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ABSTRACT

To address the problems of unstable posture, end crushing, and poor release during conventional press-in
sand barrier laying caused by the large diameter, rigid internodes, pronounced nodes, and heterogeneous
structure of corn stalks, a smooth composite insertion pin consisting of a front steel pin and a rear sleeve was
designed. Based on the structural characteristics of the corn stalk rind, pith, and nodes, a layered discrete
element model was established to analyze pith compression, sidewall friction, and local failure during axial
insertion. The sleeve contact-segment diameter, steel pin diameter, and sleeve front transition angle were
selected as experimental factors, and insertion force stiffness was adopted as the evaluation index. A Box-
Behnken response surface design was employed for parameter optimization, followed by internodal validation,
finite element analysis, nodal insertion tests, and release tests. The results showed that the sleeve contact-
segment diameter had the greatest influence on insertion force stiffness, while the steel pin diameter and
transition angle also had significant effects. The regression model exhibited a good fit, and the lack-of-fit was
not significant. Considering machining feasibility and structural stability, the optimal structural parameters were
a sleeve contact-segment diameter of 5.5 mm, a steel pin diameter of 2.0 mm, and a sleeve front transition
angle of 160°, corresponding to a predicted insertion force stiffness of 1.15 N/mm. The validation results
agreed well with the model predictions. Although the insertion force increased substantially in the nodal region,
the optimized composite insertion pin successfully achieved axial insertion through the nodes and enabled
smooth release in both the internodal and nodal regions.
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INTRODUCTION

Sand barrier laying is an important engineering measure for desertification control, wind-sand
protection and ecological restoration in sandy areas (Chen et al., 2024). Its laying quality directly affects near-
surface wind-speed reduction, sand-transport flux, surface stability and vegetation recovery. Among different
sand-control measures, straw checkerboard sand barriers have been widely used in mobile sandy land, railway
and highway protection, and ecological restoration projects because of their accessible materials, simple
structure and stable sand-fixing effect. Previous studies have shown that sand barriers improve windbreak and
sand-fixation performance by increasing surface roughness, modifying the near-surface airflow structure and
weakening aeolian sand transport capacity (Zhao et al., 2016, Wang et al., 2018; Zhang et al., 2018; Fang et
al., 2023; Sun et al., 2024). Semi-buried sand barriers, plate-type barriers, mesh barriers and porous sand-
fixing components have also been developed to improve protective performance.
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Their structural size, porosity, arrangement pattern and spacing can significantly affect wind-speed
distribution, sediment deposition and sand-blocking efficiency (Zhao et al., 2016; Wang et al., 2018; Fang et
al., 2023; Sun et al., 2024; Xu et al., 2021; Zhang et al., 2021; Wang et al., 2024; Liu et al., 2025).

With the development of wind-sand control engineering from manual construction towards
mechanized, equipment-based and efficient operation, improving the laying quality and working efficiency of
sand barriers has become an important research direction in desertification-control equipment (Qu et al., 2019;
Xu et al., 2020; Zhang et al., 2022).

At present, most sand barrier laying machines have been developed for slender and flexible straw
materials, such as wheat straw and reed straw. Conventional laying devices usually use inserting blades,
pressing wheels, pressing discs or feeding—guiding mechanisms to press straw into sandy soil, forming sand
barrier structures with a certain buried depth and exposed height. Related studies have shown that the
mechanism type, feeding mode, pressing depth, working speed and straw feeding uniformity affect the forming
quality of sand barriers and the straw mass per unit length (An et al., 2025; Qi et al., 2025). However, most
existing machines are designed for flexible straw, and their working principle mainly depends on straw bending
and overall pressing. For corn stalks with larger diameters, more rigid internodes and pronounced nodes, direct
use of the conventional press-in method may easily cause unstable bending, poor posture control, end
crushing, local splitting and poor release. Therefore, designing a key end-effector suitable for axial insertion
and directional conveying according to the structural characteristics of corn stalks is fundamental for realizing
mechanized laying of corn stalk sand barriers.

