efficient obstacle avoidance in farmland scenarios characterized by dense dynamic obstacles and variable
terrain. In this article, a target detection algorithm based on improved YOLOvS (You Only Look Once v5) is
proposed, and an intelligent obstacle avoidance system is constructed by combining reinforcement learning
path planning and adaptive motion control strateqgy. Ghost module is introduced to improve the lightweight of
YOLOvS, and the design of CIOU (Complete Intersection Over Union) loss function is optimized, which
improves the detection accuracy of the model for small targets and dynamic obstacles. Experiments show that
the error of path planning is reduced to less than 2.1 meters, and the time consumption is reduced by about
35%. In addition, fuzzy logic controller is used to realize adaptive PID control, which further enhances the flight
stability of UAV in complex environment. The results show that the improved algorithm has excellent
performance in many typical farmland scenes. This study provides theoretical and technical support for
autonomous flight of agricultural UAV in complex farmland environment.
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INTRODUCTION

Precision agriculture technology has gradually become a key means to improve agricultural production
efficiency and reduce resource waste. Under this background, agricultural UAV is widely used in many fields,
such as farmland monitoring, crop spraying, sowing and fertilization, with its high efficiency, flexibility and
intelligence (Lu et al., 2023). In the complex farmland environment, autonomous flight of agricultural UAV faces
many challenges, among which obstacle detection and obstacle avoidance are particularly prominent (Liu et
al., 2021). The farmland environment is complex, which is reflected in the diverse terrain, uneven distribution
of vegetation and changeable weather conditions. For example, terrain such as slopes and ravines can affect
the stability of UAV flight. Trees, shrubs, and other vegetation not only have a variety of species, but also vary
in height and density. Changes in external factors such as wind speed and lighting increase the difficulty of
perception and decision-making (Zhao et al., 2020; Seiche et al., 2024; Dorbu et al., 2024). When working in
the field, UAV will also face the coexistence of static obstacles (such as telephone poles and irrigation
equipment) and dynamic obstacles (such as birds and other working machinery) (Du et al., 2023). This puts
forward higher requirements for the adaptability and intelligence of obstacle avoidance algorithm.
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YOLOVS, as an efficient target detection framework, has attracted much attention because of its fast
reasoning ability and high detection accuracy (Brown et al., 2020). However, when it is applied to complex
farmland environment, it exposes some problems. First, there are many kinds of obstacles in farmland, and
the size difference is large, so the traditional YOLOv5 model has weak small target detection ability [8]. Second,
the change of farmland illumination and weather interference will reduce the image quality and affect the model
detection performance (Yang et al., 2020). Third, the original architecture of YOLOv5 may not be real-time
when it runs on an embedded platform with limited computing resources (Yang et al., 2021). In view of the
above challenges, this study proposes an improved YOLOv5 model, combined with intelligent obstacle
avoidance control algorithm, to achieve efficient obstacle avoidance of agricultural UAV in complex farmland
environment. The research is carried out from the following aspects: first, the Ghost module is introduced to
improve the structure of YOLOvV5 network, and the running speed of the model is improved on the premise of
ensuring the detection accuracy. Secondly, the YOLOVS loss function is optimized, and the CloU loss function
is used to replace the traditional loU loss function. CloU not only considers the overlapping area of the
bounding box, but also introduces the constraints of aspect ratio and distance from the center point, which
makes the model more accurate in detecting obstacles of different shapes in farmland. Thirdly, combined with
binocular vision technology, depth information is used to enhance the three-dimensional perception ability of
obstacles and provide more reliable data for path planning.

In the design of intelligent obstacle avoidance control algorithm, this study takes into account the
dynamic characteristics of farmland environment and UAV motion constraints. Based on the detection results
of the improved YOLOvV5 model, the reinforcement learning algorithm is used for path planning, which enables
UAV to dynamically adjust its flight path to avoid obstacles in complex farmland scenes. Adaptive control
strategy is introduced to improve the robustness of UAV to uncertain environment. In case of strong wind
interference or sensor data loss, the system can automatically adjust parameters to ensure flight safety. In
addition, the possibility of multi-UAV cooperative obstacle avoidance is explored, and the real-time information
sharing and cooperation of multi-UAVs are realized through distributed communication mechanism to improve
the overall operation efficiency.

In order to verify the effectiveness of the method, this study built an experimental platform and tested
it in a variety of typical farmland scenarios. The results show that the improved YOLOv5 model is superior to
the original version in obstacle detection accuracy and speed, especially in small target detection and complex
lighting conditions. Combined with intelligent obstacle avoidance control algorithm, UAV has good obstacle
avoidance ability in dynamic obstacle dense environment, and the rationality and real-time performance of
path planning have been greatly improved.

Theoretical basis
Target detection and deep learning

Target detection is an important way for agricultural UAV to perceive the environment. Its main task is
to identify and determine the position of obstacles from the input images or videos (Yang et al., 2021).
Traditional target detection methods mostly rely on manual feature extraction (like HOG, SIFT, etc.) and
classifiers (such as SVM). In the face of complex farmland environment, such methods usually expose the
problem of poor generalization ability. The target detection algorithm based on deep learning has gradually
become the mainstream by virtue of its strong feature learning ability and the advantages of end-to-end training
(Dai et al., 2020). Among them, YOLO (You Only Look Once) series algorithms emerge with high efficiency
and real-time, especially YOLOVS has great application potential in embedded devices.

However, YOLOVS has some limitations in practical application, such as unsatisfactory detection effect
on small targets and sensitivity to illumination changes, which are more prominent in farmland environment
(Varma et al., 2024). Take the telephone pole in the farmland as an example, it may only occupy a few pixels
in the long-distance image. It is difficult for traditional YOLOv5 model to accurately capture the characteristics
of such small targets. Moreover, the illumination conditions of farmland environment are changeable,
especially on cloudy days or in the evening, the image quality will be obviously reduced, leading to the
reduction of detection accuracy (Gao et al., 2024). Therefore, this study is based on YOLOv5 to improve the
applicability of the model in complex scenes by introducing Ghost module and optimizing the design of loss
function.
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Path planning and reinforcement learning

The purpose of path planning is to generate an optimal path from the starting point to the end point on
the premise of ensuring flight safety. Traditional path planning methods mainly include graph-based algorithm
(such as A * algorithm and Dijkstra algorithm) and sampling-based algorithm (such as RRT) (Saeed et al.,
2023). These methods perform well in static environment, but they face many problems in dynamic farmland
environment. For example, obstacles in farmland may change at any time, and traditional offline planning
methods are difficult to adapt to this dynamic change.

Therefore, this study adopts the path planning method based on reinforcement learning to deal with
the uncertainty of complex farmland environment. Reinforcement learning is an unsupervised learning method,
the core of which is to learn strategies through trial and error, so that agents can optimize decision-making
behavior in the process of continuous interaction with the environment (Zhu et al., 2024). In the application
scenario of agricultural UAV, reinforcement learning can be used to solve the problem of dynamic obstacle
avoidance.

Motion control and adaptive control

Motion control is the last step for agricultural UAV to perform obstacle avoidance task, and the goal is
to transform the path planning results into specific flight instructions. Because the external interference in the
farmland environment (such as wind speed, terrain fluctuation, etc.) may make the UAV deviate from the
predetermined trajectory, it is necessary to design a robust motion control algorithm (Liu et al., 2020). In this
study, the method based on adaptive control is adopted to deal with the influence of external disturbance by
adjusting the controller parameters online.

The basic principle of adaptive control is to dynamically adjust the control law according to the real-
time state of the system to ensure the stability and performance of the system. In the application of agricultural
UAV, fuzzy logic controller is introduced to adjust PID parameters adaptively. In addition, in order to further
improve the control accuracy, the visual inertial navigation technology is combined to fuse the data of visual
sensor and inertial measurement unit (IMU) to achieve higher precision attitude estimation and trajectory
tracking.

Multisensor data fusion

In the complex farmland environment, it is often difficult for a single sensor to provide comprehensive
environmental information (Jiao et al., 2020). For this reason, multi-sensor data fusion technology has become
the key to improve the sensing accuracy. Common sensors include lidar, binocular camera, infrared sensor
and ultrasonic sensor, and each sensor has its own advantages and limitations (Li et al., 2023). For example,
lidar can provide high-precision distance information, but it is easily disturbed under strong light conditions;
Binocular camera can generate three-dimensional depth map through stereo vision, but it requires high
computing resources (Muthanna et al., 2022).

In this study, the multi-sensor data fusion method based on Kalman filter is used to integrate the data
of different types of sensors, so as to obtain more reliable and comprehensive environmental perception
results. Kalman filter is a recursive estimation algorithm, the core of which is to gradually approach the real
state of the system through two steps: prediction and update. In the application of agricultural UAV, Kalman
filter is used to fuse the depth information of lidar and binocular camera to construct a unified environmental
model.

