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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.
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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
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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.

3

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.
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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 ()

Z/BAC = 2/BAD = 2tan-1l“’i (4)
AD

where:
Lpc - tooth width, mm; d..x - cotton stalk root diameter, taken as 25 mm.
L.p - 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 «BAC
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

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

Non-flat
dentate discs

Bending angle

¥ 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.
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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 - ) D J o 2 D J o )
ki 88.83 | 84.58 | 86.45 | 4.91 6.45 | 415 | 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 |4.80 |7.00 |10.66 | 3.45 | 4.96
R 10.91 7.17 4.98 3.60 |3.89 |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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