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ABSTRACT

To address problems such as frequent stubble entanglement and the heavy burden associated with separating
potatoes from impurities during potato harvesting operations, a belt-type clamping and pulling device for potato
stubble was developed to achieve complete stubble extraction. By analyzing the interaction between the
stubble and the clamping and pulling belt (CPB), the causes of missed extraction and stubble breakage were
identified, and the primary parameter ranges affecting extraction effectiveness were determined. An EDEM—
RecurDyn coupled simulation model was established to investigate the stubble pulling process. Using the
stubble breakage rate and stubble miss rate as evaluation indices, the main factors influencing pulling
performance were identified as the forward speed of the device, the linear velocity of the CPB, and the ground
clearance of the CPB. A three-factor, three-level orthogonal experiment was conducted, and quadratic
regression models were developed with stubble breakage rate and stubble miss rate as response variables.
Response surface analysis and parameter optimization were subsequently performed. The results indicate
that at a device forward speed of 0.512 m/s, a CPB linear velocity of 1.08 m/s, and a CPB ground clearance
of 50 mm, the stubble breakage rate and stubble miss rate were 6.45% and 8.73%, respectively. An
experimental platform was constructed to validate the simulation results. Experimental tests showed that under
the optimal parameter combination, the stubble miss rate was 7.5%, with a small relative error compared to
the simulation results. These findings demonstrate that the proposed device meets the operational
requirements for effective potato stubble pulling.
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INTRODUCTION

Potato tuber separation is a critical step in the mechanized harvesting of potatoes, but the challenge
of balancing high efficiency with low damage has become the primary bottleneck hindering improvements in
the efficiency and quality of mechanized potato harvesting in China (Wang et al., 2023).

In order to remove crop residues, soil clods, and mixtures of the two, harvesting machinery requires
larger material separation devices to ensure effective separation, resulting in bulkier harvesting machinery.
However, the performance of mechanical harvesting and separation devices has significant limitations
(Dorokhov et al., 2022).

1 Guozeng, Gan, M.S. Stud. Eng; Zhongcai, Wei, Assoc. Prof- Ph.D. Eng.; Guoliang, Su, M.S. Stud. Eng; Zhen, Cui, Prof. Ph.D. Eng.;
Chenggian, Jin, Prof- Ph.D. Eng.

1225


mailto:weizc@sdut.edu.cn

Vol. 77, No. 3 / 2025 INMATEH - Agricultural Engineering

Currently, the potato stubble separation process is mainly characterized by low separation efficiency,
a lack of low-loss, high-purity separation equipment, and the tendency of potato stubble to become entangled
in key working parts of harvesting machinery (Chen et al., 2019). In addition, the separation process during
mechanical harvesting is incomplete, requiring secondary cleaning. These issues are hindering the
development of high-end potato harvesting equipment (Wei et al., 2019).

Currently, in China, scholars have established a relatively comprehensive research system in the field
of potato stubble separation technology, with research covering multiple aspects such as separation
mechanisms, device optimization, and process improvement (Zhao et al., 2020). However, a significant
research gap persists regarding the practical application of whole root pulling techniques for potato stubble. In
China, the whole-root pulling approach has been primarily applied to field crop harvesting and agricultural
stubble removal (Yang et al., 2016; Wei et al., 2024). For instance, Hou J designed a floating clamping
mechanism for garlic harvesting, which achieves auxiliary conveying and bulb slippage containment, thereby
providing a novel approach for stable stem clamping (Hou et al., 2023). Zou L designed a flexible clamping
mechanism with variable stiffness characteristics using torsion springs and cam profiles, which reduces
mechanical damage during the clamping of root and leaf vegetables, offering insights for low-damage clamping
techniques (Zou et al., 2021). Zhang J developed a cotton stalk harvesting method based on the belt clamping
principle, featuring dual flexible belts for wrapping and pulling stalks (Zhang et al., 2021). This approach
effectively reduces the stalk breakage rate and provides a novel solution for intact stalk pulling. International
scholars have established a relatively well-established theoretical system in clamping technology research,
and these findings provide crucial support for technological development (Heltoft et al., 2016). Lee J Y
achieved stable gripping of geometrically complex objects through the design of an adaptive soft gripper,
providing insights for multipurpose clamping device design (Lee et al., 2020). Hachiya M implemented low-
impact harvesting of cabbages using soft gripping tapes made of novel materials, offering guidance for flexible
clamping device development (Hachiy et al., 2004).

Inspired by the belt clamping principle and manual vine removal, this paper designs a device suitable
for whole-plant pulling and removal of potato stubble before harvest. The device employs a flexible wrapping-
clamping method combined with high-load-output pulling. The research findings can serve as a reference for
developing low-damage, stable clamping and clearing equipment for stubble.

