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Abstract

To address the issues of high stalk breakage rate and the mismatch between extraction
force and operational speed in current horizontal shaft counter-rolling cotton stalk pullers,
this study presents a novel clamping mechanism. The mechanism enables precise ad-
justment of the rollers’ rotational speed, inter-roller gap, and surface topography. The
objective is to systematically investigate the effects of these key parameters on the peak
extraction force and its timing during the stalk pulling process. Initially, pre-compressed
cotton stalks were employed as test specimens. Their tensile properties post-compression
were investigated by simulating the extraction forces using a universal testing machine.
Subsequently, the structural design of the critical components for the test rig was created
based on these experimental findings. Theoretical analysis identified the surface texture
of the clamping rollers, their rotational speed, and the clamping gap as the primary ex-
perimental factors. The effects of these factors on the peak extraction force and its timing
were analyzed using Response Surface Methodology (RSM). The results indicated that the
optimal combination—striped surface texture for both rollers, a speed of 220 rpm, and a
zero gap—yielded a time to peak force of 0.05 s and a peak force of 710.77 N, which is sig-
nificantly below the measured tensile strength limit of 994.60 N for compressed stalks. This
indicates that the designed clamping device for the horizontal shaft counter-rolling cotton
stalk extraction machine achieves faster extraction speed while ensuring stalk integrity,
and the research results can provide theoretical foundation and design guidance for the
development of horizontal shaft counter-rolling cotton stalk extraction machinery.

Keywords: agricultural machinery; cotton stalk extraction; horizontal shaft counter-rolling;
extraction force; time to peak force

1. Introduction

China is one of the world’s leading cotton-producing nations, with Xinjiang accounting
for 86% of its total cotton production [1]. Cotton stalks, a major by-product of cotton
cultivation, possess versatile potential for applications including biomass fuel, construction
materials, paper manufacturing, and animal feed [2-7]. The resource utilization of cotton
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stalks is crucial for enhancing farmers’ income and fostering the sustainable development
of the cotton industry. Research into the mechanization of cotton stalk harvesting is
fundamental to advancing this resource utilization process. Currently, the predominant
management practice involves directly shredding and incorporating cotton stalks into the
soil (in situ). This practice presents several challenges: the slow degradation rate of the
stalks impedes sowing operations and restricts root development in subsequent cotton
crops [8-10]; they can harbor pathogens and insect eggs, increasing the risk of disease and
pest infestations [11]; and the intermingling of shredded stalks with residual plastic mulch
film complicates film retrieval and post-processing. In contrast, a whole-stalk extraction
method, which uproots the stalks, effectively avoids these aforementioned drawbacks
and significantly increases the total biomass yield available for utilization. Consequently,
research focused on whole-stalk extraction machinery is highly valuable for promoting the
resource utilization of cotton stalks.

Researchers worldwide have conducted extensive studies on whole-stalk cotton stalk
extraction. Studies abroad primarily utilize the counter-roller extraction principle, with
research in this area dating back to the 1980s. Sumner et al. [12] developed a wheel-type
cotton stalk extraction device and optimized its operational parameters by investigating
the effects of the extraction angle, the air pressure of the clamping wheels, and the rota-
tional speed of the clamping wheels on the extraction force; Alamgir et al. [13] designed
a combined machine for cotton stalk extraction and seeding. They improved the surface
treatment of the extraction components based on the load analysis of critical force-bearing
parts during operation, which enhanced the reliability of the extraction mechanism; Ra-
madan et al. [14] developed a vertical shaft counter-rolling cotton stalk extraction device.
They optimized its working parameters by analyzing the effects of the vertical shaft angle
and the rotational speed on the stalk extraction rate. Although foreign cotton planting
patterns differ from domestic ones, and consequently, foreign machine designs are incom-
patible with the widely adopted Chinese wide-narrow row pattern (660 mm + 100 mm) for
mechanized cotton harvesting, the research methodologies and findings from international
studies on the counter-roller extraction principle demonstrate its fundamental feasibility
and provide valuable insights for reference.

Researchers in China have investigated various mechanisms for whole-stalk cotton
stalk extraction. These mechanisms can be categorized by their working principles into
counter-roller, toothed-plate, and chain/belt clamping types. The counter-roller type is
further divided into horizontal shaft and vertical shaft configurations. The toothed-plate
type encompasses roller-gear and disc-gear designs, while the chain/belt clamping type
includes chain-gear and belt-clamping systems. The research team led by Zhang Jiaxi
at Xinjiang Agricultural University has developed multiple cotton stalk extraction de-
vices, such as a toothed-plate stalk lifting device, a belt-clamping extraction device, and
a horizontal shaft counter-roller extraction device [15-17]. Ablikim Abdukerim et al. [18]
developed a coaxial counter-rotating rubber roller stalk extractor. Chen Mingjiang from the
Chinese Academy of Agricultural Sciences designed a disc-gear stalk pulling device [19].
He Xiaowei et al. from China Agricultural University developed a 4MB-6 model inline
shovel-lift and windrower for densely planted cotton stalks [20]. Wang Jikui et al. from
Shihezi University invented a horizontal lying roller-type stalk extraction device [21]. In
summary, the horizontal shaft counter-rolling mechanism offers distinct advantages over
other extraction methods, primarily lower requirements for precise row alignment and
superior adaptability for large-scale stalk harvesting under the “one film covering six rows”
planting pattern. To date, domestic researchers have extensively investigated the effects of
key operational parameters—such as roller rotational speed, extraction angle, and forward
speed of the implement—on the extraction efficiency of horizontal shaft counter-rolling
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extractors. Optimal operational speed ratios for the key components compatible with this
principle have been established. However, a significant challenge persists: the intense
compression applied by the clamping rollers at the grip point damages the stalk’s structure,
reducing its tensile strength and resulting in a high stalk breakage rate. Concurrently,
managing the magnitude of the extraction force often leads to an incompatibility with the
extraction speed, causing stalk slippage or incomplete extraction (missed stalks). More-
over, the effect of the clamping rollers’ surface texture on the extraction force remains an
understudied area in current research.