Corn stalk is a typical heterogeneous biological material consisting of nodes and internodes. Its cross-
section includes a dense outer rind, vascular bundles and loose inner pith. Its mechanical properties are
strongly affected by loading direction, moisture content, sampling position and stalk posture. Previous studies
have shown that the corn stalk rind has relatively high tensile strength and stiffness, whereas the pith is loose
and prone to compression, shearing and local failure (Zhang et al., 2016, Chen and Qu, 2017; Zhang et al.,
2020). In addition, probe geometry, cross-sectional geometry and flexural stiffness affect puncture resistance,
failure location and load-bearing capacity of corn stalks (Robertson et al., 2016; Cook et al., 2020; Stubbs et
al., 2022). These studies provide a basis for understanding the mechanical behavior of corn stalks.
Nevertheless, most of them focus on tension, bending, puncture, shearing or lodging, while limited attention
has been paid to axial insertion, compression, friction and release of corn stalks during sand barrier laying.

During axial insertion of corn stalks, complex contact interactions occur between the insertion pin and
the stalk pith. The front end of the pin first penetrates and compresses the loose pith. Subsequently, the pith
is continuously squeezed and sheared. As the insertion depth increases, the contact length between the
sidewall of the insertion pin and the pith increases, resulting in increased frictional resistance. When the
insertion pin approaches a node, the dense tissue and transverse diaphragm increase local puncture,
compression and shear resistance, causing obvious fluctuations or peaks in the insertion force curve. If the
insertion pin diameter is too large, pith compression and sidewall friction increase significantly. If the diameter
is too small, the supporting and guiding effects of the insertion pin are insufficient, leading to unstable stalk
posture. Therefore, the structural parameters of the insertion pin should be optimized by comprehensively
considering low-resistance insertion, stable holding and smooth release.

The discrete element method (DEM) can describe the contact, bonding, failure and motion processes
of particulate materials, and has been increasingly applied to plant-material modelling, straw crushing,
conveying and contact behavior analysis in recent years (Coetzee, 2017; Zhang et al., 2020). Meanwhile,
response surface methodology is suitable for analyzing coupled effects among multiple factors and
establishing regression relationships between structural parameters and performance indicators, and has been
applied in the structural parameter optimization of agricultural equipment (Myers et al., 2016, Montgomery,
2017; An et al., 2025; Qi et al., 2025).

Based on this, a smooth composite insertion pin consisting of a front steel pin and a rear sleeve was
designed for a corn stalk sand barrier laying device. The structural characteristics of corn stalks and the failure
mechanism during axial insertion were analyzed, and a layered composite DEM model and an axial force
model of the composite insertion pin were established. Then, the sleeve contact-segment diameter, steel pin
diameter and sleeve front transition angle were selected as the main factors, and insertion force stiffness was
used as the response value for Box-Behnken response surface optimization. Finally, direct internodal insertion
validation, finite element analysis, nodal insertion tests and release verification tests were conducted to
evaluate the prediction accuracy, structural stability and functional adaptability of the optimized structure.
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MATERIALS AND METHODS
STRUCTURAL CHARACTERISTICS OF CORN STALK AND FAILURE MECHANISM DURING AXIAL INSERTION
Structural characteristics of corn stalk

Corn stalks are composed of nodes and internodes. The node is characterized by annular protrusions and
contains a transverse diaphragm, with relatively dense tissue, whereas the internode is approximately cylindrical.
In the cross-section, the stalk consists of a dense outer rind, vascular bundles and loose pith from the outside to the
inside. The vascular bundles gradually become sparser from the outer region toward the center, forming a
heterogeneous structure with a dense outer layer and a loose inner core, as shown in Figure 1.

a) Overall morphology of corn stalk Node Internode Node

b) Cross-section of corn stalk

Rind

Nodal ring
Pith
Fig. 1 - Morphological structure and nodal tissue characteristics of corn stalk