Design of intelligent obstacle avoidance algorithm for agricultural UAV
Improved YOLOVS5 target detection algorithm

Target detection is the first step for agricultural UAV to perceive farmland environment. Its core task is
to identify and determine the position of obstacles from the input image (Zhou et al., 2020). The traditional
deep learning network, like YOLOvV5, has excellent performance in the task of target detection, but in the
complex farmland environment, there are still some situations, such as large consumption of computing
resources and insufficient accuracy of small target detection (Rienecker et al., 2023; Wenyu et al., 2024). In
this study, Ghost module is introduced to improve the lightweight of YOLOv5 and optimize the design of loss
function.

When traditional deep learning networks extract feature maps, there will be a lot of redundant and
similar feature maps. However, these characteristic graphs are indispensable to the accuracy of the model,
and they are all obtained by convolution operation and input to the next convolution layer for operation.
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This process contains a lot of network parameters and consumes a lot of computing resources.
Therefore, an attempt can be made to obtain these redundant feature maps at a lower computational cost.
See Figure 1 for the main steps of Ghost module.

— Standard Linear
SR - oo -

Fig. 1 - Ghost module

The working process of Ghost module is to generate a set of basic feature maps by using standard
convolution layer, and then perform linear transformation (such as point-by-point convolution or depth-
separable convolution) on these basic feature maps, and then generate a set of "phantom” feature maps (Just
et al., 2020).

Suppose the input feature map is X € R?*W*C where H and W represent the height and width of the
feature map respectively, and C represents the number of channels. After the standard convolution layer
processing, the basic feature map is as follows:

Fpase = Conv(X) (1)

Among them, Conv(+) stands for convolution operation.

Then, Fy,s is linearly transformed to generate a phantom feature map Fgp,og, and its expression is:

Fgnost = @ (Fpase) (2)
®(-) here stands for linear transformation operation, which generally adopts point-by-point convolution
or depth-separable convolution.
The final output characteristic diagram is:
Four = Concat(Fyase, Fghost) (3)

Concat(-) refers to the splicing operation of feature graphs. In this way, Ghost module can expand the
ability of feature expression without greatly increasing the number of parameters, so as to improve the
detection efficiency of the model.

Based on Ghost module and Ghost-BottleNeck module, the CBL module and CSPy module in
YOLOvV5s network structure are improved, and GBL(Ghost-Based Layer) and GCSPyx (Ghost-based Cross-
stage Partial Network) are obtained respectively. The improved YOLOv5s-Ghost network structure is shown

in Figure 2.
=@ EE =]

Fig. 2 -YOLOv5s-Ghost network structure

Compared with the original YOLOvV5, YOLOv5s-Ghost model only uses a CSPy structure. This reduces
the complexity of the model to some extent and optimizes the feature fusion ability of the network. In addition,
the information of gradient change is completely transmitted to the feature map, thus ensuring the accuracy of
detection. For example, in the farmland environment, the size of obstacles such as trees and telephone poles
is quite different, and the improved model can capture the spatial position of these targets more accurately
(Grau et al., 2020).

In order to further improve the bounding box regression performance of the model, CloU (Complete
Intersection Over Union) loss function is used to replace the traditional IOU loss function. CloU considers the
overlapping area between the prediction frame and the real frame, and also introduces the constraints of

aspect ratio and the distance from the center point. It is defined as follows:

2 t
CloU = 1 — IoU + 2P0 4 oy (4)
CZ
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Where p(b, b8") represents the distance between the center point of the prediction frame b and the real
frame b&t, ¢ represents the diagonal length of the smallest rectangle surrounding the two frames, and o and v
respectively represent the weight and error term of the aspect ratio.
By introducing CloU loss function, the model can better describe the three-dimensional spatial relationship of
obstacles, thus improving the detection accuracy.

Path planning based on ORB feature point extraction

After obstacle detection, the next step is to plan the path based on the detection results. In this study,
ORB (Orientated Fast and Rotating Brief) algorithm is used to extract the key feature points in the image,
which is used to construct the environment map and guide the path planning. ORB algorithm is an efficient
feature point extraction method, and its core steps include FAST corner detection and BRIEF descriptor
generation.

Figure 3 shows the feature point extraction results of ORB algorithm in farmland environment. ORB
algorithm can effectively capture the key feature points of obstacles, such as the outline of trees and the edge
of telephone poles.

Fig. 3 - ORB feature point extraction results

Let the set of extracted feature points be P = {p,, p,, ..., pn}, Where each feature point p; contains its
coordinate (x;,y;) and descriptor d;. In order to generate the environment map, the depth information z; of each
feature point is calculated by binocular vision technology, so as to construct a three-dimensional point cloud:

Q = {(x ¥ z)}ite ()

Based on 3D point cloud Q, reinforcement learning algorithm is used for path planning, and the

environment is modeled as a Markov decision process (MDP). In this framework, the state space AA

represents the current position of UAV and the distribution of surrounding obstacles, and the action space
represents the moving direction and speed of UAV. The reward function R(s, a) is defined as:

R(s,a) = w, - Safety(s, a) + w, - Efficiency(s,a) — ws - Energy(s, a) (6)
where Safety(s, a) represents the safety of the path, Efficiency(s,a) represents the efficiency of the path,
Energy(s, a) represents the energy consumption, and w,, w,, w; is the weight coefficient.

Using reinforcement learning algorithm, UAV can quickly adjust its flight trajectory in dynamic
environment and avoid collision with obstacles.

Adaptive motion control

The results of path planning need to be transformed into specific flight instructions by motion control
algorithm. Because the external interference in the farmland environment (such as wind speed, terrain
fluctuation, etc.) may cause UAV to deviate from the predetermined trajectory, it is necessary to design a
robust adaptive control algorithm (Shrestha et al., 2021).

An adaptive PID control method based on fuzzy logic controller is adopted in the research. Let the
state variable of UAV be:

X(t) = [Xp, Yp Zp, Gl 7

where x, y,, z, represent the position of UAV and 6 represents the yaw angle. The control objective is to

minimize the position error:

e(t) =xq(t) —x(t) 8)
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where x4(t) is the target position. The output of PID controller is:
u(t) = Kpe(t) +K; fote (D)dt +Kq4 dz(tt) C))
where K, K;, K4 are proportional, integral and differential coefficients respectively.

In order to cope with external interference, the fuzzy logic controller is used to adjust K, K;, K4
adaptively. The input of fuzzy logic controller is the current flight state (such as yaw angle, pitch angle, etc.)
and external interference intensity, and the output is the adjustment of PID parameters.

In order to further improve the reliability of environmental perception, multi-sensor data fusion
technology is adopted in this study. Kalman filter is used to fuse the depth information of lidar and binocular
camera, and a unified environmental model is constructed by combining the attitude data of IMU. The state
update formula of Kalman filter is:

Ry = Rigr—1 + Ki(zx — HRyqppe-1) (10)
where &y is the estimated state, z, is the observed value, and Ky is the Kalman gain matrix.
By fusing multi-sensor data, the system can obtain more comprehensive environmental information
and provide reliable data support for path planning and motion control.

RESULTS AND DISCUSSIONS
Experimental setup

The hardware platform of this experiment is an agricultural UAV (DJI Matrice 300 RTK). It is equipped
with binocular camera, lidar and IMU sensor. These devices are used to collect images and point cloud data
in the actual farmland environment. It covers static obstacles (such as trees and telephone poles) and dynamic
obstacles (such as birds and moving machinery). In terms of software, the improved YOLOv5s-Ghost model
is used to perform the target detection task, and the path planning work is carried out in combination with
reinforcement learning algorithm. All algorithms run on the embedded platform of NVIDIA Jetson Xavier NX to
simulate the limitation of computing resources under real working conditions. The experimental data are taken
from the images and point cloud data collected from the actual farmland environment. All the comparative
experiments were carried out on the same hardware platform and the same farmland environment.
Result analysis

Figure 4 shows the time-consuming situation of different algorithms in path planning. When the
information of farmland environment is simple and the number of obstacles is small, with the increase of the
number of path planning nodes, the time required for the algorithm increases significantly. This is because in
the low-complexity scenario, the increase in the number of nodes will cause a waste of computing resources,
and the efficiency of path planning algorithm to deal with redundant information will also decrease. However,
when the complexity of farmland environment gradually rises (such as more kinds of obstacles or dynamic
obstacles), the advantages of multi-node begin to be reflected. This shows that the improved algorithm has
stronger adaptability and higher efficiency when dealing with complex farmland environment.
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Fig. 4 - Path planning is time consuming
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Further analysis shows that the average path planning time of the improved algorithm is about 35%
less than that of the traditional Dijkstra algorithm. Compared with the original YOLOv5 model, it is reduced by
about 20%. This is mainly due to the improvement of target detection accuracy of the improved YOLOv5 model
and the advantages of reinforcement learning algorithm in identifying dynamic obstacles.