Accordingly, building upon the research into the tensile strength of compressed cotton
stalks, this study designs a novel clamping mechanism for a horizontal shaft counter-
rolling cotton stalk extraction machine. The focus is on the structural design of this
clamping mechanism. The operational parameters are optimized using the extraction force
and the time to peak force as key evaluation metrics. This work aims to investigate the
influence of altering key operational parameters on the extraction force and its temporal
characteristics (time to peak). The goal is to enable the clamping mechanism to deliver
a higher extraction force and a faster extraction speed while preventing stalk breakage,
thereby laying a foundation for the development of horizontal shaft counter-rolling cotton
stalk extraction machinery.

2. Materials and Methods
2.1. Investigation into the Mechanical Properties of Cotton Stalk Clamping

During the complete extraction process, the extraction force exerted on the cotton stalk
is generated by the normal pressure (Fy) from the upper and lower clamping rollers. The
combination of this normal force and the rotational motion of the rollers induces a frictional
force (Fy) acting along the stalk’s axis in the direction away from the ground. This frictional
force constitutes the primary source of the extraction force. The relationship between the
normal force and the frictional force is given by Equation (1).

Fz = fFy (1)

Preliminary field measurements indicated that the extraction resistance of cotton stalks
falls within the range of 280.25 N to 410 N. To guarantee successful stalk extraction, a design
extraction resistance of 500 N was adopted, resulting in 500 N. Given a coefficient of friction
f of 0.5 between rubber and the cotton stalk surface, substitution into Equation (1) calculates
the maximum required normal pressure from the clamping rollers on the stalk to be 1000 N.
However, the compressive force applied by the rollers can damage the internal structure of
the stalk, which directly compromises its tensile strength. Therefore, to achieve successful
whole-stalk extraction and prevent stalk fracture during the clamping phase, it is essential
to investigate the tensile strength of cotton stalks under clamping conditions. This research
provides the fundamental basis for the design parameters of the clamping rollers.

The tensile strength of cotton stalks post-compression was investigated following
the methodologies outlined in GB/T 1939-2009 “Test method for transverse compression
of wood” [22], GB/T 1938-2009 “Test method for tensile strength parallel to grain of
wood” [23], and supplementary literature. Radial compression and subsequent tensile
strength tests were performed on cotton stalk specimens using an Instron E1000 and a 34TM-
10 universal material testing machine(China), as illustrated in Figure 1. To simulate the
clamping action of the rollers during field operation, a compression test was first conducted
at a loading rate of 200 N /s until a force of 1000 N was reached. Following this compression,
a tensile test was performed on the compressed stalk specimens at a crosshead speed of 10
mm/min to determine their residual tensile strength. The experimental results indicated
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that the tensile strength of untreated cotton stalks ranged from 23.95 MPa to 33.25 MPa.
After being rapidly compressed with a 1000 N force, the tensile strength significantly
decreased to a range of 17.93 MPa to 23.51 MPa. To ensure stalk integrity and prevent
breakage in subsequent mechanical design, the conservative minimum post-compression
tensile strength value of 17.93 MPa was adopted. This value corresponds to a maximum
allowable extraction force of 994.60 N, which served as the critical design criterion for the
following key structural parameters.

Instron E1000 Universal
Testing Machine

Instron 34TM-10 Universal
Testing Machine

Cotton Stalk Cotton Stalk

(a) S (b)

Figure 1. Cotton stalk force analysis diagram. (a) Cotton stalk compression process. (b) Cotton stalk
stretching process.

2.2. Overall Structural Design

The integrated structure of the clamping mechanism for the horizontal shaft counter-
rolling cotton stalk extraction machine comprises five main subsystems: the stalk clamping
mechanism, the floating adjustment mechanism for the clamping rollers, the drive sys-
tem, the extraction force measurement system, and the main frame. The stalk clamping
mechanism incorporates an upper and a lower clamping roller. The floating adjustment
mechanism for these rollers primarily includes a hinged bearing block baseplate, compres-
sion springs, and threaded adjustment rods. The drive system is mainly constituted by
independent hydraulic motors for the upper and lower extraction rollers. The extraction
force measurement system employs an S-type tension load cell and a corresponding data
acquisition circuit, as depicted in Figure 2. The floating adjustment mechanisms for the
clamping rollers are secured to both sides of the main frame using spring-screw assemblies.
The upper clamping roller is mounted at its ends, via bearing blocks, onto these floating
adjustment mechanisms on each side of the frame. The lower clamping roller is similarly
mounted via bearing blocks at the base of the frame, positioned directly below the upper
roller. Each clamping roller is directly coupled to its respective hydraulic motor. These
hydraulic motors are connected to a hydraulic power unit (pump) through hoses and a flow
control valve (speed regulator), enabling precise adjustment of the rollers’ rotational speeds
by modulating the hydraulic flow rate. The tension load cell from the force measurement
system is attached to the frame with a pivotal (hinged) connection. The data acquisition
circuit interfaces with a computer, facilitating the real-time recording of the tensile force
applied to the cotton stalk during the extraction process.