Discrete element representation of the layered structure of corn stalk

According to the structural differences among the rind, pith and nodal tissues, corresponding particle
units were constructed and assigned material parameters and inter-particle bonding parameters for different
regions, thereby forming a layered composite corn stalk model. The discrete element method (DEM) can
describe inter-particle contact force transmission and local failure processes, and has been widely used to
simulate the mechanical behavior of agricultural materials (Cundall and Strack, 1979; Tsuji et al., 1992). In
recent years, many studies have optimized DEM parameter calibration and particle contact models, improving
the simulation accuracy of plant materials (Zhu et al., 2007). In addition, DEM parameter calibration methods
and model reliability evaluation have been systematically investigated (Coetzee, 2017). The model established
in this study was used to characterize the structural differences between internodes and nodes, as well as
local compression and failure behavior during insertion. The modelling process is shown in Figure 2.

Particle

Inter-particle bont

Bonded particles

Pith Rind Corn stalk Pith Rind Corn stalk

a) b)

Fig. 2 - Construction process of the corn stalk discrete element model
a) internode model; b) nodal model
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Analysis of insertion-induced failure modes

During axial insertion of corn stalks, the main failure modes include end crushing, pith compression,
fiber shearing and nodal obstruction. The insertion pin first compresses the loose pith. Subsequently, the pith
is continuously squeezed and sheared, while the sidewall friction increases with the contact length. When the
pin approaches a node, the dense tissue and transverse diaphragm increase the local puncture and shear
resistance, causing fluctuations or peaks in the insertion force curve. A typical process is shown in Figure 3.
Therefore, the composite insertion pin should be designed to reduce the front penetration resistance and
sleeve frictional resistance, while ensuring bending stability under lateral eccentric loading.
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Fig. 3 - Compression and failure characteristics of corn stalk pith during axial insertion
a) failure characteristics of internode; b) failure characteristics of nodal region

STRUCTURAL DESIGN OF THE INSERTION PIN
Design of the smooth composite insertion pin

The composite insertion pin was designed to realize axial insertion and directional conveying of corn
stalks. Its design should ensure low-resistance penetration, stable holding and smooth release. In this study,
a structure consisting of a front steel pin and a rear sleeve was adopted. The steel pin was used to penetrate
and compress the pith and provide axial support, while the sleeve was used to fix the steel pin and connect it
to the conveying mechanism. A gradual diameter transition was arranged between the two parts to reduce
abrupt changes in contact resistance and improve the smoothness of load transmission. As shown in Figure
4, the corn stalk was sleeved along the axial direction of the insertion pin under the action of the push block.
The thrust of the push block mainly overcame pith compression, local shearing and sidewall friction resistance.
In addition, uneven stalk ends and non-uniform internal tissues may cause lateral eccentric loading.
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Fig. 4 - Force analysis of the composite insertion pin
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In Figure 4, F,represents the thrust of the push block; F. represents the resistance caused by
compression, squeezing and local shearing of the corn stalk pith; F represents the frictional resistance
between the sidewall of the insertion pin and the stalk pith; P, represents the radial normal pressure; and S
represents the insertion depth of the stalk. Ry, R4,, M, and F,, denote the vertical reaction force, axial
reaction force, bending moment at the fixed end, and lateral force caused by eccentric loading, respectively,
which are used to describe the possible non-axial loads during insertion.

Determination of key structural parameters of the composite insertion pin

According to the structural form of the composite insertion pin and the actual insertion process of corn
stalks, the main structural parameters included the sleeve contact-segment diameter d,, steel pin working-
segment diameter d,, sleeve front transition angle a, first transition angle B, second transition angle y, and
actual stalk insertion depth §. The structural annotations are shown in Figure 5.

Among these parameters, d{ and d, jointly affect the compression degree of the stalk pith, sidewall
friction and holding stability. When the diameters are small, pith squeezing and friction are reduced, which is
beneficial for decreasing the insertion force; however, the supporting effect of the insertion pin on the stalk is
also weakened. When the diameters are large, the supporting effect is enhanced, but pith compression and
contact friction increase accordingly, resulting in higher thrust of the push block.