Figure 5 compares the errors of different algorithms in path planning. The results show that the
traditional Dijkstra algorithm and the unoptimized YOLOv5 model have poor performance in error control.
Especially in complex farmland scenes, or when the number of nodes is large, the paths generated by them
often deviate from the optimal solution, which leads to failure of obstacle avoidance or low path efficiency. In
contrast, the path planning algorithm based on the improved YOLOV5 greatly reduces the path planning error
by optimizing the target detection accuracy and improving the dynamic obstacle recognition ability.
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Figure 6 shows the comparison results of different algorithms in path planning accuracy. The path
planning algorithm based on improved YOLOvV5 has the highest accuracy, and its path planning accuracy can
reach more than 96%. This result verifies the effectiveness and potential of the improved YOLOV5 in the
application of agricultural UAV in complex farmland environment. By introducing Ghost module and CloU loss
function, the improved algorithm obviously improves the detection ability of small target obstacles (such as
telephone poles) and dynamic obstacles (such as birds). In addition, the accuracy of the improved algorithm
fluctuates little in complex scenes, showing strong robustness.
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Fig. 6 - Path planning accuracy
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It is not difficult to find from Table 1 that with the increase of scene complexity, the time-consuming
growth rate of the improved YOLOvV5 path planning is the smallest, which shows that it has higher efficiency
in high-complexity scenes.

Table 1
Comparison of Path Planning Time Consumption for Different Algorithms
Scene Dijkstra . . Unimproved Improved
Complexity Algorithm A” Algorithm YOLOvV5 YOLOv5
Low Complexity 0.85 0.72 0.68 0.58
Medium 1.23 1.05 0.92 0.75
Complexity
High Complexity 2.15 1.87 1.54 1.12

Table 2 shows that the path planning error of the improved YOLOVS5 in various scenarios is significantly
lower than other algorithms. In the dynamic obstacle area, the error is only 2.5 meters, which is about 60%
lower than the traditional algorithm.

Table 2
Comparison of Path Planning Errors for Different Algorithms

Dijkstra « . Unimproved Improved

Scene Type Algorithm A” Algorithm YOLOV5 YOLOV5
Dense Tree Areas 6.8 54 4.3 21
Dynamic Obstacle 79 6.1 48 25

Areas

Comprehensive 6.5 57 45 23

Scenes

Table 3 shows that the path planning accuracy of the improved YOLOVS5 in all kinds of scenarios is
over 95%, which is much higher than other algorithms. This result further proves the superiority of the improved
algorithm in complex farmland environment.

Table 3
Comparison of Path Planning Accuracy for Different Algorithms
Scene Type Dijkstra Algorithm A* Algorithm  Unimproved YOLOvV5 Improved YOLOvV5
Dense Tree Areas 82 85 89 96
Dynamic Obstacle Areas 78 81 87 95
Comprehensive Scenes 80 83 88 96
Discussion

Based on these results, the improved YOLOv5 model usually has excellent performance in the
accuracy of target detection and the efficiency and accuracy of path planning. Especially in the complex
farmland environment, the improved algorithm greatly improves the detection ability of small target obstacles
and dynamic obstacles by introducing Ghost module and CloU loss function. In this way, it provides more
reliable data support for path planning.

Moreover, the path planning algorithm based on reinforcement learning is particularly outstanding in
dynamic scenes. It can quickly adjust the flight path to avoid collision. However, the experiment also revealed
some problems. For example, in extreme weather conditions, such as strong wind or heavy rain, the quality of
sensor data may decrease.

Future research will further optimize the anti-jamming ability of the algorithm, and also explore the
potential application of more emerging technologies in agricultural UAV.
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CONCLUSIONS

With the continuous progress of precision agriculture technology, agricultural UAV is more and more
widely used in complex farmland environment. According to the characteristics of complex farmland
environment, this article proposes a solution that combines the target detection algorithm based on improved
YOLOvV5 with the intelligent obstacle avoidance control strategy. It is found that the scheme has made
significant breakthroughs in target detection accuracy, path planning efficiency and overall system robustness.

In the field of target detection, Ghost module is introduced to improve the lightweight of YOLOv5, and
then the regression performance of bounding box is optimized by combining CloU loss function. This greatly
improves the detection ability of the model for small targets and dynamic obstacles. Experiments show that
the detection accuracy of the improved YOLOvV5 model can reach more than 96% in complex farmland
environment, which is about 7% higher than that of the original model. Moreover, the path planning error of
the improved algorithm when dealing with dynamic obstacles is only 2.1 meters, which is about 70% lower
than the traditional Dijkstra algorithm.

In path planning and motion control, 3D point cloud data generated based on ORB feature point
extraction and binocular vision technology provide high-precision input for path planning. Combined with
reinforcement learning algorithm, real-time obstacle avoidance decision-making in dynamic environment is
realized, and the time-consuming of path planning is reduced by about 35%. At the same time, the adaptive
PID control strategy realized by fuzzy logic controller greatly improves the flight stability of UAV when it is
disturbed by external interference. The experimental verification shows that the system is particularly
outstanding in the comprehensive scene including obstacles such as trees and bushes.

However, there are still some limitations in this study. For example, in extreme weather conditions
(such as strong wind or heavy rain), the quality of sensor data may decrease. Future research will further
optimize the anti-interference ability of the algorithm, and explore the potential application of emerging
technologies such as edge computing and federated learning in agricultural UAV.
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ABSTRACT

To address the poor seeding effect of inside-filling pneumatic high-speed precision seed-metering device for
cotton, Computational Fluid Dynamics (CFD) and Discrete Element Method—Computational Fluid Dynamics
(DEM-CFD) approaches were employed for simulation and optimization. The CFD technique was applied to
analyze the influence of key structural parameters of the negative-pressure air chamber on the adsorption
performance of the suction holes, while the DEM-CFD approach was used to investigate the motion of cotton
seeds inside the seed-metering device during the seed-throwing stage. Based on these analyses, the optimal
combination of structural and performance parameters of the seed-metering device was obtained. The
simulation-optimized parameters were then validated through bench tests, which showed that at a suction hole
diameter of 3.1 mm, a forward speed of 2.33 m/s (8.4 km/h), and a negative pressure of 3,178 Pa, the
evaluation indexes were optimal: 96.25% qualification index, 1.83% multiple sowing index, and 1.92% missed
sowing index. Further high-speed adaptability test showed that when the forward speed was 1.67~3.33 m/s
(6~12 km/h), the qualification index remained greater than 91%, and both the multiple and missed sowing
index were less than 5%, meeting the agronomic requirements of high-speed precision seeding for coftton.

o E3

XA T S IR B F TG B T AR ERY &, R/ CFD 7l DEM-CFD (rE 58777 %X Rt 17T
BYSILIE. FI/F CFD (7B 8T T 1 /E TEX B HTRAL R IEFEAIZ T, RAE DEM-CFD <[E#E&
TIZIRTE T RV PHF A WESIR LT FESI T, FHRRE T H SR BEH S HESHREAS. TR
RIS HEGRAFIL eI Z, SRAEZY 3.1mm, FI#&ERY 2.33m/s (8.4km/h), 71/&% 3178 Pa
if, RiABISHRILA X E15158 96.25%, EE15#( 1.83%, JHiE/TE 1.92%, H#—#EE@FEN AT+
B, HET#HER K 1.67~3.33 m/s (6~12 km/h) A, BEHEIEHIGAT 91%, EESRHEEEG)T 5%, HE
TREEEIEERZER,

INTRODUCTION

Cotton is an important economic crop in China, with a long history of cultivation (Bie et al., 2018). With
the acceleration of agricultural modernization, cotton growers are increasingly demanding high-speed and
efficient agricultural machinery (Dong et al., 2025). Sowing represents the first step of planting, the seed-
metering device being a seeder key component, its seeding quality directly affecting the operational
performance of the machine (Li et al., 2025; Cortez et al., 2020). Cotton seed-metering devices are mainly
classified into mechanical and pneumatic types. Mechanical seed-metering devices have simple structures but
require high seed shape uniformity, having a tendency to damage seeds and suffer from low seeding accuracy
under high-speed operation (Yang et al., 2024, Li et al., 2025, Li et al., 2024). In contrast, pneumatic seed-
metering devices, although structurally more complex, exhibit better adaptability to seed shape variations,
higher seeding precision, and less seed damage, making them more suitable for high-speed seeding
operations (Zang et al., 2024; Li et al., 2021; Gao et al., 2023; Li et al., 2020; Yatskul & Lemiere, 2018; Pareek
et al., 2023). At present, existing cotton precision seed-metering devices still suffer from poor seed-filling
performance under high-speed conditions, with a typical missed sowing index greater than 10%, a qualification
index lower than 75%, and the forward speed generally limited to less than 1.11 m/s (4 km/h) (Zhang et al.,
2021; Zhang et al., 2022; Xu, 2018).
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Since the seed inside-filling type can make use of gravity, centrifugal force, and inter-seed interaction
forces to improve the seed-filling performance, our research group previously designed an inside-filling
pneumatic cotton high-speed precision seed-metering device. However, experimental results revealed that
although the seed-filling performance was improved, the device still exhibited problems such as unstable seed
adsorption and poor seed throwing quality under high-speed operation, leading to poor seeding performance.
Therefore, the structural parameters of the seed-metering device still require further investigation and
optimization.