The main technical parameters of the clamping device for the horizontal shaft counter-
rolling cotton stalk extraction machine are presented in Table 1.
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Figure 2. General Configuration Schematic of the Clamping Mechanism. 1: Synchronizing Valve.
2: Flow Control Valve. 3: Main Frame. 4: Upper Clamping Roller. 5: Lower Clamping Roller.
6: Spring. 7: Threaded Rod. 8: Hydraulic Motor for Upper Roller. 9: Hydraulic Motor for Lower
Roller. 10: Cotton Stalk Fixing Sleeve. 11: S-type Tension Load Cell. 12: S-type Tension Load Cell.
13: Return Oil Line. 14: Inlet Oil Line.

Table 1. Main technical parameters.

Parameters Value
Rated power/Kw 4
Overall dimensions (length x width x heigh)/(mm X mm x mm) 500 x 1000 x 640
Machine mass/kg 108
width of cloth/mm 800

2.3. Principle of Operation

During operation, the counter-rotating hydraulic motors drive the upper and lower
clamping rollers to rotate in opposite directions. The rotational speed of these rollers is
precisely controlled by adjusting the flow regulator. The clamping gap width is set by
modifying the spring preload length in the floating adjustment mechanism attached to
the upper roller. Operators manually feed the top portion of the cotton stalk into this gap
between the rollers. The rotation of the rollers engages and pulls the stalk, applying the
extraction force. The S-type tension load cell detects this force, converts it into an electrical
signal, and the data acquisition system transmits this signal in real time to a computer. This
setup allows for the precise collection of time-varying tensile force data experienced by the
cotton stalk during the complete extraction cycle.

2.4. Design of the Cotton Stalk Clamping Mechanism

The stalk clamping mechanism, which functions to grip the cotton stalk and apply
the necessary extraction force for whole-plant removal, represents the core component of
the horizontal shaft counter-rolling cotton stalk extraction machine’s clamping device. It
primarily comprises the upper clamping roller and the lower clamping roller.

To accommodate experimental requirements and align with the prevalent
“660 mm + 100 mm” wide-narrow row cotton planting pattern in Xinjiang, the work-
ing width of the mechanism was designed to be 800 mm, as illustrated in Figure 3. The
surface of the clamping rollers is textured with a striped pattern and fabricated from natural
rubber material.

2.4.1. Determination of the Clamping Roller’s Rotational Radius

As illustrated in Figure 4, the forces acting on the cotton stalk at the clamping point
mainly include the normal clamping force, the resulting frictional force, and the stalk’s
extraction resistance from the soil. The existence of the wrap angle () creates complex,
multi-directional force vectors, precluding analysis based on a single point of applica-
tion. Therefore, this study utilizes the Euler-Eytelwein formula, a standard approach in
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friction mechanics, for the analysis. Defining as the total axial tensile force applied to
the stalk, the limiting condition for successful whole-stalk extraction is expressed by the
following equation:

F, = Fy x ef® 2)

100mm 660mm 100mm 660mm 100mm

Figure 3. Schematic Diagram of the Clamping Width.

Upper Clamping Roller

S
e,

Cotton Stalk ~ \\oamm=

Lower Clamping Roller

Figure 4. Structural and Mechanical Force Schematic of the Clamping Mechanism.

In the equation, F, represents the total axial tensile force (unit: N); F; denotes the
extraction resistance (unit: N); f is the coefficient of friction, assigned a value of 0.5; and o
signifies the wrap angle (unit: rad).

The force analysis presented in the preceding section established that the total axial
tensile force (F;) must remain below the ultimate tensile force of the compressed cotton
stalk, which is 994.60 N. Consequently, to prevent stalk breakage during the clamping
operation, the following condition must also be satisfied:

F, < 994.60N 3)

The geometric relationship depicted in Figure 4 allows for the derivation of a trigono-
metric expression relating the cotton stalk diameter (D), the gap (/) between the rollers, and
the radius (R) of the clamping rollers:

I-D

R= 2(cosa — 1) @)
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By substituting the coefficient of friction f = 0.5 and the extraction resistance F, = 500 N
into the simultaneous solution of Equations (2)—(4), the minimum required clamping roller
radius is determined to be R > 8.706 mm.

T = FzR 5)

Equation (5) indicates that the required driving torque increases with the rotational ra-
dius under a constant rotational load. As established in the foregoing analysis, a tangential
frictional force of 500 N acts on the surface of the operational clamping rollers. Employing
a standard BM2-50 hydraulic motor as the power source, which provides an actual working
output torque of 114 N-m, and incorporating a safety margin for operational loads, a
design torque of 100 N-m is utilized. This calculation determines the maximum allowable
rotational radius for the clamping rollers to be Rz = 200 mm, establishing the permissible
range: 8.706 mm < R < 200 mm. Based on a comprehensive evaluation of overall machine
size and assembly constraints, a radius of R = 100 mm was ultimately selected.

2.4.2. Determination of the Clamping Roller’s Operational Speed

Literature sources [24-26] indicate that the operational forward speed of the implement
and the rotational speed of the clamping rollers are critically important for the efficiency
of cotton stalk extraction. To guarantee the validity of the extraction force measurements,
the rotational speed of the clamping rollers must be designed in accordance with realistic
field operating conditions. The “Agricultural Machinery Design Handbook” [27] estab-
lishes that the motion of the clamping rollers during operation is synthesized from their
rotational movement around the roller shaft and the translational forward movement of
the implement. The kinematic equation describing this combined motion is as follows:

X = vyt + Rcos wt ©)
y = H — Rsinwt

In the equation, v, represents the forward speed of the implement (unit: m/s); H
denotes the height of the clamping gap from the ground (unit: m).
The resulting motion path, illustrated in Figure 5, follows a trochoidal curve.