The sleeve front transition angle a determines the smoothness of the transition when the sleeve enters
the pith, directly affecting contact resistance and sudden changes in thrust. The first transition angle g and
second transition angle y mainly affect the structural transition and load transmission between different
diameter sections of the sleeve. The insertion depth S represents the total length of the stalk sleeved onto the
composite insertion pin along the axial direction. The parameters and their functions are listed in Table 1.

dy

Fig. 5 - Structural parameters of the composite insertion pin

Table 1
Main structural parameters and functions of the composite insertion pin
Parameter Symbol Main function
Sleeve contact-segment dy Affects sleeve support stability and sidewall friction
diameter resistance
Steel pin working-segment d, Affects penetration resistance, compression resistance
diameter and insertion stability
Sleeve front transition angle a Affects the contact resistance and thrust fluctuation

when the sleeve initially enters the stalk pith

First transition angle B Affects load transmission and structural transition at
the variable-diameter section

Second transition angle y Affects the structural transition and assembly stability
of the rear connecting section

Actual stalk insertion depth S Represents the total depth of the stalk sleeved onto
the composite insertion pin

Overall force model of the composite insertion pin
Under the action of an external axial load, the corn stalk moved along the axial direction of the insertion

pin and was successively sleeved onto the steel pin working segment and the sleeve contact segment. Since
the penetration of the steel pin into the stalk pith occurred simultaneously with local pith compression, these
two effects were difficult to separate strictly. Therefore, they were collectively regarded as compression
resistance. The total axial resistance acting on the composite insertion pin can be expressed by Eq. (1).
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F;=F +Ff (D
where F; is the resultant axial force exerted by the stalk on the insertion pin, F, is the compression resistance,
and Fy is the sidewall friction force.

The sidewall friction force is related to the contact state between the insertion pin and the stalk pith
and can be simplified by Eq. (2).

Fr = upnA. (2)
where u is the equivalent friction coefficient, p,, is the equivalent radial normal pressure, and A, is the
equivalent contact area between the insertion pin and the stalk pith. This equation indicates that increases in
the pin diameter and contact length increase the sidewall friction force, thereby increasing the axial resistance
during insertion.

During the actual insertion process, lateral force F, may be generated by uneven stalk ends, non-
uniform pith tissue distribution and eccentric loading. In this case, the vertical reaction force at the fixed end
can be expressed by Eq. (3).

RAy = Fy (3)
The bending moment at the fixed end can be calculated using Eq. (4).
My, =Fe+El, (4)

where e is the eccentric distance of the resultant axial force relative to the centreline of the insertion pin, and
ly is the distance from the action point of the lateral force to the fixed end. Therefore, although the load mainly

acts on the insertion region, its mechanical effect is transmitted to the entire composite insertion pin. The fixed
end and the variable-diameter section are the key positions for structural verification.

Analysis of stalk release conditions
After the stalk is sleeved onto the insertion pin, smooth release should be ensured. Since the insertion

pin has a smooth structure, the release process mainly needs to overcome the frictional resistance between
the sidewall of the insertion pin and the stalk pith. Therefore, the release resistance can be approximated by

Eq. (5).

To ensure smooth release of the stalk, the condition given in Eq. (6) should be satisfied.
Fr > Fd (6)

where F, is the release driving force, and Fj is the release resistance.

Optimization method for structural parameters of the composite insertion pin
To reduce the growth rate of insertion force while considering holding and release performance, the

parameters of the composite insertion pin were determined using a procedure of “preliminary tests for range
determination—Box-Behnken response surface optimization”. Response surface methodology is suitable for
analyzing the coupled effects of multiple factors, and the Box-Behnken design can establish a quadratic
regression model and evaluate factor significance with fewer tests (Box and Behnken, 1960; Myers et al., 2016;
Montgomery, 2017). In this study, the sleeve contact-segment diameter d,, steel pin diameter d,, and sleeve
front transition angle a were selected as factors, and the insertion force stiffness K was used as the response
value. The factor levels were first determined through single-factor preliminary tests, and then modelling and
optimization were performed using Design-Expert 13.