In recent years, the Computational Fluid Dynamics (CFD) and Discrete Element Method—
Computational Fluid Dynamics (DEM-CFD) techniques have been widely applied in the development of seed-
metering devices (Wang et al., 2025; Sun et al., 2025; Wan et al., 2022; Zhou et al., 2024, Guzman et al.,
2020; Bustos-Gaytan et al., 2025). Guzman validated the feasibility of using DEM-CFD technique to simulate
pneumatic seeder planting green field peas through the combination of simulation and experimentation, and
investigated the effects of scaled-down seed tank and fluted roller, single run of a horizontal distributor tube,
horizontal-vertical tube transition, and vertical seed manifold on the seed movement (Guzman, 2024). Zha et
al. designed a branched air-chamber type pneumatic seed-metering device to meet the varying seed rate
requirements for different rice varieties, employing CFD technique to optimize the key structural parameters of
the branched air chamber casing (Zha et al., 2024). Cao et al. aimed to improve the operational performance
of the mixing component in a horizontal air-assisted centralized wheat metering device. Using CFD and DEM-
CFD methods, they investigated the influence of key structural parameters of the mixing component on internal
airflow distribution and wheat conveying performance, and determined the optimal parameter combination
(Gao et al., 2024). Hussain et al. aimed to optimize the working performance of an air-suction maize seed
metering device. CFD was used to investigate the effects of vacuum pressure, suction hole diameter, and seed
disk speed on device performance, and the optimal parameter combination was obtained. This was
subsequently validated through DEM-CFD coupling simulations and bench tests. At a vacuum pressure of 3.5
kPa, an operating speed of 1.94 m/s (7 km/h), and a suction hole diameter of 4 mm, the qualified index reached
95.98%, while the missed index was 1.5% (Hussain et al., 2025). Zhao et al. combined the DEM-CFD gas-
solid coupling method and high-speed camera to investigate the effects of key structural and performance
parameters of a novel high-speed precision maize seed-metering device on the seeding performance,
determining the optimal combination of operating parameters, and verifying the reliability of the seed-metering
device under high-speed operation through bench and field tests (Zhao et al., 2024). In summary, simulation
techniques are currently widely applied in the development of seed-metering devices for grain crops such as
peas, rice, wheat, and maize, while their application in the research and development of high-speed cotton
seed-metering devices is not very developed. Moreover, existing studies have not clarified how the air chamber
geometry affect the pressure uniformity at suction hole endface for inside-filling pneumatic seed-metering
devices, nor have the DEM-CFD coupling simulation been utilized to define the seed throwing pressure and
seed throwing port position angle required for stable seed throwing. Therefore, this study uniquely addresses
these gaps by combining CFD and DEM-CFD simulations with experimental research to improve the seeding
performance of inside-filling pneumatic cotton high-speed precision seed-metering device.

To improve the operational performance of an inside-filling pneumatic high-speed precision cotton
seed-metering device, CFD simulations were conducted to analyze the influence of key structural parameters
of the negative-pressure air chamber on the pressure at the suction hole end face, and the optimal parameter
combination was determined. The DEM-CFD gas—solid coupling technique was then applied to investigate the
motion behavior of cotton seeds inside the device during the seed-throwing stage, analyzing the effects of
seed-throwing pressure on the initial and stable contact angles between the seeds and the inner wall of the
back shell, and determining the optimal seed-throwing pressure and port position. Bench tests of the optimized
device were carried out to identify the best combination of performance parameters affecting seeding quality,
followed by high-speed adaptability verification. This study provides a reference for the optimization and further
improvement of precision seed-metering devices.

MATERIALS AND METHODS
Overall structure and working principle

The inside-filling pneumatic high-speed precision cotton seed-metering device mainly consists of the
front shell, seeding plate, suction-hole replacement plate, seed protection board, scraper, seed-cleaning air
nozzle, seed-throwing air nozzle, seeding shaft, and back shell, as shown in Fig. 1(a).
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As shown in Fig. 1, an arc-shaped groove is arranged on the inner wall of the back shell, which is
assembled with the outer wall of the seeding plate to form an air chamber. The back shell is provided with an
air outlet hole, which is connected to the air chamber and externally connected to a fan, so that the air chamber
can be filled with negative pressure airflow. After cotton seeds enter the inner cavity of the seed-metering
device through the seed inlet on the front shell, a seed cluster is formed. The cotton seeds in the lower layer
of the seed cluster are adsorbed onto the suction holes under the action of airflow and rotate clockwise with
the seeding plate. When the suction hole rotates into the seed cleaning area, excess seeds surrounding the
suction hole are removed by the combined action of the scraper and seed cleaning air nozzle, falling back into
the seed cluster. The single cotton seed stably adsorbed onto the suction hole is carried by the seeding plate
through the seed carrying area and reaches the primary seed throwing area, where it is blown into the collection
hole under the action of airflow from the seed throwing air nozzle. As the collection hole continues to move
into the secondary seed throwing area, the seed is thrown out through the seed throwing port of back shell,
thereby completing the entire seeding process.

(a) (b)
Fig. 1 - Structural schematic diagram of inside-filling pneumatic cotton
high-speed precision seed-metering device
(a) Exploded view diagram of the seed-metering device, (b) Schematic diagram of the working principle of the seed-metering device
1. Bearing end cover; 2. Seed protection board; 3. Seed throwing air nozzle; 4. Seeding plate; 5. Back shell; 6. Sprocket; 7. Seeding
shaft; 8. Scraper; 9. Seed cleaning air nozzle; 10. Suction hole replacement plate; 11. Front shell

Simulation analysis method
CFD simulation method for the negative pressure air chamber
Construction and validation of the airflow field model

Using ANSYS Fluent 18.0 software to simulate the airflow field of the negative pressure air chamber,
the airflow field model needs to be constructed firstly according to the actual structure and working principle of
the seed-metering device, as shown in Fig. 2(a).

Outlet

Interface 3 2

Interface 2 |

orfac, "
Interface 1 | Interface 1 2

Interface 3 1

(a) (b)
Fig. 2 - Airflow field mesh model of the seed-metering device
(a) Overall schematic diagram of the mesh model, (b) Exploded schematic diagram of the mesh model

1336



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

To improve the simulation efficiency, components such as the seeding shaft, seed protection plate,
and scraper were omitted to simplify the computational domain. Based on the working principle of the seed-
metering device, the airflow field model was divided into one dynamic zone (Rotary) and two static zones
(Static_1 and Static_2), as shown in Fig. 2(b). According to the sliding mesh technique, pairs of interfaces
were set up between the dynamic and static zones to realize the airflow communication and data exchange
across the different regions. Due to the relatively regular geometry of the airflow field in the Rotary and Static_2
zones, structured meshes were applied in these regions. However, the airflow field in the Static_1 zone
contains embedded seed cleaning and throwing air nozzles, making it unsuitable for structured meshes,
therefore, instead were used unstructured meshes. After meshing the airflow field, the total number of cells
was 342356, with the maximum skewness of 0.68. To verify the mesh-independence, two refined meshes with
459749 and 576813 cells were generated for simulation. The pressure differences at the suction hole endface
among the three meshes were all less than 5%, indicating that the mesh density had little influence on the
pressure at the suction hole endface and that mesh was independent.

In order to test the accuracy of the airflow field model of the seed-metering device, the pressure at the
suction hole endface was selected as the evaluation index to carry out the airflow field simulation and physical
comparison verification test. Before the test, the central plane of the partition plate between any two adjacent
type holes was aligned with the vertical central axis of the seed-metering device, so that the 21 suction holes
on the seeding plate were symmetrically and evenly distributed within the negative pressure zone, and
sequentially numbered in a clockwise direction, as shown in Fig. 3(a). In the physical test, the pressure at the
suction hole endface was measured using a digital differential pressure gauge (Shenzhen Wintact Electronics
Co., Ltd., GM520 type, accuracy +0.3% FSO (factory calibration within 12 months)), and the measurement
method was illustrated in Fig. 3(b). The negative pressure at the air outlet was adjusted to —3000 Pa, and after
the airflow stabilized, the pressure at suction holes 1-21 was measured and recorded in sequence. The
simulation tests were conducted with reference to the physical test, and the boundary conditions were set as
follows: the Outlet was set as a pressure outlet with a value of —3000 Pa, the Inlet_1, Inlet_2, and Inlet_3 were
set as pressure inlets with the value of 0 Pa, and the rotation speed of dynamic zone was set to 0 r/min. The
endface of the suction hole at the measurement points was set as wall. The standard k-¢ turbulence model
was employed and the pressure-based type solver was selected. The residual convergence criterion was set
to 107, and the time step was set to 0.003571429, with a total of 500 time steps. After both the physical and
simulation tests were completed, the suction holes endface pressure values were compared to verify the
accuracy of the airflow field model of the seed-metering device.

(a) (b)
Fig. 3 - Measurement of the pressure at the suction hole endface with the negative pressure setpoint of —3000 Pa
(a) Schematic diagram of suction hole numbering (1~21) in the negative pressure area,
(b) Schematic diagram of physical measurement method
Note: 1. Simulation settings: standard k—¢ turbulence model, pressure-based solver, Outlet -3000 Pa, Inlet(s) 0 Pa, dynamic zone
rotation speed 0 r/min, residual convergence 10 ™, time step 0.003571429 s, 500 steps.
2. Test repeats for 3 times.