Y UpperClamping Roller

Cotton Stalk Ac

Clamping Clearance
\*

AN
\1é

4 4, H

L lamping Roll
X Ground Surface | ower Clamping Roller

Figure 5. Path Schematic of the Clamping Point. The blue curve, a trochoid, represents the motion
trajectory of the clamping point.

Figure 5 shows that segment AA; is the maximum transverse chord of the trochoidal
path. This chord represents the net relative displacement opposite to the direction of travel
of the implement, achieved by a point on the clamping roller’s surface during one full
rotation under working conditions. Defining the clamping speed ratio A as the ratio of
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the clamping roller’s peripheral speed (v.) to the implement’s forward speed (v;), and
denoting the length of segment AA; as L,, the formula for L, is expressed as:

R 1
L, = n (arcsin/\ +VAZ—-1-— 72-[) (7)

The clamping rollers can apply an effective extraction force to the cotton stalk only
when their trochoidal path contains the maximum transverse chord, which is oriented
opposite to the direction of implement travel. The existence of this chord requires the
clamping speed ratio to be greater than 1 (A > 1). Preliminary field studies determined the
average root length of cotton stalks to be 200 mm. Consequently, the extraction movement
distance provided by the rollers must exceed this length, meaning the length L, of chord
AA; must be greater than 200 mm (L, > 200 mm). Therefore, successful stalk extraction by
the clamping rollers is contingent upon satisfying two necessary and sufficient conditions:
A>1land L, > 200 mm.

The forward speed of the implement during operation (v;,) was selected from a range
of 0.5 m/s to 1.4 m/s. Applying the previously defined stalk extraction conditions to
Equation (7) results in a required peripheral speed (v.) for the clamping rollers between
1.0 m/s and 2.8 m/s. This peripheral speed range corresponds to a rotational speed range
of 95.5 rpm to 267.4 rpm for the rollers. Consequently, the operational rotational speed
was specified as 96 rpm to 268 rpm. During actual operation, the rotational speed of the
hydraulic motor is influenced by factors such as the extraction load and the limitations of
the hydraulic input power. To ensure the operational stability of the hydraulic motor, the
speed adjustment range should be reduced to 120-220 rpm.

2.5. Design of the Clamping Roller’s Floating Adjustment Mechanism

The normal clamping force exerted by the rollers is generated mainly by the floating
adjustment mechanism. This mechanism comprises a hinged bearing block baseplate,
compression springs, and threaded adjustment rods. Each spring assembly is connected at
one end to the pivotal mounting point on the baseplate via its threaded rod and is secured
to the main frame at the opposite end with a locking nut. A schematic illustration of the
floating adjustment mechanism is provided in Figure 6.

Spring

= Upper Clamping

Roller
Bl o
F

Fy
i L/ il ~N i Pivotal Point
B 2

Lower Clamping
Roller

Figure 6. Schematic of the Floating Adjustment Mechanism.
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From the earlier analysis, the required normal pressure applied by the clamping rollers
to the cotton stalk is Fy = 1000 N. The functional relationship between the spring force (F;)
and this normal pressure (Fy) is expressed by the following equation:

LF, = 2LFy (8)

Given that the center of gravity of the clamping roller assembly lies on the perpendic-
ular bisector of the moment arm for the spring force, the moment generated by the spring
force is twice that generated by the applied pressure. Substituting the relevant parameters
into Equation (8) results in a calculated required spring force of F; = 500 N.

Adequate normal force must be generated by the clamping rollers at the initial engage-
ment phase to successfully feed the cotton stalk into the clamping gap. This is achieved by
installing the springs with a preload, designated as [,;, of 20 mm. Previous experimental
results determined that the operational spring compression [, is 4 mm. The functional
relationship between spring compression and the resulting spring force is described by
Equation (9).

Fy =kl + kly (9)

The required spring stiffness, calculated from Equation (9), is k = 20.83 N/mm. In
accordance with the Chinese National Standard GB/T 2089-2009 “Dimensions and param-
eters for cylindrical helical compression springs (ends closed and ground or closed and
forged)” [28], a compression spring was selected with the following specifications: a wire
diameter of 6 mm, a mean coil diameter of 45 mm, a pitch of 14.2 mm, and a spring rate of
25.55 N/mm.

2.6. Design of the Clamping Roller’s Surface Grooving

The grooved texture on the clamping roller surface is a significant factor influencing
the cotton stalk extraction force. These grooves enhance the friction coefficient between
the roller surface and the stalk, thereby minimizing slippage during extraction [29]. Fur-
thermore, the grooves promote greater deformation of the rubber material at the clamping
interface, which increases the effective contact area with the stalk. The relatively high
peripheral speed at the roller—stalk contact point means the groove’s cross-sectional area
and depth significantly affect interfacial slippage. Deeper and wider grooves cause the
adjacent rubber ridges to compress against each other under load, enhancing the grip on
the stalk and reducing slip. Conversely, excessively large groove dimensions reduce the
overall structural rigidity of the ridges, making them prone to local buckling and lifting
under pressure [30-35]. This deformation diminishes the contact area with the stalk, re-
duces the resulting friction force, and hinders effective stalk extraction. Based on standard
grooved patterns used for press rollers, the specific parameters for the clamping roller
surface grooving were defined as: a groove depth of 5 mm, a groove width of 17.5 mm,
13 thread starts, a helix angle (w1) of 15°, and a lead of 2345.5 mm. This configuration is
illustrated in Figure 7.