MATERIALS AND METHODS
Integrated structure and operating principle

The belt stubble pulling is engineered for whole root pulling of potato stubble, this device operates
after the potato seedling killing. Removing potato stubble in advance can enhance the efficiency and quality
of subsequent harvesting operations, while also helping to streamline the structure of the potato harvester and
avoid over-complicated design, structure diagram of the belt-type clamping and pulling device is shown in
Figure 1.

Pulling drive

Frame

Suspension bracke

Feeder drive Feeder device Righting plate Clamping and pulling device

Fig. 1 — Structure diagram of the belt-type clamping and pulling device

During operation, the stubble feeder device is driven by the feeder drive, after stubble is manually fed
into the device, the CPB guides and transports them rearward, simulating the forward movement of the device
during field operation. The righting plate on both sides provide support to maintain the stubble in an upright
position, as the stubble enters the pulling device, the pulling force generated by the backward movement of
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the belt causes the stubble to tilt backward, when the stubble enters the pulling zone, the wave-shaped design
of the CPB guides it to swing. This swinging motion simulates the manual stubble-pulling process, where gentle
shaking reduces the resistance between the root system and the soil. Simultaneously, the clamping force
exerted by the CPB on both sides significantly increases due to the tension provided by the spring tensioning
device. This causes the potato stubble to undergo elastic deformation and be transported steadily backward
under continuous clamping. This process simulates the mechanical behavior of the stubble being uprooted
from the soil during field operation. Once fully uprooted from the soil, the potato stubble is conveyed by the
CPB. It naturally disengages from the end of the conveyor belt and is deposited onto the ground in an orderly
manner.

Key component design and parameter determination

The pulling device is the core component of the of the belt-type clamping and pulling device, as
illustrated in Figure 2(a). After the potato stubble is fed into the pulling device, the pulling movement of the
CPB can be divided into three phases, the clamping phase, the pulling phase, and the ejection phase, as

shown in Figure 2(b).
Clamping phase ~ Pulling phase  Ejection phase

-wwq = G AN 8

Stubble  Feed inlet

Tension roller CPB Connecting pipe Spring tension device
a) b)
Fig. 2 — Diagram of pulling device
B — thickness of the CPB; r - radius of the tension roller; ¢ - entry angle of the pulling device, (°);
a - friction angle between the stubble and the CPB; d - diameter of the stubble, mm.

Analysis of the stubble feeding process
The stubble feeding phase constitutes a critical process node within the entire operational workflow,
the device employs an adaptive V-flared inlet, with its physical structure depicted in Figure 3.

Fig. 3 — Physical diagram of the stubble inlet of the pulling device

To ensure smooth feeding of stubble, the entry angle ¢ of the clamping and pulling device and the
friction angle a between the stubble and the CPB must satisfy (Yao et al., 2023):
2r+2B

arccos———— = < 2a 1
2r+2B+d v ™M

where:
7 is the tension roller radius, [mm]; B is the CPB thickness, [mm]; d is the stubble diameter, [mm].
Consulting literature on frictional properties of stubble (Sun et al., 2021), the friction angle a between

potato stubble and the CPB ranges approximately from 18° to 30°. Actual measurements show stubble
diameter d varies from 8 mm to 12 mm. Considering operational requirements of the CPB and device stability,
the CPB thickness B is set at 6 mm with tension roller radius » at 25 mm. The entry angle @ of the device is
calculated to be 30°.
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Analysis of the stubble clamping and pulling process

During the clamping stage, as the distance between two CPB gradually decreases, the force exerted
on the stubble increases, causing them to tilt backward under the pull of the CPB. During the pulling phase,
the normal-direction pressure applied by the CPB to the potato stubble abruptly increases under the action of
the spring tensioning device, causing deformation in the clamped portion. As the CPB follows a sinusoidal path
during this phase, an unclamped root region experiences transverse alternating forces (He et al., 2018). This
results in loosening between the potato stubble roots and the soil, thereby progressively diminishing the
cohesive force binding the soil to the stubble. The separation of potato stubble from the soil requires
overcoming both cohesive force and the stubble's own gravity. Given that the stubble's gravity is substantially
smaller than the cohesive force, it can be considered negligible. The pulling force increases as the backward
tilt angle of the stubble enlarges, while the cohesive force gradually diminishes under the stubble's oscillatory
motion. When the pulling force exceeds the cohesive force, the stubble begins to detach from the soil (Kaur et
al., 2024). After a specific duration of applied force, complete separation between the stubble and soil is
ultimately achieved. Following pulling from the soil, the potato stubble enters the ejection phase where it is
propelled onto the ground by the CPB conveyor. A systematic analysis of cotton stalk processing demonstrates
that the ejection phase exhibits no statistically significant impact coefficient on subsequent processing
operations (Zhang et al., 2021). Consequently, this study deliberately excludes the ejection-processing
sequence from its scope to concentrate exclusively on core agronomic processes.