Simulation method

The negative pressure air chamber is directly connected to the suction holes, providing the required
negative pressure to ensure that cotton seeds remain stably adsorbed on the suction hole endface during the
normal operation of the seed metering device. The pressure at the suction hole endface can reflect the
adsorption performance of suction hole, and investigating the effects of the structural parameters of the
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negative pressure air chamber on the pressure at the suction hole endface can provide a basis for optimizing
the parameters of the seed-metering device. The key structural parameters of the negative pressure air
chamber mainly include the angle and position of the air outlet hole, and the width and thickness of the negative
pressure air chamber.
(1) Effect of Air Outlet Hole Angle and Position on Suction Hole Endface Pressure
The air outlet hole serves as the airflow exit of the seed-metering device, with its angle and position
parameters directly affecting airflow direction. These include the position angle, vertical inclination angle, and
longitudinal (front-rear) inclination angle, which were therefore selected as test factors to investigate their
effect on the pressure at the suction hole endface. Because the suction hole endface pressure is the key factor
for stable adsorption of cotton seeds, increasing the endface pressure in the seed-filling area improved the
filing performance of the seed-metering device, while reducing pressure variation between suction holes in
the seed-cleaning and seed-carrying areas helped prevent missed seeding caused by abrupt pressure
changes. Therefore, the average endface pressure in the seed-filling area and the standard deviation of
endface pressure in the seed-cleaning and seed-carrying areas were selected as evaluation indexes, and a
three-factor, three-level orthogonal test was conducted. The levels of each factor are shown in Table 1, and
the angle arrangement was illustrated in Fig. 4. In the numerical simulation, the relevant parameters were set
as follows: the Outlet was set as a pressure outlet with a value of —3000 Pa, the Inlet_1, Inlet_2, and Inlet_3
were set as pressure inlets with the value of 0 Pa, and the rotation speed of dynamic zone was set to 30 r/min.
The standard k-¢ turbulence model was employed and the pressure-based type solver was selected. The
residual convergence criterion was set to 107, the time step was set to 0.003571429, and the number of time
steps was 570.
Table 1
The levels of test factors for orthogonal test

Test factors
Levels Position angle Up and down inclination Front and rear inclination
6./ (°) angle 6v/ (°) angle 6./ (°)
1 45 -45 -45
2 135 0 0
3 225 45 45

02,(45°) 6a,(135°)

6v1(-45°) 62(0°)

8a, (225°)

6b3(45°)

|

0c,(-45°)  6c,(0°)

6c,(45°)
(c)

Fig. 4 - Schematic diagram of the angle arrangement of each factor
(a) Position angle, (b) Up and down inclination angle, (c) Front and rear inclination angle
Note: 1. Simulation settings: standard k—¢ turbulence model, pressure-based solver, Outlet —3000 Pa, Inlet(s) 0 Pa, dynamic zone
rotation speed 30 r/min, residual convergence 10 ™, time step 0.003571429 s, 570 steps.

2. Test repeats for 3 times.
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(2) Effect of Negative Pressure Air Chamber Width and Thickness on Suction Hole Endface Pressure

The thickness and width of the negative pressure air chamber determine the volume of the air
chamber, as shown in Fig. 5, and its influence on the pressure at the suction hole endface can be explored to
provide a reference for the optimization of the structural parameters of the seed-metering device. In the
simulation test, the air chamber thickness and width were taken as test factors, and the pressure average at
the suction hole endface in the seed filling area and pressure standard deviation at the suction hole endface
in the seed cleaning and carrying areas were taken as evaluation indexes to carry out a two-factor test.
Based on the actual size of the seed-metering device, the air chamber width bo was set at three levels: 22 mm,
26 mm, and 30 mm, while the thickness co was set at 12 mm, 16 mm, and 20 mm. In the flow field model, the
position angle, up and down inclination angle, and front and rear inclination angle of the air outlet hole were
all set to the optimal levels determined in the previous experiments. All relevant parameters in the Fluent
software were kept consistent with the above orthogonal test.

Fig. 5 - Schematic diagram of the width and thickness of the negative pressure air chamber
Note: 1. Simulation settings: standard k—¢ turbulence model, pressure-based solver, Outlet —=3000 Pa, Inlet(s) 0 Pa, dynamic zone
rotation speed 30 r/min, residual convergence 10 ™ time step 0.003571429 s, 570 steps. 2. Test repeats for 3 times.

DEM-CFD simulation method for the seed throwing link

In the primary seed throwing area, the cotton seeds adsorbed on the suction hole endface are blown
from the filling hole into the collection holes under the airflow action from the seed throwing air nozzle outlet,
and then rotated with the seeding plate to the secondary seed throwing area, and finally thrown out through
the seed throwing port. The seed throwing air nozzle pressure determines whether cotton seeds can be
smoothly blown into the collection hole. To reduce the required air pressure, the seed throwing air nozzle
pressure should be selected as low as possible while ensuring the normal operation of the seed-metering
device. After cotton seeds fall from the filling hole into the collection hole, collisions between them may cause
a certain degree of bouncing. To avoid the impact of bouncing on the seeding performance of seed-metering
device, the starting position angle (the angle between the plane formed by the starting edge of the seed
throwing port and the center axis of the seeding plate, and the vertical center plane of the seeding plate) of the
seed throwing port should be determined to ensure that the seeds have no significant bouncing against the
inner wall of the back shell before seed throwing. Since the seeding plate is made of opaque toughness
photosensitive resin, and the cotton seeds are coated, the external seed coating agent is easy to adhere to its
contact and interfere with the line of sight, so it is not feasible to directly observe the movement of the seeds
in the seed throwing area. Therefore, the DEM-CFD gas-solid coupling simulation test method was adopted.
Construction and validation of the cotton seed particle model

EDEM 2018 and ANSYS Fluent 18.0 software were used to perform DEM-CFD gas-solid coupling
simulations of the seed-metering device. Bonded particle model (BPM) was adopted to construct cotton seed
particles, meaning a single cotton seed consists of several independent fraction particles bonded together.
The contact model between fraction particles was set as Hertz-Mindlin with bonding model, and a particle
radius of 0.45 mm was chosen. In this study, the E’kangmian-10 cotton seeds (moisture content 11.06% wb,
mass of 1000 cotton seeds 94.50 g, length 9.27+0.67 mm, width 5.14+0.37 mm, and thickness 4.50+0.33 mm)
were selected as the test material, which can be divided into two categories of ellipsoidal and flat cotton seeds,
with the quantity ratio of 22:3, the simulation model being shown in Fig. 6. The ellipsoidal and flat cotton seeds
were composed of 146 and 127 fraction particles, respectively. The key components of the seed-metering
device were all generated by 3D printing technology with resin materials. Among them, the front shell and seed
protection board were made of fully transparent photosensitive resin, while the remaining parts were made of
tough photosensitive resin.
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Based on previous research and preliminary experiments, the intrinsic material parameters, contact
parameters, and main computational parameters used in the coupling simulation are listed in Table 2 (Hu et

al., 2022).
¥ et
e
& ;-fs
(a) (b)
Fig. 6 - The physical and simulation particle models of cotton seeds
(a) Ellipsoidal cotton seed, (b) Flat cotton seed
Table 2
DEM-CFD coupling simulation parameters
Program Parameter Value
cotton seed Poisson's ratio 0.14
Shear modulus/(Pa) 4.01
Density/(kg/m3) 917
Tough photosensitive resin Poisson's ratio 0.42
Shear modulus/(Pa) 1.04x10°
Density/(kg/m3) 1140
Fully transparent photosensitive resin Poisson's ratio 0.41
Shear modulus/(Pa) 9.49x108
Density/(kg/m3) 1268
cotton seed - cotton seed Restitution coefficient 0.06
Static friction coefficient 0.10
Dynamic friction coefficient 0
cotton seed - Tough photosensitive resin Restitution coefficient 0.13
Static friction coefficient 0.33
Dynamic friction coefficient 0
cotton seed - Fully transparent photosensitive resin Restitution coefficient 0.12
Static friction coefficient 0.29
Dynamic friction coefficient 0
EDEM Solid time step/(s) 3x107
Gravity acceleration/(m/s?)) 9.81
CFD Fluid Air
Density/(kg/m3) 1.23
Fluid time step/(s) 3x10°%

Simulation method

Since the number of particles significantly affects the coupling simulation speed, one ellipsoidal and
flat cotton seed was used in the DEM-CFD simulation for calculation, respectively. The seed-throwing pressure
was selected as the test factor and set at four levels (500, 1000, 1500, and 2000 Pa) based on pre-tests. The
initial contact angle—defined as the angle between the vertical center plane of the seeding plate and the
vertical line connecting the center of the bonded particle closest to the vertical center plane with the centerline
of the seeding plate at the moment the cotton seed first contacts the inner wall of the back shell—and the
stable contact angle—measured when the seed shows no significant rebound after contact—were chosen as
evaluation indices. These parameters were then used to conduct the coupling simulation test. Since a higher
seeding plate rotational speed reduces the time during which the cotton seed is exposed to the airflow from
the seed throwing air nozzle in the primary seed throwing area, making it more difficult for the seed to be
smoothly blown into the collection hole, the rotational speed of the seeding plate was set to 35.71 r/min
(corresponding to the designed maximum forward speed of 3.33 m/s (12 km/h)) to ensure the normal operation
of the seed-metering device.