Groove (Depth: 5 mm,
Width: 75mm) |

"

Number of Starts: 13 \\150

- 1 V

Figure 7. Design Parameters for the Clamping Roller’s Surface Grooving Pattern.
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2.7. Experimental Rig Testing
2.7.1. Experimental Conditions and Methodology

A prototype of the horizontal shaft counter-rolling cotton stalk extraction machine
clamping device was manufactured according to the design detailed in the previous sections
(Figure 8). Field tests were conducted in Shihezi City, Xinjiang. The test specimens consisted
of intact, whole cotton stalks. These stalks were collected from the cotton experimental
plots at the Shihezi University Experimental Farm, also located in Shihezi City, Xinjiang,
on 11 October 2024. Using a simple random sampling method, 51 cotton stalk plants were
selected. The average diameter of the stalk clamping zone was 8.96 mm, with maximum
and minimum values of 12.7 mm and 7.34 mm, respectively. The average moisture content
of the cotton stalks was 51.9%.

Figure 8. Clamping Mechanism for Horizontal Shaft Counter-Rolling Cotton Stalk Extraction Machine.

Three experimental factors were selected for investigation: the surface groove pattern
of the clamping rollers (Xj), the rotational speed of the clamping rollers (X;), and the
clamping gap width (X3). The coded levels for these experimental factors are presented
in Table 2. Before commencing the tests, a sufficient quantity of whole cotton stalks was
prepared. Each experimental treatment combination was replicated three times, and the
mean value of these replicates was used as the result for that particular test group.

Table 2. Experimental Factors and Their Levels.

Operational Speed of the

Level Groove Type Clamping Roller/(r-min-1) Clamping Gap/mm
-1 -1 120 0
0 0 170 2
1 1 220 4

Note: The groove type levels were assigned as follows: code —1 for both smooth rollers, code 0 for both grooved
rollers, and code 1 for a grooved upper roller combined with a smooth lower roller.

2.7.2. Evaluation Metrics

Preliminary experimental results characterized the temporal variation in the extraction
force exerted on the cotton stalk by the clamping rollers, as depicted in Figure 9. The force
profile initiates at 0 N, undergoes a rapid ascent to a maximum peak value, and is followed
by a subsequent decline. This decrease is attributed to a reduction in the coefficient of
friction at the clamping interface resulting from sustained sliding contact between the roller
surface and the stalk. However, under actual field operating conditions, the duration of
engagement between the rollers and a single stalk is very short. Consequently, the phase of
force degradation due to friction is negligible for practical analysis. The focus of the actual



Agriculture 2025, 15, 2137 11 of 19

operational analysis is therefore confined to the initial segment of the curve, specifically the
rapid force increase from 0 N to the peak value, as illustrated in Figure 9.

700 ¢
600 P
500 p
400 p

300 p

Tensile Force (N)

200 f

100

0

0 0.1 0.2 0.3 0.4 0.5

Time (s)

Figure 9. Time—Variation Plot of Cotton Stalk Extraction Force.

Consequently, this study analyzes the effects of the experimental factors on the ex-
traction force by examining two key characteristics: the absolute magnitude of the peak
force and the rapidity of the force increase to that peak. The peak extraction force and the
time required to reach this peak force were thus selected as the evaluation indicators for
the experiment.

3. Results and Discussion

A three-factor, three-level quadratic regression orthogonal composite experimental
design was generated using Design-Expert 13. The corresponding experimental results
are presented in Table 3. The data in Table 3 indicate that the maximum observed peak
extraction force was 702.8 N.

Table 3. Box-Behnken Experimental Design and Results.

NO. Peak Extraction Force/N  Time to Peak Force/s
1 -1 0 -1 412.1 0.10
2 -1 0 1 105.3 0.07
3 -1 -1 0 205.8 0.12
4 -1 1 0 180.8 0.04
5 0 0 0 435.8 0.08
6 0 0 0 450.3 0.08
7 0 0 0 400.7 0.09
8 0 1 -1 702.8 0.04
9 0 0 0 585.5 0.07
10 0 0 0 376.4 0.08
11 0 -1 1 417.3 0.10
12 0 1 1 245.6 0.05
13 0 -1 -1 562.5 0.15
14 1 -1 0 307.8 0.09
15 1 0 -1 602.0 0.10
16 1 0 1 169.6 0.06
17 -1 0 -1 262.5 0.05

3.1. Regression Model Development and Analysis of Variance

Multivariate regression analysis was conducted using Design-Expert software. Anal-
ysis of variance (ANOVA) for the peak extraction force (Y7) and the time to peak force
(Y7) is presented in Table 4. The ANOVA results show that for both response variables
(Y7 and Y3), the model terms are highly significant (p < 0.01), and the lack-of-fit is not
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significant (p > 0.05). This indicates that the developed regression models are statistically
significant and provide a good fit to the experimental data. Furthermore, the differences
between the Predicted R? and the Adjusted R? values for both models were less than
0.2, demonstrating that the models are reliable and possess a strong predictive capability
(good generalization). Non-significant terms were eliminated from the models based on
the statistical analysis. The final reduced regression equations describing the relationship
between the three coded factors—roller groove type (X1), roller speed (X5), and clamping
gap (X3)—and the responses—peak extraction force (Y1) and time to peak force (Y,)—are
given by:

Y, = 44.97 + 5.47x1 — 16.77x3 — 7.8xpx3 — 18.52x;> (10)

Y, = 0.0806 — 0.035x, — 0.0138x3 — 0.01x1 %2 + 0.015%2x3 (11)

Table 4. Results of the Analysis of Variance.