Impact of the spring tensioning device on the clamping and pulling process for potato stubble

The device uses a spring tensioning device that can adapt to changes in the diameter of the stubble,
as illustrated in Figure 4(a). The spring tensioning devices are distributed in an alternating symmetrical
configuration on both sides, with their spatial arrangement exhibiting uniform spacing. When stubble with larger
stem diameters enter the device, the spring tensioning device rotates counterclockwise around the fixed shaft
due to compression, the force analysis is shown in Figure 4(b).

N
S
CPB \< /

Stubble ./

a) b)
Fig. 4 — Belt spring tensioning device
1 - Spring; 2 - Adjustment frame; 3 - Fixed shaft; 4 - Rotating arm; 5 - Tension roller

During the pulling process of stubble, the indirect force Fj, acting on the spring tensioning device
satisfies:

F, =Fcose

e+e =90°

F,=1r, (2)
Fy = F,,cosg,

Fy=F, =k

where: F), is the indirect force acting on the spring, [N]; Fi;-F» are the rotational force acting on the tension
plate, [N]; ¢ is the tension angle, [°]; €, is the angle of rotational force action, [°]; k is the spring stiffness
coefficient, [N/m]; x is the horizontal extension distance of the spring, [m]; F;s is the tension force acting on the
spring, [N]; F4is the spring restoring force, [N].

The tension of the CPB increases, and consequently, the pulling force exerted on the stubble
increases. The extension degree of the spring is positively correlated with the stubble thickness, serving as an
uncontrollable variable. In contrast, the spring stiffness coefficient is a controllable variable that influences
whether the stubble can smoothly enter and be completely uprooted, from Eq (2), can deduce that:
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K= F, sin(2¢) (3)
2x

Based on existing research on the mechanical properties of potato stems, over 95% of mature potato
stubble samples exhibit a pulling resistance within the range of 60 N to 200 N (Xin et al., 2020). To ensure
stable operation of the device and effective clamping of the stubble, the tension angle ¢ is set within the range
of 30° to 50°. The horizontal extension distance x of the spring correlates with the stubble stem diameter d,
select the spring stiffness coefficient & of 5300 N/m.

Analysis of the stubble clamping and pulling phase

Initially, the stubble is subjected only to two fundamental forces in the vertical direction, its own gravity
G and the soil support force. Upon entering the clamping and pulling device, the stubble is clamped by the
CPB. After entering the clamping and pulling device, the stubble are subjected to pulling force Fy, and the root
system and soil generate combined resistance, the lateral forces exerted by the soil on the stubble roots are
F.; and F’.;. Analysis of the initial stress on stubble and soil when entering the device is illustrated in Fig. 5(a).

The pulling force and soil resistance satisfy:

Fy=G+f+F,+F, 4

{f — (4 F) “

where: Fy is the pulling force applied to the stubble, [N]; G is the gravitational force acting on the stubble, [N];

[is the frictional resistance during relative motion between soil and stubble, [N]; F is the structural resistance

of soil against pulling, [N]; F is the adhesive force between soil and stubble, [N]; u; is the coefficient of friction
between soil and stubble roots.

During the stubble pulling phase, the pulling force Fn; performs positive work, while the stubble’s
gravitational force G; the adhesive force Fr,; exerted by soil on the roots perform negative work; the structural
resistance F; against pulling applied by soil to the roots (Chen et al., 2024); the frictional force f; between soil
and stubble, which is illustrated in Figure 5(b).

Ix post-pulling

i b stul?ble

Stubble
Soil
X - .)7
Fq| 1 Fq| Y
Ha
T Ty
a) b)

Fig. 5 — Schematic diagram of force analysis on stubble and soil

Effective disengagement of stubble from the soil is achieved only when the pulling force Fu;

continuously performs work to overcome the composite soil resistance, this requires Fyi to satisfy:
Fysin® = (f+F, + Fry, )cosO (5)

During the pulling process, the stubble sways under the action of the CPB, which disrupts the integrity
of the soil structure and leads to a continuous decrease in the combined soil—stubble resistance, thereby
facilitating the extraction of the stubble. According to Equation (5), the extraction force angle ® increases as
the angle itself becomes larger, with ® being determined by the operating speed of the belt-type pulling device
and the ground clearance of the CPB. Given that the residual stubble height after vine killing is typically about
150 mm, the ground clearance of the CPB should be set below 100 mm to ensure effective clamping of the
stubble. This prevents an insufficient clamping area from resulting in an excessively small pulling force Fn.
Furthermore, taking into account the surface unevenness of the potato ridges and to avoid collision between
the device and the soil, the ground clearance of the CPB should be maintained above 30 mm.
Influence of wave profile geometric parameters of the CPB on stubble harvesting effectiveness