Insertion force stiffness Ky was selected as the continuous response because it directly characterizes
the growth rate of insertion resistance. Holding stability and release performance were treated as functional
constraints rather than continuous regression responses. Holding was considered successful when the stalk
remained stably sleeved without obvious slipping after insertion, whereas release was considered successful
when the stalk was completely detached without jamming, overall end splitting or visible bending of the
insertion pin.

PARAMETER OPTIMISATION AND PERFORMANCE VERIFICATION OF THE COMPOSITE INSERTION PIN
Preliminary test design and determination of factor levels
Air-dried corn stalks with an average moisture content of 5.2% and diameters of 20—24 mm were used.

Nine preliminary tests and 17 Box—Behnken tests were conducted independently, with a new stalk used in
each test. The test system consisted of a screw-driven push block, composite insertion pin, support frame,
RP-C30-ST resistive force sensor, voltage-conversion module and data-acquisition unit. The sensor had a
nominal range of approximately 0.20-196 N and a sensing-area diameter of 25 mm.
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RESULTS

Before testing, the sensor was calibrated, and its output was converted into force according to the
calibration relationship. Force and displacement were recorded at 40 Hz during insertion to a depth of 30 mm
ata speed of 0.1 m/s. The maximum insertion force F, ,.x Was extracted from each force—displacement curve,

and K was calculated using Eq. (7).

Preliminary test results of structural parameters of the composite insertion pin Table 2
Test No. d{/mm d,/mm a l(°) Test purpose K ¢/(N/mm)
1 6 2 155 Centre point 1.17
2 5 2 155 Low level of dq 1.11
3 7 2 155 High level of d4 1.66
4 6 1 155 Low level of d, 1.28
5 6 3 155 High level of d, 1.50
6 6 2 145 Low level of a 1.57
7 6 2 165 High level of a 1.21
8 6 2 155 Centre point replicate 1.13
9 6 2 155 Centre point replicate 1.18

The preliminary test results showed that the repeated center-point values were 1.17, 1.13 and 1.18
N/mm, indicating good repeatability. As d, increased, the insertion force stiffness increased markedly. K also
showed an increasing trend with the increase in d,, but the increment was smaller than that caused by d;. In
contrast, K decreased as a increased, indicating that a larger transition angle helped reduce the concentrated
squeezing of the pith by the front end of the sleeve. These results show that the selected factor levels can be
used for the subsequent response surface tests.

Evaluation index of insertion force stiffness
To quantitatively characterize the growth rate of insertion force with displacement, the insertion force

stiffness K was introduced. Considering that the initial contact stage is strongly affected by uneven stalk ends
and local compaction, whereas pith crushing, fiber failure or sudden changes in friction may occur near the
peak force, the stable rising interval from 0.1F ,ax t0 0.8F ) o Was selected for calculating Ky (Mohsenin,
1986; Bourne, 2002; Rivera et al., 2022). Accordingly, Ky was calculated using Eq. (7):

0.8, — 0.1F, 00
KF = - - (7)

S0.8 — So.1
where Ky (N/mm) is the insertion force stiffness; Fp, max (N) is the maximum insertion force; and so; and sgg

(mm) are the insertion displacements corresponding to 0. 1F, ,ax and 0.8F, 1., respectively.

Response surface test design
A three-factor and three-level response surface test was conducted using the Box-Behnken design in

Design-Expert 13, with d,, d, and a selected as the test factors. The insertion depth was fixed at 30 mm, and
the push block speed was fixed at 0.1 m/s. The factor levels are listed in Table 3, and the test scheme and
results are shown in Table 4.