Index Source Sum of Mean 3 p
Squares Square
Model 4371.36 485.71 11.50 0.0020
X1 239.70 239.70 5.68 0.0487
X 12.93 12.93 0.3062 0.5973
X3 2249.83 2249.86 53.28 0.0002
X1Xo 1.03 1.03 0.0244 0.8803
Yq X1X3 39.44 39.44 0.9340 0.3660
X2X3 243.36 243.36 5.76 0.0474
X2 1443.51 1443.51 34.18 0.0006
X,? 27.07 27.07 0.6412 0.4496
X532 140.02 140.02 3.32 0.1114
Lack of Fit 31.50 10.50 0.1590 0.9186
Model 0.0127 0.0021 28.56 <0.0001
X1 0.0001 0.0001 1.51 0.2470
X 0.0098 0.0098 131.70 <0.0001
Y X3 0.0015 0.0015 20.33 0.0011
2 X1Xp 0.0004 0.0004 5.38 0.0429
X1X3 0.0000 0.0000 0.3360 0.5750
X2 X3 0.0009 0.0009 12.09 0.0059
Lack of Fit 0.0005 0.0001 1.81 0.2938

Multivariate regression analysis was carried out using Design-Expert software. The
analysis of variance (ANOVA) for the peak extraction force and the time to peak force is
presented in Table 4. The results demonstrate that for the peak extraction force model, the
main effects of groove type (X;) and clamping gap (X3), the two-factor interaction (X X3),
and the quadratic effect of groove type (X;2) are statistically significant. For the time to peak
force model, the main effects of roller speed (X7) and clamping gap (X3), along with the
interaction effects X1 X, and X, X3, were found to be significant. The relative significance
of the factors influencing the peak extraction force, in descending order, was: clamping
gap width (X3) > roller groove type (Xj) > roller rotational speed (X;). Conversely, the
factors affecting the time to peak force, ranked by their significance, were: roller rotational
speed (X») > clamping gap width (X3) > roller groove type (X;). Notably, the rotational
speed of the clamping rollers (X;) did not exhibit a significant effect on the magnitude
of the peak extraction force (Y7) but was a highly significant factor for the time to peak
force (Y>). This can be attributed to the very short duration of the roller-stalk interaction
during the extraction event. Within this transient period, variations in rotational speed do
not substantially change the interfacial coefficient of friction, hence the negligible impact
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on the peak force. In contrast, the rate at which the stalk is tensioned is a direct function
of the roller’s peripheral speed, making rotational speed a critical determinant of how
quickly the peak force is reached. The surface groove type of the clamping rollers (X;)
significantly influenced the peak extraction force (Y1) but did not have a significant effect
on the time to peak force (Y2). The grooved texture enhances the coefficient of friction at the
roller-stalk interface, leading to an increase in the maximum force required for extraction.
Therefore, groove type is a significant factor for the peak force. However, alterations in the
groove pattern do not change the fundamental rotational kinematics (speed) of the rollers.
Consequently, the groove type does not significantly alter the time dynamics of the force
development, explaining its non-significant effect on the time to peak force.

The relationships between the peak extraction force and its statistically significant
factors are illustrated in Figure 10a,b. The peak force demonstrated a distinct non-linear,
quadratic relationship with the roller groove type, characterized by an initial increase
followed by a decrease. The maximum peak force was achieved when both the upper
and lower rollers featured the grooved surface, a condition that maximizes the interfacial
coefficient of friction with the stalk. Conversely, the minimum peak force occurred when
both rollers were smooth, minimizing the friction coefficient. A mixed configuration
(grooved upper roller, smooth lower roller) produced an intermediate friction coefficient
and a corresponding peak force value slightly above the all-smooth configuration but
significantly below the all-grooved configuration. These results confirm that incorporating
a grooved texture on the roller surfaces significantly enhances the extraction force, thereby
justifying the earlier design choice of using grooved rollers. A significant negative linear
correlation was observed between the peak extraction force and the clamping gap width; the
force decreased monotonically as the gap increased. At the smallest gap setting, the rollers
made the most intimate contact with the stalk. This promoted greater elastic deformation
of the rubber surface, maximized the true contact area, and thus generated the highest peak
extraction force. As the gap widened, the contact between the rollers and the stalk became
less firm and more intermittent. This reduction in effective contact area directly led to a
progressive decline in the achievable peak extraction force.
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Figure 10. Relationships of the Peak Extraction Force and Time to Peak Force with the Experimental
Factors. (a): The influence of X; on Y;. (b): The influence of X3 on Y. (c): The influence of X; on Y5.
(d): The influence of X3 on Y.