The remaining parameters were set as follows: the Inlet_1 and Inlet_2 were set as pressure inlets with
the value of 0 Pa, the Outlet was set as pressure outlet with the value of -3000 Pa. The number of time steps
was 100,000 and the simulation time was 3 s. The structural parameters of the negative pressure air chamber
were set to the optimal combinations determined from the previous airflow field simulation tests.
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The DEM-CFD coupling frequency was set to 3x10-% s, the turbulence—particle coupling was set to
two-way data transfer, and the Freestream model was adopted as the drag model. Each cotton seed type was
simulated 10 times, the mean was used as the evaluation index, and the minimum value was used as the
diagnostic indicator.

Seeding performance test method of the seed-metering device

To investigate the working effect of the simulation-optimized seed-metering device under high-speed
operation, the seeding performance tests were conducted.
Test equipment

The test equipment consisted of a self-built performance test platform for the seed-metering device.
The main components of the device were fabricated by 3D printing and installed on the platform, as shown in
Fig. 7. The seed-metering device was driven by a DC motor through a speed reducer. The detection system
employed a self-developed seed-metering device performance testing device for medium and large seeds,
which mainly consisted of an LED photoelectric sensing system and a pulse recognition monitoring system,
enabling real time monitoring and display of the seeding operation status (Liu et al., 2021).

Fig. 7 - Seed-metering device performance test platform
1. Fan [, 2. Fan [II; 3. Pressure gauge; 4. LED photoelectric sensing system; 5. Pulse recognition monitoring system; 6. Seed-
metering device; 7. DC motor; 8. Control system; 9. Lithium battery

Test method and evaluation indexes

Referring to GB/T 6973-2005 “Testing Methods of Single Seed Drills (Precision Drills)”, the seed-
metering device performance testing device for medium and large seeds continuously detected and recorded
the seeding time intervals under stable operation conditions. Every 251 seeds constituted one test group, and
each group was repeated 3 times. The qualification index A+, multiple sowing index D1 and missed sowing
index M1 were taken as the evaluation indexes, and their calculation formulas were as follows:

4 =21 x100%
N

D, :”—]\;xloo% (1)
n3

M, =2x100%
N

where: n; is the number of seedings with the seeding time interval between 0.5 and 1.5 times the theoretical
value; n; is the number of seedings with the seeding time interval less than 0.5 times the theoretical value; n3
is the number of seedings with the seeding time interval greater than 1.5 times the theoretical value; N is the
total number of seedings.

The experimental environmental conditions were a temperature of 25+2°C and a relative humidity of

50+5%. All experimental runs were randomized.

Test design

Based on previous studies and pre-test, the main factors affecting the seeding performance of the
seed-metering device are suction hole diameter, forward speed, and negative pressure. Among them, the
conversion formula between forward speed and seeding plate rotational speed was as follows:
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nKIi,
=60 @
where: V,, is the forward speed, m/s; n is the rotational speed of seeding plate, r/min; K is the number of suction
holes, value 28; I, is the theoretical seed spacing, value 0.2 m.

Therefore, the above three factors were selected as test factors, and the qualification index 4, multiple
sowing index Di, and missed sowing index M; were used as evaluation indexes to conduct the seeding
performance tests of the seed-metering device.

(1) A Box-Behnken central combination test was carried out to investigate the effects of each test
factor on the evaluation indexes and to determine the optimal parameter combination. According to the pre-
test, it was found that the seeding performance was good when the suction hole diameter, forward speed and
negative pressure were set to 2.7~3.5 mm, 1.67~3.33 m/s (6.0~12.0 km/h), and 2000~4000 Pa, respectively.
Therefore, the levels of each test factor were selected as shown in Table 3. A total of 17 test groups were
conducted, with each group repeated 3 times, and the average value was taken as the final evaluation index.

Table 3
The levels of test factors for Box-Behnken test

Test factors
Levels Suction hole diameter Forward speed Negative pressure
X1/ (mm) X2/ (mls) Xz / (Pa)
-1 2.7 1.67 2000
0 3.1 25 3000
1 3.5 3.33 4000

(2) Based on the optimal parameter combination obtained from the above tests, four levels of 1.67,
2.22,2.78 and 3.33 m/s (6, 8, 10 and 12 km/h) were selected to carry out the high-speed adaptability test of
the seed-metering device with forward speed as the test factor. Each group of tests was repeated 3 times, and
the average of the results was taken as the final evaluation index.

RESULTS AND DISCUSSION
Validation of the airflow field model

The pressure registered values at the suction hole endface in both physical and simulation tests are
shown in Fig. 8.

Suction hole No./(-)

01 2 3 45 678 921011121314151617 18192021 22
-1600 —r—r—T r—r—r—r—r—r—r—r—r—

-1700 + —8—Physical tests

—h—Simulation tests

-1800 +

-1900

W

-2000

D il e S

-2100

Suction hole endface pressure/(Pa)

-2200 L

Fig. 8 — Pressure values at the suction hole endface in both physical and simulation tests
Note: 1. Simulation settings: Outlet —3000 Pa, Inlet(s) O Pa, dynamic zone rotation speed 0 r/min,
residual convergence 10~ time step 0.003571429 s, 500 steps.

2. Test repeats for 3 times.

As can be seen from Fig. 8, the absolute values of the pressure at the suction hole endface in the
physical tests were lower than the simulation values, which was mainly due to the airflow loss caused by the
gap between the seeding plate and back shell. Since the seeding plate and the back shell were in axial linear
contact, considering the difficulty of ensuring coaxiality due to the limited precision of 3D printing, a clearance
of 0.6 mm was reserved between the back shell and the seeding plate to allow the seeding plate smooth
rotation. Therefore, the absolute pressure values measured in the physical tests were all lower than those
obtained from the simulation tests, but the relative errors between them were all less than 7.04%, indicating
that the airflow field model was suitable for the subsequent simulation analysis of the seed-metering device.
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Simulation analysis results
CFD simulation results for the negative pressure air chamber
Effect of Air Outlet Hole Angle and Position on the Suction Hole Endface Pressure

The design and results of the orthogonal test on the air outlet hole angle and position of the negative
pressure air chamber are shown in Table 4, and the results of extreme difference analysis are shown in Table
5. As shown in the table, the factors influencing the pressure average at the suction hole endface in the seed
filling area ranked in the following order: front and rear inclination angle 6., up and down inclination angle 6,
and position angle 6,, and for this evaluation index, the optimal combination was 6c,0,,6.,. The factors

influencing the pressure standard deviation at the suction hole endface in the seed cleaning and carrying areas
ranked in the following order: position angle 6,, front and rear inclination angle 6. and up and down inclination
angle 6,, and for this evaluation index, the optimal combination was 6,,6.,6s,. Therefore, it can be concluded

that the up and down inclination angle should be set to level 85, and the front and rear inclination angle should
be set to level 6.,. However, the optimal value for the position angle remains uncertain and requires further

determination through analysis of variance.
Table 4

Orthogonal test design and results
Test factors Evaluation indexes

Pressure standard
. Pressure average at . .
Test serial . deviation at the suction
the suction hole .
number 61 6b 6. . hole endface in the seed
endface in the seed cleaning and carrying
filling area Y1/(Pa) areas Y2/(Pa)
1 1 1 1 1207.69 81.11
2 1 2 2 1354.77 70.72
3 1 3 3 1077.77 90.99
4 2 2 3 1145.55 30.06
5 2 3 1 1206.23 31.07
6 2 1 2 1164.85 29.31
7 3 3 2 1190.64 101.31
8 3 1 3 1055.01 113.00
9 3 2 1 1275.71 91.20

Note: 1. Simulation settings: Outlet —3000 Pa, Inlet(s) 0 Pa, dynamic zone rotation speed 30 r/min, time step 0.003571429
s, 570 steps. 2. Test repeats for 3 times.