Table 3
Factors and levels of the response surface test
Factor Parameter Low level -1 Centre level 0 High level +1
A Sleeve contact-segment diameter d; / mm 5 6 7
B Steel pin diameter d, / mm 1 2 3
C Sleeve front transition angle ar / © 145 155 165
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15 4
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Displacement/mm
Fig. 6 - Force—displacement curves under different test groups

Table 4
Box-Behnken experimental design and results
Test No A B Cc Kr/(N/mm)
1 -1 -1 0 1.34
2 1 -1 0 1.65
3 -1 1 0 1.41
4 1 1 0 1.95
5 -1 0 -1 1.24
6 1 0 -1 1.86
7 -1 0 1 1.41
8 1 0 1 1.51
9 0 -1 -1 1.62
10 0 1 -1 1.55
11 0 -1 1 1.15
12 0 1 1 1.57
13 0 0 0 1.09
14 0 0 0 1.08
15 0 0 0 1.27
16 0 0 0 1.26
17 0 0 0 1.15

Among the 17 test groups, K ranged from 1.08 to 1.95 N/mm, indicating that the structural parameters
had a significant effect on the growth rate of insertion force. The highest K value was 1.95 N/mm in test No.
4 (dy =7 mm, d, =3 mm and a = 155°). The repeated center-point values ranged from 1.08 to 1.27 N/mm,
indicating a relatively small test error. Overall, K was lower near the center region and under some low-level
parameter combinations, whereas it increased markedly under high-diameter combinations.

Regression model establishment and analysis of variance
Design-Expert 13 was used to conduct analysis of variance on the insertion force stiffness results, and

the quadratic polynomial regression equation was obtained as follows: Ky =1.17 + 0.19634 + 0.09B —
0.0788C + 0.05754AB — 0.13AC + 0.1225BC + 0.225A4% + 0.1925B% + 0.11C?.

The regression equation shows that the coefficients of the linear terms A and B are positive, indicating
that increases in d,; and d, both increase the insertion force stiffness. The coefficient of C is negative,
indicating that an appropriate increase in the transition angle is beneficial for reducing the insertion force
stiffness. The quadratic terms A%, B%?and C?are all positive, suggesting obvious nonlinear effects of the factors
on K. Therefore, a lower optimization region exists in the response surface.
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Table 5
Analysis of variance for the regression model
Source Sum of df  Mean square F-value p-value Significance
squares

Model 1.03 9 0.1142 18.06 0.0005 *
A 0.3081 1 0.3081 48.71 0.0002 *
B 0.0648 1 0.0648 10.25 0.0150 *
C 0.0496 1 0.0496 7.84 0.0265 *
AB 0.0132 1 0.0132 2.09 0.1914
AC 0.0676 1 0.0676 10.69 0.0137 *
BC 0.0600 1 0.0600 9.49 0.0178 *

A? 0.2132 1 0.2132 33.70 0.0007 **

B? 0.1560 1 0.1560 24.67 0.0016 *

c? 0.0509 1 0.0509 8.05 0.0251 *
Residual 0.0443 7 0.0063
Lack of fit 0.0113 3 0.0038 0.4556 0.7278
Pure error 0.0330 4 0.0083
Total 1.07 16

R? 0.9587

Ri4j 0.9056

Note: * indicates significant difference at P < 0.05; ** indicates highly significant difference at P < 0.01.

The analysis of variance showed that the model was highly significant, with P = 0.0005 < 0.01. The
lack-of-fit term was not significant (P = 0.7278 > 0.05), indicating that the model fitted the test data well. The

values of R? and Rﬁd]- were 0.9587 and 0.9056, respectively, further confirming the good fitting performance

of the model. Factor 4 had a highly significant effect on K, while factors B and C also had significant effects.
This indicates that the sleeve contact-segment diameter had the greatest influence on K, followed by the
steel pin diameter and the sleeve front transition angle. Among the interaction terms, AC and BC were
significant.