Figure 10c,d illustrate the relationships between the time to peak force and its signifi-
cant factors. A significant negative linear correlation was found between the time to peak
force and both the roller rotational speed and the clamping gap width. Specifically, the time
to peak force increased as the roller speed decreased and as the clamping gap narrowed.
An increase in roller rotational speed directly translates to a higher peripheral velocity,
which pulls the stalk faster and thus shortens the time required to reach the peak force. A
wider clamping gap reduces the intimacy of contact between the roller surfaces and the
stalk. This looser engagement minimizes the damping effect (energy loss) on the rollers,
allowing them to maintain a speed closer to their set value. The resultant higher effective
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pulling speed decreases the time to peak force. In contrast, a narrower gap increases contact
intimacy and friction, imposing greater damping on the rollers. This damping causes a
more significant drop from the set rotational speed, slowing the effective stalk pulling
velocity and consequently increasing the time to peak force. These results indicate that
achieving a faster stalk extraction speed is facilitated by both higher roller speeds and larger
clamping gaps. However, the preceding analysis of peak extraction force demonstrated
that a smaller clamping gap is essential for maximizing the extraction force and preventing
stalk slippage. This creates a trade-off. Therefore, the final selection of the clamping gap
value must be determined through a comprehensive analysis that considers the interaction
between these competing effects on both response variables (peak force and time to peak).

3.2. Analysis of Factor Interactions

The analysis of variance (ANOVA) results presented in Table 5 indicate that the two-
factor interaction between roller speed (X;) and clamping gap (X3) is significant for the
peak extraction force model. For the time to peak force model, the interactions between
groove type and roller speed (X;X5) and between roller speed and clamping gap (X X3)
are statistically significant. Response surface methodology (RSM) was employed within
Design-Expert to analyze these interactions. The resulting response surface plots, which

visualize the effect of these interacting factors on the two response variables, are presented
in Figure 11.

Table 5. Results of the Validation Experiments.

Parameter Results Theoretical Prediction Value  Relative Error
Peak extraction force/N 710.77 702.80 1.12%
Time to peak force/s 0.050 0.048 4.00%

nxd edd
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Figure 11. Influence of the Interactions among Various Factors on the Peak Extraction Force and the

Time to Peak Force. (a): The influence of X, and X3 on Y;. (b): The influence of X; and X, on Y5.
(c): The influence of X, and X3 on Yj.

Figure 11a demonstrates that with the roller groove type fixed at its intermediate level
and the rotational speed held constant, the peak extraction force exhibits a substantial
increase as the clamping gap is reduced. The underlying mechanism is twofold: firstly, a
narrower gap induces significant elastic deformation in both the rubber covering the rollers
and the stalk material, substantially increasing the effective contact area between them.
Secondly, the spring mechanism in the floating adjustment assembly is compressed further
at smaller gaps, applying a greater normal clamping force (Fy) to the stalk. The synergistic
effect of these two conditions—increased contact area and higher normal force—results in
a significantly enhanced frictional force, which is the direct cause of the higher observed
peak extraction force. When the clamping gap width is maintained at a constant value, the
relationship between the peak extraction force and the roller rotational speed reveals two
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distinct and opposing trends, critically dependent on the gap size: For clamping gaps larger
than 2 mm, the peak force decreases with increasing roller speed. Conversely, for gaps
smaller than 2 mm, the peak force increases with increasing roller speed. This phenomenon
can be explained by the fundamental mechanics of the roller—stalk interaction: Under a
small clamping gap, the intimate contact and high compression minimize slippage. A
higher rotational speed in this regime applies a very rapid acceleration to the stalk. New-
ton’s second law dictates that the instantaneous force required to achieve this acceleration
is high, leading to a larger peak force reading from the sensor. In contrast, under a large
clamping gap, the contact is loose and slippage is inherent. Increasing the roller speed in
this high-slip regime exacerbates the relative motion (slippage) between the roller surface
and the stalk. This increased slippage reduces the effective coefficient of friction and the
force transmission efficiency, ultimately resulting in a lower peak extraction force.

Figure 11b indicates that with the clamping gap fixed at its intermediate level and the
groove type held constant, the time to peak force exhibits a highly significant increasing
trend as the rotational speed of the clamping rollers decreases. The physical explanation
is that the stalk is propelled by the rotating rollers. A higher rotational speed imparts a
greater acceleration to the stalk, which in turn reduces the time required for the tension
force measured by the load cell to ramp up to its maximum value. When the rotational
speed is maintained at a constant value, the effect of groove type on the time to peak force
is more subdued and reveals two contrasting patterns depending on the speed level: At
high rotational speeds, where speed is the dominant factor governing the time to peak
force, the grooved texture increases the interfacial friction. This elevated friction imposes
a higher torque load on the hydraulic motors driving the rollers. If the motor’s power
output is limited, this increased load can cause a slight decrease in the actual operational
speed (a load-induced speed drop). This reduction in effective pulling speed slows the
stalk’s acceleration, ultimately increasing the time taken to reach the peak force. At lower
rotational speeds, the primary role of the grooves is to increase the coefficient of friction at
the roller—stalk interface. This enhanced grip significantly suppresses slippage between
the two surfaces. By minimizing energy-wasting slip, the grooves ensure that a greater
proportion of the roller’s rotational motion is converted into translational motion of the
stalk. This maintains a higher effective acceleration for the stalk under these low-speed
conditions, leading to a shorter time to reach the peak force.