The device innovatively adopts a wavy CPB structure design, which increases the clamping contact
area to enhance clamping stability and adaptability to the diverse shapes of stubble. Under the constraint of
the tensioning roller, the CPB follows a sinusoidal wave trajectory. As the stubble enter the pulling zone, they
oscillate under the action of the wavy CPB, as shown in Figure 6(a), the physical diagram is shown in Figure
6(b).
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Fig. 6 — Analysis diagram of stubble residues during pulling phase

To ensure effective stubble extraction and operational efficiency, three spring tensioning devices are
symmetrically arranged on both sides along the working direction. The undulating profile of the CPB is defined
by its wave height and wavelength. This profile shows a negative correlation with the combined soil-stubble
resistance and significantly affects the success of stubble pulling (Dirr et al., 2023). In potato cultivation, typical
plant spacing ranges from 200 mm to 350 mm. Based on anti-clogging design requirements, the spacing
between tensioning rollers, Dy, is set to 150 mm. The wave height h of the belt is positively correlated with the

tensioning angle ¢ of the spring tensioning device. Accordingly, the calculated range for the wave height 4 is
determined to be 140 mm to 220 mm.

Influence of device travel speed and CPB operational speed on stubble harvesting effectiveness

When the stubble initially contacts the belt, the clamped portion of the stubble undergoes
approximately linear motion, after the stubble enters the pulling phase, its trajectory deviates from a straight
line due to the guiding effect of the wave profile of the CPB, exhibiting an overall cycloid-like characteristic. If
the driving wheel speed is excessively high, the overly brief pulling duration can cause a surge in dynamic
loads on the CPB, potentially leading to stubble fracture. Conversely, if the driving wheel speed is too low, the
prolonged pulling time not only reduces operational efficiency but may also cause blockages due to stubble retention.

During the pulling process, the stubble is extracted from the soil when the applied pulling force Fi:
exceeds the combined soil resistance. When the mechanical work done by the CPB and tension roller system
on the stubble reaches or exceeds the minimum work required for the stubble to detach from the soil, effective
stubble removal can be achieved, this process can be expressed as:

0t . h,
) " Fy sindwr, dt > [[" (fi+ Fyy + Fy Yoostidx (6)

where:
to is the time instant when stubble pulling begins, [s]; #; is the time required for complete stubble pulling,

[s]; w is the angular velocity of the driving wheel, [rad/s]; R is the radius of driving wheel, [mm]; £, is the
extracted length of the stubble, [mm].

Equation (6) indicates that the key factor for successful stubble pulling lies in the magnitude of work
done by the pulling force on the stubble. This work primarily depends on both the pulling time and the pulling
force magnitude, where the pulling time is inversely proportional to the device's forward speed. During the
stubble pulling phase, the forward speed of the device v, should be less than the linear velocity of the belt v,
the linear velocity of the CPB is expressed as:

_ 1207tRn

V. = 106 (7)

where:
n is the rotational speed of the driving wheel, [r/min].

To ensure both operational efficiency and effectiveness of the device, the clamping and pulling
mechanism is designed to simultaneously handle 2 to 3 stubble plants. With reference to the acceptable miss
rates in cotton stubble harvesting, the pulling time per individual stubble should be maintained between 1.2s
and 3 s. Given that the combined length of the clamping and pulling phases is approximately 1 m, the required
travel speed of the device falls within the range of 0.33 m/s to 0.83 m/s. Considering a driving wheel radius R
of 40 mm, the operating linear velocity of the CPB is accordingly selected between 1.0 m/s and 1.2 m/s. This
range ensures successful stubble extraction while meeting the constraint of minimum effective action time.
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Analysis of missed stubble pulling

Missed stubble pulling is a typical failure mode in mechanized potato harvesting operations. Maintaining
the stubble miss rate within a reasonable range is therefore essential to ensure the stable and efficient
performance of subsequent field operations. The occurrence of missed pulling is primarily influenced by two
factors.

Firstly, severe lodging of some potato stubble results in an insufficient clamped length, preventing the
generation of adequate pulling force and leading to pulling failure. Secondly, extreme soil conditions
significantly enhance the adhesion between stubble and soil (Oshunsanya, 2016), resulting in excessive pull-
out strength insufficient pulling force causes relative slippage between the stubble and the CPB (Wang et al.,
2021). Analysis reveals that the tension force F, provided by the CPB reaches its maximum when the stubble
is positioned at two characteristic phases, the trough and the peak of the CPB's undulation, as illustrated in
Figure 7.