55 3 2 5 157
175 1555 155 1

a) A-B b) A-C ¢) B-C
Fig. 7 - Effects of response surface interactions on insertion force stiffness
a)A-B; b) A-C; c) B-C

Parameter optimization and engineering recommended values
The regression model showed that the theoretical optimal parameter region was approximately d; =

5.70 mm, d, = 1.70 mm and a = 158.5°, with a predicted insertion force stiffness of about 1.11 N/mm.
Considering practical machining requirements, d; = 5.5 mm, d, = 2.0 mm and a = 160° were finally selected
as the engineering recommended parameter combination. Under this combination, the predicted insertion
force stiffness was approximately 1.15 N/mm. Its prediction accuracy was subsequently evaluated through
internodal insertion tests, whereas nodal insertion and release tests were conducted to assess high-resistance
adaptability and functional reliability.
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According to the axial force model in Section 3, the insertion force mainly consisted of pith compression
resistance and sidewall friction resistance. The steel pin diameter, sleeve contact-segment diameter and
sleeve front transition angle affected pith compression, sidewall friction and guided compression, respectively.
The response surface results were consistent with the theoretical analysis, indicating that the established
model can provide a basis for structural parameter optimization of the composite insertion pin.

It should be noted that the response surface optimization was mainly used to obtain a low-resistance
parameter combination under regular axial insertion conditions. Since the nodal region has denser tissue and
atransverse diaphragm, stronger local resistance fluctuations occur during insertion. Therefore, nodal insertion
was used as a high-resistance adaptability verification of the recommended parameter combination, rather
than to evaluate the prediction accuracy of the response surface regression model.

PERFORMANCE VERIFICATION OF THE COMPOSITE INSERTION PIN
Finite element analysis of bending resistance of the composite insertion pin

Static structural analysis was conducted in ANSYS Workbench to evaluate the bending stability of the
optimized composite insertion pin. Bonded contacts were defined at the interfaces among the steel pin, steel
shaft, PETG sleeve and support. The PETG support base was fixed to represent its frame connection, and a
lateral load of 20 N was applied at the pin tip.

Table 6
Mesh convergence results
Element size Nodes Elements Deformation Average
/mm /mm stress /MPa
0.30 1,256,239 730,860 1.9039 1.6589
0.25 1,818,875 1,060,416 2.0224 1.7260
0.20 2,838,580 1,658,786 2.0020 1.7159

The differences between the 0.25 and 0.20 mm meshes were 1.02% for maximum deformation and
0.59% for area-averaged equivalent stress; therefore, the 0.20 mm mesh was adopted. As shown in Figure 8,
the maximum deformation was 2.00 mm, while the maximum equivalent stresses of the whole model and
PETG sleeve were 196.2 and 36.09 MPa, respectively. Based on yield strengths of 355 MPa for steel and 45
MPa for PETG, the corresponding safety factors were 1.81 and 1.25, indicating that no yielding was predicted
under the applied load.

C: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 1

2.002 Max 196.16 Max
m mo
15571 15257

13347 13077

lvr 11122 . L 108.98
088977 B s7.18
066733 65.385
0.44488 B 4359
022244 21795
0 Min = 7.81970-8 Min

000 35.00 70.00 (mm) 000 2500 50.00 (mm)

~ — — —
1750 52.50 1250 3750

a) b)
Fig. 8 - Finite element analysis results of the bending resistance of the composite insertion pin
a) total deformation contour; b) equivalent stress contour

The PETG transition region could be strengthened by increasing the fillet radius and wall thickness, while
its mechanical properties could also be improved by optimizing the printing parameters (Szykiedans et al.,
2017; Ozen et al., 2021; Tungel et al., 2024).

Internodal and nodal insertion verification tests

To directly validate the recommended parameter combination under regular internodal insertion
conditions and evaluate its adaptability to the nodal region, five independent internodal and five independent
nodal axial insertion tests were conducted. The composite insertion pin with d; = 5.5 mm, d, = 2.0 mm and
a = 160° was used. The insertion depth was 30 mm, and the force—displacement curve, maximum insertion
force, insertion force stiffness and end failure condition were recorded.
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Verification test results of axial insertion in the internodal and nodal regions Table?
Test No Insertion Internodal Internodal Nodal Nodal
depth /mm Fpmax /N Kg/(N/mm) Fymax /N Kg/(N/mm)
1 30 39.2 1.12 68.7 212
2 30 40.1 1.16 701 2.18
3 30 38.7 1.15 71.4 2.25
4 30 41.0 1.19 69.3 2.16
5 30 39.6 1.14 72.0 2.31

e —

oo seen
—_— =

Fig. 9 - Verification tests of axial insertion in the internodal and nodal regions
a) insertion test device and initial state; b) axial insertion process in the internodal region;
c) state after insertion in the nodal region