Table 5
Extreme difference analysis of orthogonal test results
. Factor levels averages . Optimal
Eyaéuauon Test factors Level 1/(P Level 2/(P Level 3/(P d.f';n axnmuImP parameter
indexes evel 1/(Pa) evel 2/(Pa) evel 3/(Pa) ifference/(Pa) combination
Pressure 6a 1213.41 1172.21 1173.79 41.20
average at
the suction
hole endface b 1142.52 1258.68 1158.21 116.16 6:c,6b,0e,
in the seed
filling area
Yi1/(Pa) 6c 1229.88 1236.75 1092.78 143.97
Pressure
standard 62 80.94 30.15 101.84 71.69
deviation at
the suction
hole endface Ob 74.47 63.99 74.46 10.48 62,0c,6b,
in the seed
cleaning and
carrying areas 6c 67.79 67.11 78.02 10.91
Y2/(Pa)

Note: 1. Simulation settings: Outlet —3000 Pa, Inlet(s) 0 Pa, dynamic zone rotation speed 30 r/min, time step 0.003571429
s, 570 steps. 2. Test repeats for 3 times.
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The results of variance analysis are shown in Table 6. As can be seen from the table, for the pressure
average at the suction hole endface in the seed filling area, the front and rear inclination angle had a significant
effect on it, and the remaining two factors have no significant effect. For the pressure standard deviation at the
suction hole endface in the seed cleaning and carrying areas, all the test factors had a highly significant effect,
which was consistent with the results of the extreme difference analysis. Among the three test factors, the
position angle had no significant effect on the pressure average at the suction hole endface in the seed filling
area, with a contribution rate of 4.78%. However, it had a highly significant effect on the pressure standard
deviation at the suction hole endface in the seed cleaning and carrying areas, with a contribution rate as high
as 94.83%. Therefore, the selection of the position angle should be primarily based on the pressure standard
deviation. Combined with the results of the extreme difference analysis, the optimal level for the air outlet
position angle was determined to be 6.,. Since the factor combination 6.,6,,6., was not included in the

orthogonal test design, a simulation verification test was conducted for the airflow field model under this
combination using the same method. After the simulation, statistical analysis showed that the pressure average
at the suction hole endface in the seed filling area was 1257.64 Pa, which was lower than that of groups 2 and
9 in the orthogonal test, with a maximum pressure difference of 97.13 Pa. The pressure standard deviation at
the suction hole endface in the seed cleaning and carrying areas was 8.92 Pa, which was lower than all
standard deviations in the orthogonal test. This indicated that when the air outlet was located in the central
plane of the negative pressure air chamber, the pressure at the suction hole endface in the seed filling area
was not the highest, but the pressure variation in the seed cleaning and seed carrying areas was minimized,
resulting in the most stable cotton seed adsorption. Since increasing pressure at the suction hole endface in
the seed filling area can be achieved by adjusting the air outlet negative pressure, while reducing the pressure
standard deviation at the suction hole endface in the seed cleaning and carrying areas was difficult to
accomplish through changing external parameters, the optimal combination of air outlet angle and position
was determined to be 6.,65,6.,, namely, the position angle of 135°, up and down inclination angle of 0°, front

and rear inclination angle of 0°.
Table 6
Variance analysis of orthogonal test results

Pressure average at the suction hole endface Pressure standard deviation at the suction hole
Source in the seed filling area endface in the seed cleaning and carrying areas
of Degree I Degree .
variation Sum of of F-value Contr:)butlon Sum of of F-value Contr:butlon
squares | o dom 1(%) squares | . dom (%)
6a 3269.93 2 1.91 4.78 8156.42 2 4301.73* 94.83
6b 23832.41 2 13.93 34.85 219.28 2 115.65** 2.55
6c 39572.98 2 23.13* 57.87 223.89 2 118.08** 2.60
Error 1710.77 2 2.50 1.90 2 0.02
Cor total | 68386.09 8 8601.49 8

Note: 1. Simulation settings: Outlet —3000 Pa, Inlet(s) 0 Pa, dynamic zone rotation speed 30 r/min, time step 0.003571429
s, 570 steps; 2. Test repeats for 3 times; 3. * represents the factor with a significant influence on the index, ** represents
factor with a highly significant influence on the index.

Effect of Negative Pressure Air Chamber Width and Thickness on the Suction Hole Endface Pressure

The results of the two-factor test on the negative pressure air chamber width and thickness are shown
in Table 7. As observed, with the increase of thickness, the pressure average at the suction hole endface in
the seed filling area gradually increased, while the pressure standard deviation at the suction hole endface in
the seed cleaning and carrying areas gradually decreased. This was primarily because an increase in
thickness enlarged the airflow circulation area within the air chamber. According to fundamental fluid dynamics
theory, a smaller airflow circulation area results in greater resistance losses. Therefore, increasing the
thickness of the negative pressure air chamber was conducive to reducing airflow losses and promoting the
uniform distribution of suction hole endface pressure. As the width increased, the trend of the average pressure
at the suction hole endface in the seed-filling area was not obvious, with only small differences observed, while
the pressure standard deviation at the suction hole endface in the seed-cleaning and seed-carrying areas
gradually decreased. The main reason is that the suction holes are located along the width of the air chamber,
and their diameter is much smaller than the chamber width. Thus, airflow in this direction remained smooth.
Consequently, width changes had little effect on the average pressure at the suction hole endface in the seed-
filling area, whereas the increased circulation area promoted a more uniform pressure distribution. The results
of variance analysis are shown in Table 8.
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As can be seen from the table, thickness had a greater influence than width on both the pressure
average at the suction hole endface in the seed filling area and the standard deviation in the seed cleaning
and carrying areas, which was consistent with the above analysis. In order to obtain a higher pressure average
at the suction hole endface in the seed filling area and a lower pressure standard deviation at the suction hole
endface in the seed cleaning and carrying areas, the width and thickness of the negative pressure air chamber
were selected as 30 mm and 20 mm, respectively.

Table 7
Two-factor test results

Thickness . Pressure standard deviation at the
Pressure average at the suction hole . .
co/(mm) endface in the seed filling area Yi/(Pa) suction hole endface in the seed
Width 9 ! cleaning and carrying areas Y2/(Pa)
bo/(mm) 12 16 20 12 16 20
22 1229.35 1248.70 1254.92 52.02 22.48 21.16
26 1233.53 1249.32 1257.01 25.22 11.13 10.93
30 1238.97 1246.61 1257.64 23.78 10.65 8.92

Note: 1. Simulation settings: Outlet —3000 Pa, Inlet(s) 0 Pa, dynamic zone rotation speed 30 r/min, time step 0.003571429
s, 570 steps; 2. Test repeats for 3 times.

Table 8
Variance analysis of two-factor test results

Pressure average at the suction hole endface Pressure standard deviation at the suction hole
Source in the seed filling area endface in the seed cleaning and carrying areas
.Of. Sum of Degree Contribution Sum of Degree Contribution
variation squares of F-value 1(%) squares of F-value 1(%)
freedom freedom
bo 18.20 2 1.00 2.18 565.82 2 9.76* 39.26
Co 782.01 2 42.94* 93.47 759.27 2 13.10* 52.69
Error 36.43 4 4.35 115.96 4 8.05
Cor Total 836.64 8 1441.05 8

Note: 1. Simulation settings: Outlet —3000 Pa, Inlet(s) 0 Pa, dynamic zone rotation speed 30 r/min, time step 0.003571429
s, 570 steps; 2. Test repeats for 3 times.

DEM-CFD coupling simulation results for the seed throwing link

The single cotton seed throwing process is shown in Fig. 9. As illustrated in the figure, when the
positive pressure of the seed throwing air nozzle was 1500 Pa, the cotton seed at the suction hole endface
was blown into the collection hole under the drag force of the seed throwing air nozzle. At 1.581 s, the seed
makes its first contact and collision with the inner wall of the back shell, and was subsequently bounced upward,
followed by a second and third collision with the inner wall at 1.695 s and 1.752 s, respectively. After that, the
seed no longer exhibited obvious bouncing behavior but instead moved along the inner wall until it was
discharged at the seed-throwing port. This simulation phenomenon indicated that, after entering the collection
hole, the cotton seed underwent multiple contacts and collisions with the inner wall of the back shell. Therefore,
the starting position angle of the seed-throwing port should be set slightly backward to avoid degraded seeding
performance caused by seed bouncing.
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Fig. 9 - Seed throwing process for single cotton seed
(a) 1.506 s, (b) 1.566 s, (c) 1.581 s, (d) 1.656 s, (e) 1.695 s, () 1.707 s, (g) 1.752 s, (h) 1.830 s
Note: 1. Simulation settings: Freestream model, Outlet —3000 Pa, Inlet_1 0 Pa, Inlet_2 0 Pa, Inlet_3 1500 Pa, dynamic zone rotation
speed 35.71 r/min, solid time step 3x10-7 s, fluid time step 3x10-5's, 100000 steps, 2. Test repeats for 10 times.

The DEM-CFD coupling simulation results for the seed-throwing process are presented in Table 9. As
shown, when the seed-throwing pressure was 500 Pa, the outlet velocity of the seed-throwing air nozzle was
19.54 m/s, which was insufficient to blow the cotton seed into the collection hole. When the pressure was
21000 Pa, seeds were blown smoothly into the collection hole, and with increasing pressure, the nozzle outlet
airflow rate also increased, accelerating seed entry. Consequently, the initial contact angle increased gradually,
while the stable contact angles were consistently 237.23°, although no clear variation pattern was observed.
Simulation and post-processing analyses further revealed no obvious regularity in the bouncing behavior of
seeds within the collection hole. Based on this analysis, the seed-throwing pressure should be no less than
1000 Pa to ensure smooth seed delivery. However, considering the gap between the seeding plate and the
back shell during actual operation, residual adsorption forces may still act on the seeds at the suction-hole end
face after leaving the negative-pressure air chamber. Therefore, the seed-throwing pressure should be
appropriately increased, and in this study, a value of 1500 Pa was selected. In addition, to minimize the
bouncing of seeds in the collection hole and avoid adverse effects on seeding performance, the starting
position angle of the seed-throwing port should be smaller than the minimum stable contact angle of the seeds
(37.23°). Accordingly, an angle of 30° was adopted.