Fig. 7 — Mechanical force analysis diagram of stubble

where:

Q is the centers of the stubble; F; is the compressive force on the stubble, [N]; F. is the tension force
in the CPB, [N]; ¥ is the clamping angles of the CPB, [°]; F, is the composite soil and stubble resistance, [N];
F. is the thrust force exerted on the stubble by the device's forward motion, [N].

The stubble miss rate can be reduced by increasing the pulling force Fy or reducing the composite
resistance F), between the soil and the stubble. The composite resistance F, gradually decreases due to the
swaying of the stubble. The pulling force Fy can be increased by increasing the squeezing force F; of CPB on
the stubble, perform a stress analysis on the cross-section of the stubble, measured weight m of the potato
stubble after vine killing ranged approximately from 40 g to 100 g, according to the formula for centripetal force,
the centripetal force F, of the stubble is:

F= ®)
r
The force F;, exerted on the stubble by the tension of the CPB is given by:
4
F, =2Fsn > (9)
The force F, exerted by the CPB on the stubble is defined as:
2
.Y my
FJ=F;+Fh=2FZs1n3+ - (10)
r

Based on Equation (10), an increase in the CPB’s speed linearly increases the squeezing force applied
to the stubble. However, an excessively high linear velocity raises the risk of stubble breakage due to excessive
dynamic loads. Conversely, an insufficiently low linear velocity can compromise stable clamping by the CPB,
leading to slip-off during pulling and resulting in missed extraction.

Analysis of stubble breakage

Stubble breakage reduces the efficiency of subsequent cleaning operations and compromises potato
harvesting quality. Preliminary tests revealed that the breakage of stubble exhibits significant spatial
concentration, with breakage primarily occurring in the transition zone between the clamped portion of the
stubble and the root (Khamaletdinov et al., 2020). This region exhibits significant stress concentration, this
region experiences pronounced stress concentration, manifesting primarily as transverse and oblique fracture
modes. Analysis reveals that a positive correlation between the stubble breakage rate and deformation
magnitude, the schematic diagram of stubble deformation is shown in Figure 8.
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Fig. 8 — Deformation characteristics of stubble
where:

F; is the deformation resistance generated by the stubble, [N]; /; is the deformation of the stubble,
[mm]; > is the deformation of the belt, [mm]; /;-/, are the length of the deformed section of the stubble, [mm];
[5 is the total deformation length of stubble, [mm]; Ay is the deflection of stubble deformation.

The bending moment M acting on the stubble stem can be expressed as:

M:ijlzt

X-F,(X-1) (11)
5
The bending moments on both sides of the stubble are equal, integrating over one segment of the stem
yields:

My = (12)

where: Jis the rotational inertia of the stubble.

The stem deformation deflection Ay can be expressed as:
F L 1D
oMJ

The stress experienced by the stubble demonstrates a proportional relationship with deformation
deflection. A reduction in deformation deflection leads to a significant decrease in induced stress. Equation 13
indicates that deformation deflection is correlated with the elastic modulus, which itself exhibits a positive
correlation with the contact area of the stubble stem. Therefore, the use of an undulating flexible belt effectively
minimizes stubble deformation through belt compliance. This mitigation helps reduce internal structural
damage and lowers the stubble breakage rate.

Ay (13)

RecurDyn-EDEM coupled simulation

To accurately simulate the interaction between the device and the stubble, this paper uses a coupled
simulation using RecurDyn and EDEM software to dynamically simulate the stubble pulling process, thereby
verifying the optimal operating parameters.

To accurately represent the movement and force variations of stubble during the clamping and pulling
process, a flexible stubble model was created using a multi-ball aggregation method. Five stubble plants were
continuously positioned along the machine's forward direction, spaced 250 mm apart. Each stubble stem had
a diameter of 10 mm, with 150 mm of stubble remaining on the ridge. The root depth was set at 60 mm. The
stubble model was filled using internally generated single-ball particles with a radius of 1 mm and integrated
via cohesive bonds. After completing the stubble generation, a virtual soil trench with dimensions (LxWxH) of
1300 mmx400 mmx100 mm was established, the discrete element model is shown in Fig. 9. It was filled using
a 2 mm radius single-sphere particle gravity fall method and assembled using cohesive bonds (Wang et al.,
2025). Sandy loam was selected as the soil type, the Poisson's ratio, density, and shear modulus of the stubble
residue were 0.28, 999 kg/m?, and 3.35%x10° Pa, respectively. The soil's Poisson's ratio, density, and shear
modulus were 0.25, 2500 kg/m?, and 1x10® Pa. The contact parameters and cohesion parameters related to
the discrete element model are shown in Table 1.