Table 7 and Figure 9 show that the optimized composite insertion pin completed 30 mm axial insertion
in all internodal and nodal tests. Under regular internodal insertion, the measured Ky was 1.15 + 0.03 N/mm,
with a relative error of 0.17% from the predicted value of 1.15 N/mm, confirming the prediction accuracy of the
response surface model. In the nodal region, F, na.x and K increased to 70.3 + 1.4N and 2.20 £+ 0.08 N/mm,
respectively, owing to the dense tissue and transverse diaphragm. Nevertheless, no obvious bending of the
insertion pin, overall splitting of the stalk or interruption of the insertion process was observed.

Stalk release function verification
To evaluate the holding stability and release performance of the optimized composite insertion pin,

repeated release tests were conducted using stalks pre-sleeved in the internodal and nodal regions. The
composite insertion pin with d; = 5.5 mm, d, = 2.0 mm and a = 160° was used. After being pre-sleeved to a
depth of 30 mm, each stalk was axially released by the release mechanism. Holding was considered successful
when the stalk remained stably sleeved without visible slipping, whereas release was considered successful
when the stalk was completely detached without jamming, overall end splitting or visible bending of the
insertion pin. The holding state, release state and possible failure phenomena were recorded.

Internodal region

Nodal region

Pre-sleeved state Release process Complete release

Fig. 10 - Stalk release verification test results
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As shown in Figure 10, stable holding and complete release were achieved in both the internodal and
nodal tests. No visible slipping, jamming, overall end splitting, bending of the insertion pin or structural damage
was observed. Although the local contact resistance was higher in the nodal region, complete release was still
achieved, indicating that the optimized composite insertion pin satisfied the requirements for stable holding
and smooth release after axial insertion.

CONCLUSIONS

This study designed and optimized a smooth composite insertion pin consisting of a front steel pin and
a rear sleeve to solve the problems of high resistance, obvious force fluctuation near nodes and poor release
during axial insertion of corn stalks. The main conclusions are as follows:

(1) A smooth composite insertion pin consisting of a front steel pin and a rear sleeve was designed
according to the heterogeneous structural characteristics of corn stalks. The structure enabled axial insertion,
stable sleeving and subsequent release while reducing end crushing and overall stalk splitting.

(2) The axial insertion force was mainly composed of pith compression resistance and sidewall friction.
The sleeve contact-segment diameter d, steel pin diameter d, and sleeve front transition angle a affected
sidewall friction, pith compression and guided compression, respectively, providing a theoretical basis for
parameter optimization.

(3) The Box—Behnken regression model was highly significant, whereas the lack-of-fit term was not
significant, with R? = 0.9587 and Rﬁdi = 0.9056. The sleeve contact-segment diameter had the greatest effect

on K, while the steel pin diameter and transition angle also had significant effects.

(4) Considering response surface optimization, machining feasibility and structural stability, the
engineering parameters were determined as d; = 5.5 mm, d, = 2.0 mm and a = 160°, with a predicted K of
approximately 1.15 N/mm. Five internodal validation tests gave a measured K of 1.15 + 0.03 N/mm, with a
relative prediction error of 0.17%, indicating good agreement between the measured and predicted results.

(5) Finite element analysis showed that the optimized structure maintained acceptable bending stability
under the applied lateral load. In nodal insertion tests, the maximum insertion force increased to approximately
70 N, but no obvious bending, overall stalk splitting or insertion interruption occurred. Holding and release
tests further confirmed stable sleeving and complete release in both internodal and nodal regions. However,
the present study was limited to laboratory tests over a narrow moisture-content and diameter range, and
dynamic impact and fatigue during continuous field operation were not considered. Future work will focus on
multi-condition field tests and continuous-operation verification.
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