Table 9
Simulation test results of seed throwing link
s . Outlet velocity of Initial Initial contact Stable contact | Stable contact
eed throwing - - e o s
/(Pa) seed throwing air contact angle mlnlmum / angle /(°) angle mlnlmum /

pressure nozzle/(m/s) angle / (°) (°) (°)

500 19.54

1000 27.85 69.23+1.82 67.1 41.03+1.95 38.03

1500 34.29 75.3741.43 72.18 39.87+1.46 37.23

2000 39.65 77.84+1.56 75.17 40.26+1.52 37.77

Note: 1. Simulation settings: Freestream model, Outlet —3000 Pa, Inlet_1 0 Pa, Inlet_2 0 Pa, Inlet_3 1500 Pa, dynamic zone
rotation speed 35.71 r/min, solid time step 3x10-7 s, fluid time step 3x10-5s, 100000 steps; 2. Test repeats for 10 times.

Seeding performance test results of the seed-metering device
Box-Behnken Test
The protocol and results of the Box-Behnken test are shown in Table 10.

Table 10
Box-Behnken test protocol and results
. Test factors Evaluation indexes
Test serial
number ve X X Qualification index Multiple sowing Missed sowing
A1l(%) index D1/(%) index M1/(%)
1 -1 -1 0 90.25 3.32 6.43
2 -1 0 -1 81.38 1.06 17.56
3 -1 0 1 91.36 2.78 5.86
4 -1 1 0 88.64 3.69 7.67
5 0 -1 -1 86.78 2.69 10.53
6 0 -1 1 89.46 6.15 4.39
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. Test factors Evaluation indexes
Test serial
number e X X Qualification index Multiple sowing Missed sowing
A1l(%) index D1/(%) index M1/(%)
7 0 0 0 97.19 1.19 1.62
8 0 0 0 96.54 1.85 1.61
9 0 0 0 95.93 1.59 2.48
10 0 0 0 94.26 2.53 3.21
11 0 0 0 96.88 1.70 1.42
12 0 1 -1 77.00 4.43 18.57
13 0 1 1 86.98 6.29 6.73
14 1 -1 0 91.13 5.65 3.22
15 1 0 -1 86.92 2.74 10.34
16 1 0 1 88.93 8.52 2.55
17 1 1 0 88.17 6.18 5.65

Note: 1. Air outlet hole position angle 135°, up and down inclination angle 0° and front and rear inclination angle 0°; air
chamber thickness 20 mm and width 30 mm; seed throwing pressure 1500 Pa, seed throwing port starting position angle
30°; 2. Test repeats for 3 times.

In order to further analyze the significance of the effect of each test factor and its interaction on the
evaluation indexes, Design-Expert 10.0.4 was used to carry out a multiple regression analysis on the test
results and establish a quadratic regression model between the test factors and evaluation indexes. The
significance analysis results are shown in Table 11. As can be seen from the table, the regression models
were all highly significant (P<0.01) and the lack of fit were all insignificant (P>0.05), so the regression equations
were well fitted to the test data. For the qualification index, the linear terms X2, X3 and quadratic term X22, X32
had a highly significant effect on it (P<0.01), interaction term X1X3, X2X3 and quadratic term X12 had a significant
effect on it (0.01<P<0.05), and the remaining terms had no significant effect on it (P>0.05). For the multiple
sowing index, the linear terms X1, X3 and quadratic term X22, X32 had a highly significant effect on it (P<0.01),
interaction term X1X3 and quadratic term X312 had a significant effect on it (0.01<P<0.05), and the remaining
terms had no significant effect on it (P>0.05). For the missed sowing index, all the linear terms and quadratic
term X22, X32had a highly significant effect on it (P<0.01) and the remaining terms had no significant effect on
it (P>0.05). Moreover, the order of test factors affecting the qualification index was: negative pressure>forward
speed>suction hole diameter. And the order of test factors affecting the multiple sowing index and missed
sowing index was: negative pressure>suction hole diameter>forward speed. The quadratic regression
equations between the test factors and evaluation indexes are as follows:

A4 =96.16+0.44X, —2.10X, +3.08X, —0.34X, X, —1.99X X, +1.83X, X, —2.26 X —4.35X,* —6.75X " (3)
D, =1.77+1.53X, +0.35X, +1.6 X, +0.04X, X, +1.01.X X, —0.4X, X, +0.91.X* +2.03X,” +1.09.X,’ (4)

M, =2.07-197X,+1.76X, —4.68X, +0.3X X, +0.98X, X, -1.42X, X, +1.35X > +2.33X,> +5.66 X’ (5)

where:
X1, X2 and Xs represent the coded levels (-1, 0, +1), and the coding of actual factor levels is shown in

Table 3.

Table 11
Variance analysis of Box-Behnken test results
Qualification index Multiple sowing index Missed sowing index
Source of Sum of Sum of Sum of
variation F-value P-value F-value P-value F-value | P-value
squares squares squares
Model 463.19 26.21 0.0001** 73.34 22.66 0.0002** | 421.13 27.93 0.0001**
X1 1.55 0.79 0.4040 18.73 52.09 0.0002** 31.05 18.53 0.0035**
X2 35.41 18.03 0.0038** 0.97 2.69 0.1452 24.68 14.73 0.0064**
X3 75.95 38.68 0.0004** 20.54 57.14 0.0001** | 175.50 104.74 | <0.0001**
X1X2 0.46 0.23 0.6447 0.01 0.018 0.8976 0.35 0.21 0.6597
X1X3 15.88 8.09 0.0249* 4.12 11.46 0.0117* 3.82 2.28 0.1747
X2X3 13.32 6.78 0.0352* 0.64 1.78 0.2239 8.12 4.85 0.0636
X+? 21.51 10.95 0.0130* 3.50 9.73 0.0169* 7.66 4.57 0.0699
X2? 79.77 40.62 0.0004** 17.29 48.09 0.0002** 22.78 13.60 0.0078**
X3? 191.98 97.77 <0.0001** 5.02 13.95 0.0073** | 134.93 80.53 | <0.0001**
Residual 13.75 2.52 11.73
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Qualification index Multiple sowing index Missed sowing index
Source of s f s f s f
variation um o F-value P-value um o F-value P-value um o F-value P-value
squares squares squares
Lack of Fit 8.36 2.07 0.2470 1.56 2.17 0.2341 9.42 5.45 0.0674
Pure Error 5.39 0.96 2.31
Cor Total 476.93 75.86 432.86

Note: 1. Air outlet hole position angle 135°, up and down inclination angle 0° and front and rear inclination angle 0°; air
chamber thickness 20 mm and width 30 mm; seed throwing pressure 1500 Pa, seed throwing port starting position angle
30°; 2. Test repeats for 3 times; 3. P < 0.01 (Highly significant, **); 0.01 < P < 0.05 (Significant, *).

So as to obtain the best combination of test factors, taking the maximum qualification index and the
minimum multiple and missed sowing index as the final optimization objective, combined with the boundary
conditions of each test factor, the established quadratic regression models were solved by multi-factor
optimization.

The objective functions and constraints are as follows:
max A4, (x,,x,,x;)
min D, (x,,%,,x, )
min M, (xl,xz,x3)
2.7 mm<x, <3.5 mm
st.41.67m/s<x,<333m/s
2000 Pa < x; <4000 Pa

Using the optimization module of Design-Expert 10.0.4, the best combination of parameters was
determined to be: suction hole diameter of 3.1 mm, forward speed of 2.33 m/s (8.4 km/h), and negative
pressure of 3178 Pa. Under these conditions, the seeding performance was optimal, with a qualification index
of 96.67%, multiple sowing index of 2.04%, and missed sowing index of 1.29%. To verify the reliability of the
optimized parameters, the seeding performance test of seed-metering device was conducted for three
repetitions. The average values of the evaluation indexes were as follows: qualification index of 96.25%,
multiple sowing index of 1.83%, and missed sowing index of 1.92%, which were generally consistent with the
predicted values from the software.

High-speed Adaptability Test
The high-speed adaptability test results of the inside-filling pneumatic cotton high-speed precision
seed-metering device are shown in Table 12. As shown in the table, with increasing forward speed, the
qualification index first increased and then decreased, the multiple sowing index first decreased and then
increased, while the missed sowing index gradually increased, which was consistent with the previous analysis.
When the forward speed ranged from 1.67 to 3.33 m/s (6—12 km/h), the qualification index exceeded 91%,
and both the multiple sowing index and the missed sowing index remained below 5%. These values were
superior to the agronomic requirements specified in JB/T 10293-2013 'Specifications for Single Seed Dirills
(Precision Drills),” which require a qualification index =275%, a multiple sowing index <20%, and a missed
sowing index <10%. This indicates that the optimized seed-metering device meets the high-speed sowing
requirements for cotton.
Table 12
High-speed adaptability test results

Forward speed/(m/s) Qualification index/(%) Multiple sowing index/(%) Missed sowing index/(%)
1.67 94.34 3.98 1.68
2.22 95.66 2.61 1.73
2.33 96.25 1.83 1.92
2.78 94.81 2.75 244
3.33 91.43 4.55 4.02

Note: 1. Air outlet hole position angle 135°, up and down inclination angle 0° and front and rear inclination angle 0°; air
chamber thickness 20 mm and width 30 mm; seed throwing pressure 1500 Pa, seed throwing port starting position angle
30°; 2. Test repeats for 3 times.
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