Table 1
Discrete element model parameters
Parameter Value
Soil-soil restitution coefficient 0.56
Soil-soil static friction coefficient 0.31
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Parameter Value
Soil-soil dynamic friction coefficient 0.13
Soil-stubble restitution coefficient 0.12
Soil-stubble static friction coefficient 0.43
Soil-stubble dynamic friction coefficient 0.01
Stubble-stubble restitution coefficient 0.8
Stubble-stubble static friction coefficient 0.8
Stubble-stubble dynamic friction coefficient 0.8
Stubble-rubber restitution coefficient 0.56
Stubble-rubber static friction coefficient 0.53
Stubble-rubber dynamic friction coefficient 0.42
Polyurethane-rubber restitution coefficient 0.5
Polyurethane-rubber static friction coefficient 0.68
Polyurethane-rubber dynamic friction coefficient 0.58
Stubble-stubble unit area normal stiffness/(N/m?3) 7.5x10°
Stubble-stubble unit area tangential stiffness/(N/m?) 5.6x108
Stubble-stubble critical normal stress/(Pa) 6x107
Stubble-stubble critical tangential stress/(Pa) 7x10°
Stubble-stubble bonding radius/(mm) 2
Soil-soil Unit area normal stiffness/(N/m?3) 2.5%108
Soil-soil Unit area tangential stiffness/(N/m3) 1.5%x108
Soil-soil critical normal stress/(Pa) 25000
Soil-soil critical tangential stress/(Pa) 15000
Soil-soil bonding radius/(mm) 4.2

5

Omm Stubble

[\
N

N

Soil

150mm
60mm

10mm

N

y

REWErT
[S5228
‘I
A
DR

Fig. 9 — Discrete element model

To improve simulation speed, the device was simplified by retaining only the CPB that contacts the
stubble under actual operating conditions. Due to limitations of the EDEM software in accurately configuring
complex motions, the CPB were modeled using the Toolkit-Belt module in RecurDyn to better simulate the real
operational behavior of the CPB, the CPB materials utilize rubber. All roller materials are selected from
polyurethane, the driving and driven rollers have a diameter of 80 mm, while the tension roller has a diameter
of 50 mm; all three are 120 mm in height.

Based on the previous analysis, the pulling force required to remove seedling stubbles ranges from
approximately 60 N to 200 N, and the clamping force applied by the belt must reach about 400 N. Given that
the coefficient of friction between the seedling stubble and the clamping belt is approximately 0.53,
Equation (10) indicates that a belt tension of 525 N will ensure effective clamping and pulling of the stubble.
To achieve a closed, wave shaped CPB, the belts were initially constructed as shell belts. Motion joints were
then added to the tension rollers on both sides for simulation.
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By horizontally moving the two tension rollers, the belt was tensioned and closed into a wave profile.
After the belt reached full contact closure, the model was exported using the Extract function.

Following belt construction, the Patch function in FFlex Edit was applied to soften the belt. After
exporting the model, the External SPI module in RecurDyn was used to identify all geometric bodies interacting
with the clamped stubble segment model and to generate a Wall file. This file was then imported into EDEM
via the “Import Geometry... from RecurDyn” function. The coupling interface between EDEM and RecurDyn
was activated, and a coupled simulation analysis was performed. The coupled simulation model of the stubble
clamping and pulling system is shown in Figure 10.

VIH

Stubble

e

Soil
Fig. 10 — Coupled simulation test model

Coupled simulation tests and results
Selection of simulation input parameters and evaluation indicators

Based on theoretical analysis, the device forward speed X, the linear velocity of the CPB Xz, and the
ground clearance of the CPB X3 were selected as the simulation input parameters. Preliminary simulation tests
revealed that an excessively high forward speed substantially increased stubble breakage rate, while an
excessively low speed prolonged the time required to collect all stubble, thereby reducing efficiency.
Considering that device forward speed X1 should remain below the 3.5 km/h operational speed typical of potato
haulm destroyers, the X; parameter was set within a range of 0.4~0.8 m/s. Drawing on theoretical analysis of
the optimal working conditions for the pulling device, the X, parameter was defined within 1.0~1.2 m/s, and the
X3 parameter within 30~70 mm. A three-factor, three-level Box-Behnken orthogonal experimental design was
adopted, with the factor coding presented in Table 2.