Figure 11c shows that with the groove type set to its intermediate level, the time to
peak force increases with decreasing values of both roller rotational speed and clamping
gap width. The sensitivity of the time to peak force to changes in the clamping gap is
particularly pronounced at lower rotational speeds. The underlying mechanism is that a
narrower clamping gap intensifies the compressive interaction between the rollers and the
stalk. This causes greater elastic deformation in the rubber surface and the stalk itself, and
increases the compression of the adjustment mechanism’s springs. These effects collectively
impose a significantly higher torque demand on the drive motors to maintain rotation.
Under a constant power input, this increased load can cause a measurable decrease in the
actual rotational speed of the rollers. This load-induced speed reduction lowers the rate at
which the stalk is pulled, thereby increasing the time required to reach the peak force. At
high rotational speeds, the roller speed becomes the dominant factor controlling the time to
peak force. The high peripheral velocity ensures a rapid stalk acceleration phase, leading to
a short time to peak force. Under these conditions, the effect of varying the clamping gap
on the final time to peak force value is secondary and becomes less noticeable; the peak
time remains comparatively low across the range of gap widths tested.
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3.3. Parameter Optimization and Validation Experiments

Numerical optimization was performed on the developed models using the Design-
Expert software. The optimization criteria were defined as maximizing the peak extraction
force (Y1) and minimizing the time to peak force (Y;). The formal objective function and the
associated constraints for this multi-response optimization are specified in Equation (12):

maxY1 (Xl, Xz, X3)

Wlil’le(Xl, Xz, X3)
-1<X <1 (12)
5.£.4 120 < X, < 220
0< X3 <4

The numerical optimization procedure converged on the optimal parameter combina-
tion: a grooved surface texture for both the upper and lower clamping rollers, a rotational
speed of 220 rpm, and a clamping gap of 0 mm. The model predicts a theoretical peak
extraction force (Y1) of 702.80 N and a theoretical time to peak force (Y») of 0.048 s for this
combination. This predicted peak force fulfills the design criterion of being below the
ultimate tensile strength of compressed stalks (994.60 N) to prevent breakage, while also
being substantially higher than the measured stalk extraction resistance to ensure successful
uprooting. An experimental validation was conducted using the optimized parameters
(both rollers grooved, 220 rpm, 0 mm gap) under controlled conditions on the test stand.
Five replicate trials were performed to ensure statistical reliability, and the average results
are presented in Table 5. The experimental mean peak extraction force was 710.77 N, and
the mean time to peak force was 0.05 s. These empirical results show excellent agreement
with the model’s predictions (702.80 N, 0.048 s), confirming the high reliability and pre-
dictive accuracy of the developed regression models and the optimization methodology.
This validates the use of this model-based approach for the structural optimization of the
clamping mechanism in horizontal shaft counter-rolling cotton stalk extraction machines.

4. Conclusions

1.  Addressing the problem of high stalk breakage rates associated with current hori-
zontal shaft counter-rolling whole-stalk cotton stalk extraction machines, the tensile
properties of stalks following rapid compression were investigated by simulating
the extraction forces using a universal testing machine. This study established a
conservative lower limit for the post-compression tensile strength of 17.93 MPa, corre-
sponding to an ultimate tensile force of 994.60 N, which served as a critical design
constraint to prevent stalk fracture. Leveraging the findings on the post-compression
tensile behavior of cotton stalks, the design incorporated the Euler-Eytelwein formula
from belt friction theory alongside relevant geometric relationships. This analytical
foundation was used to determine key design parameters: a clamping roller radius of
100 mm, an operational speed range of 96 to 268 rpm, a working width of 800 mm
to match the common planting pattern, and a spring stiffness of 25.55 N/mm for the
floating adjustment mechanism.

2. The primary factors influencing the peak extraction force (Y1) and the time to peak
force (Y2) were identified through a foundational study on the post-compression
tensile characteristics of cotton stalks and a subsequent mechanics analysis of the
roller—stalk interaction. A Response Surface Methodology (RSM) experimental design
was implemented to investigate these factors. Analysis of Variance (ANOVA) of the
results revealed that the significance of factors on the peak extraction force, ranked
in descending order, was: clamping gap width (X3) > roller groove type (Xj) > roller
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rotational speed (X3). For the time to peak force, the order of significance was: roller
rotational speed (X») > clamping gap width (X3) > roller groove type (X;). Numerical
optimization was conducted to determine the optimal parameter set. Experimental
validation using this optimal combination—specifically, grooved surfaces on both
rollers, a rotational speed of 220 rpm, and a clamping gap of 0 mm—yielded a mean
peak extraction force of 710.77 N and a mean time to peak force of 0.05 s. The relative
errors between these empirical results and the model’s predictions (702.80 N, 0.048 s)
were 1.12% for the force and 4.00% for the time, both well within the acceptable 5%
threshold. This close agreement confirms the accuracy and predictive capability of the
developed models. The measured peak force (710.77 N) under optimal parameters
remained substantially below the ultimate tensile strength of the compressed stalk
(994.60 N), ensuring stalk integrity and preventing breakage. Simultaneously, the
short time to peak force (0.05 s) indicated a rapid extraction process.

3. The results demonstrate that the designed clamping device for the horizontal shaft
counter-rolling cotton stalk extraction machine achieves a high extraction speed
while preventing stalk breakage. The findings provide a theoretical basis and design
reference for the development of such extraction machines. This study focuses on
investigating the influence of the clamping device’s operational parameters on the
extraction force and speed, with particular emphasis on the interaction between the
clamping rollers and the cotton stalks. Consequently, a limitation of this research is
that it does not account for factors such as root—soil interaction forces, soil moisture
content, or residual film entanglement around the roots, which may affect stalk
extraction. Furthermore, this study optimized the clamping device to address the
limitations of existing horizontal shaft counter-rolling cotton stalk pullers. While both
power requirements and costs meet practical operational demands, the hydraulic drive
system may experience fluctuations during actual operation due to instantaneous load
variations, which could affect the rotational speed and torque of the hydraulic motors.
In summary, future work should further optimize the operational parameters of the
clamping device by incorporating practical field conditions and other relevant factors.
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