Table 2
Coding of test factors
Factors
Codes Forward speed of the Linear velocity of Ground clearance of
device X1 / m-s™) CPB X2/ m's™' CPB X3/ mm
-1 0.4 1.0 30
0 0.6 1.1 50
1 0.8 1.2 70

To validate the effectiveness of the belt-type clamping and pulling device for potato stubble, evaluation
metrics were adapted from cotton stalk extraction tests, stubble miss rate Y1 and stubble breakage rate Yz is
selected as performance evaluation indicators for the belt-type clamping and pulling device for potato stubble,
their calculation equations are as follows:

Y, = By x100%
PZ
N (14)
Y, =—£2x100%
PZ
where:

P.; is the number of miss stubble per group; P;: is the number of breakage stubble per group; Pzis the

total stubble count per group.

RESULTS
Test results and analysis of variance

The three-factor, three-level orthogonal test method was adopted, with the X1, X2 and X3 as the test
factors, and the Y1 and Y2 as the evaluation indexes. A total of 17 groups of combination tests were carried
out. The experimental scheme and results are shown in Table 3.
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Table 3
Experimental scheme and results
No Factors Stubble miss Stubble breakage
) X1 X2 X3 rate Y1/% rate Y2/%

1 0 0 0 8.1 7.56

2 0 1 -1 9.45 9.33

3 0 -1 1 9.34 8.89

4 0 0 0 8.67 7.11

5 -1 0 -1 8.93 6.22

6 -1 0 1 10.51 11.56

7 1 1 0 11.26 14.22

8 1 0 1 10.94 12.44

9 0 0 0 8.72 8.44
10 -1 -1 0 9.45 8.89
11 0 0 0 8.36 6.67
12 0 -1 -1 7.24 9.33
13 -1 1 0 10.26 10.22
14 1 -1 0 9.38 10.22
15 1 0 -1 9.76 9.78
16 0 1 1 11.07 13.33
17 0 0 0 8.36 7.56

The test results were processed using Design-Expert software to obtain the quadratic polynomial
regression equations of Y1 and Y2, and analyzed by variance and significance test. The variance analysis of
the stubble miss rate is shown in Table 4. From the table, it can be seen that the model has a highly significant
fit. X2, Xs, and X12 have a highly significant effect on the stubble miss rate, while X1, X22, and X32 have a
relatively significant effect on the stubble miss rate. The remaining items have no significant effect.

Table 4
Variance analysis on the stubble miss rate

Index Source of variance Sum of square Freedom F value P value

Model 19.86 9 26.77 0.0001

X1 0.5995 1 7.27 0.0308

X2 5.49 1 66.65 <0.0001

X3 5.25 1 66.67 <0.0001

X1X2 0.2862 1 3.47 0.1047

X1X3 0.04 1 0.4852 0.5085

Y1 X2X3 0.0576 1 0.6987 0.4308

X412 6.08 1 73.77 <0.0001

X2? 0.8217 1 9.97 0.0160

X3? 0.6380 1 7.74 0.0272
Residual 0.5770 7

Lack of fit 0.3241 3 1.71 0.3023
Pure error 0.2529 4
Cor total 20.44 16

The variance analysis of the stubble breakage rate is shown in Table 5, where X1, X2, X3, X12, and X2?
have a highly significant effect on the stubble breakage rate, X2Xs and X32? have a relatively significant effect
on the stubble breakage rate, and the remaining items have no significant effect.

Table 5
Variance analysis on the stubble breakage rate
Index Source of variance Sum of Freedom F value P value
square
Model 80.49 9 14.26 0.0010
X1 11.93 1 19.03 0.0033
Y X2 11.93 1 19.03 0.0033
X3 16.70 1 26.64 0.0013
X1 X2 1.78 1 2.84 0.1357
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Index Source of variance Sum of Freedom F value P value
square
X1X3 1.80 1 2.86 0.1344
X2X3 4.93 1 7.86 0.0264
Xi? 10.78 1 17.19 0.0043
X2? 13.94 1 22.24 0.0022
X3? 3.66 1 5.84 0.0464
Residual 4.39 7
Lack of fit 2.66 3 2.06 0.2488
Pure error 1.73 4
Cor total 84.88 16

Response surface analysis

The response surfaces of the parameter combinations with significant effects on the evaluation
indicators are shown in Fig. 11. As shown in Figures 11a and 11d, with the ground clearance and forward
speed held constant, an increase in the CPB's linear velocity X, enhances the dynamic pulling force transmitted
to the stubble. Mechanistically, the higher velocity increases the applied impulse, which raises the stubble miss
rate Y, as some stubbles are pulled through rapidly without being fully clamped. Concurrently, the stubble
breakage rate Y, declines because the increased kinetic energy promotes cleaner fracture at weaker sections.
Theoretically, beyond a certain point, the pulling force approaches a critical threshold while its duration shortens,
leading to a transition where both Y; and Y, exhibit a non-monotonic trend—initially decreasing before rising.

In Figures 11b and 11e, under fixed ground clearance, an increase in forward speed X, alters the force
distribution along the stubble. The resultant increase in longitudinal loading elevates Y, due to accelerated
dislodgement, while Y, decreases as the stress concentrates near the root. However, further increase in X;
reduces the interaction time between the CPB and the stubble, weakening the effective transfer of pulling
energy and thus causing Y to fall and Y, to rise.

As illustrated in Figures 11c and 11f, with CPB linear velocity and forward speed constant, increasing
the ground clearance X; modifies the clamping geometry and mechanical advantage. Initially, the vertical force
component increases, elevating Y, and reducing Y,. Beyond an optimum clearance, however, the reduced
contact area and compromised grip diminish the extraction force, resulting in a drop in Y; and a pronounced
rise in Y, due to incomplete pulling and increased structural failure.

B
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(973 /. 30 04
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Fig. 11 — The interactive influence of experimental factors on evaluation indicators
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To ensure effective stubble clamping and pulling, both the optimization objectives for stubble miss rate
Y1 and stubble breakage rate Y2 were set to "minimize." Simulation experiments showed that as the height of
the CPB above the ground decreases, the clamping point on the stubble lowers, leading to increased soil
disturbance. Thus, the optimization objective for the CPB height above the ground was set as "in range" with
a preference for the "Lower 50." The optimal parameter combination obtained through optimization was as
follows: forward speed of the device at 0.512 m/s, linear speed of the CPB at 1.08 m/s, and CPB height above
the ground at 50 mm. This configuration yielded the best clamping and pulling performance, with predicted
stubble miss rate at 8.67% and stubble breakage rate at 7.11%.

BENCH TESTING VERIFICATION
Test conditions

To assess the reliability of the belt-clamping potato stubble clamping and pulling device, bench tests
were performed under laboratory conditions. The experimental setup is shown in Figure 12, the potato variety
used in the tests was “Xisen No.3”. Prior to testing, the potato stubbles were preprocessed in accordance with
the technical requirements for potato vine killing, which included removal of leaves and soil from the root zone.
The measured stubble parameters were as follows: stem length ranged from 117 mm to 153 mm, stem
diameter from 8.72 mm to 12.4 mm, and stem moisture content was approximately 93.2%. The test equipment
comprised a belt-type potato stubble clamping and pulling device, an electronic scale, a vernier caliper, a
drying oven, and other auxiliary instruments.

Fig. 12 — Experimental test rig of belt-type potato stubble clamping and pulling device

Test methods

Based on the results of simulation tests, the evaluation criterion was the stubble miss rate. Each test
group was supplied with 50 stubble plants, and the ratio A of the CPB operating speed to the device forward
speed was 2.1. Three operating conditions were set, low speed (0.4 m/s), medium speed (0.5 m/s), and high
speed (0.6 m/s). The stubble miss rate was calculated for each condition, with each condition repeated three
times to obtain the average value, the stubble miss rate was calculated using the following equation :

Y =— (15)

where: Yis the stubble miss rate; P; is the number of miss stubble per group; P is the total stubble count per
group

Results and analysis

The test results of the stubble clamping and pulling device are presented in Table 6. As shown in the
table, the stubble miss rateY reaches its minimum value at the medium-speed setting, indicating the best
clamping and pulling performance of the device. The experimental results under low-, medium-, and
high-speed settings are generally consistent with the simulation results, demonstrating that the established
discrete element model of the clamped stem segment can be used to simulate the stubble clamping and pulling
process and meets the operational requirements for the removal of stubble type residues.

Table 6
Experimental results
Test number Average number of miss stubble Average miss rate of stubble
Y%
Low (0.4 m.s™) 5 10
Middle (0.5 m.s™) 3 6
High (0.6 m.s™) 6 12
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CONCLUSIONS

A novel belt-type clamping and pulling device was designed for potato stubble removal. Capable of
effectively clearing stubble after vine-killing, it facilitates more efficient and higher-quality mechanized
harvesting. By implementing flexible clamping and inducing reciprocating oscillation in the stubble during
extraction, the process successfully increases the success rate of pulling and minimizes breakage. Based on
the analysis of the causes of missed pulling and stubble breakage during the stubble pulling process, three
critical parameters influencing operational effectiveness were identified: the forward speed of the device, the
linear velocity of the CPB, and the ground clearance of the CPB. Bench tests were conducted, and the results
were combined with the analysis in the preceding section to conclude that when the forward speed of the
device is 0.512 m/s, the linear velocity of the CPB is 1.08 m/s, and the ground clearance of CPB is 50 mm, the
belt-type clamping and pulling device has good pulling performance and anti-blocking performance, meeting
the design requirements for stubble clamping and pulling device.
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