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Abstract

In traditional scallion cultivation, the bare-root transplanting method—which involves
direct seeding, seedling raising in the field, and lifting—is commonly adopted to minimize
seedling production costs. However, during the mechanized transplanting of bare-root
scallion seedlings, practical problems such as severe seedling damage and poor planting
uprightness exist. In this paper, the Hertz–Mindlin with Bonding contact model was used
to establish the scallion seedling model. Combined with the Plackett–Burman experiment,
steepest ascent experiment, and Box–Behnken experiment, the bonding parameters of
scallion seedlings were calibrated. Furthermore, the accuracy of the scallion seedling model
parameters was verified through the stress–strain characteristics observed during the actual
loading and compression process of the scallion seedlings. The results indicate that the
scallion seedling normal/tangential contact stiffness, scallion seedling normal/tangential
ultimate stress, and scallion Poisson’s ratio significantly influence the mechanical properties
of scallion seedlings. Through optimization experiments, the optimal combination of
the above parameters was determined to be 4.84 × 109 N/m, 5.64 × 107 Pa, and 0.38.
In this paper, the flexible planting components of scallion seedlings were taken as the
research object. Flexible protrusions were added to the planting disc to reduce the damage
rate of scallion seedlings, and an EDEM-ADAMS coupling interaction model between
the planting components and scallion seedlings was established. Based on this model,
optimization and verification were carried out on the key components of the planting
components. Orthogonal experiments were conducted with the contact area between
scallion seedlings and the disc, rotational speed of the flexible disc, furrow depth, and
clamping force on scallion seedlings as experimental factors, and with the uprightness and
damage status of scallion seedlings as evaluation criteria. The experimental results showed
that when the contact area between scallion seedlings and the disc was 255 mm2, the
angular velocity was 0.278 rad/s, and the furrow depth was 102.15 mm, the performance
of the scallion planting mechanism was optimal. At this point, the uprightness of the
scallion seedlings was 94.80% and the damage rate was 3%. Field experiments were carried
out based on the above parameters. The results indicated that the average uprightness of
transplanted scallion seedlings was 93.86% and the damage rate was 2.76%, with an error
of less than 2% compared with the simulation prediction values. Therefore, the parameter
model constructed in this paper is reliable and effective, and the designed and improved
transplanting mechanism can realize the upright and low-damage planting of scallion
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seedlings, providing a reference for the low-damage and high-uprightness transplanting
operation of scallions.

Keywords: scallion; physical test; discrete element method; parameter calibration;
optimization design

1. Introduction
Scallions are one of the important economic crops in China [1], with an average

annual planting area reaching 500,000 hectares, accounting for 70% of the global export
share [2]. Currently, the main domestic scallion varieties include Zhangqiu Dawutong,
Shouguang Bayeqi, and Tianjin Gaojiaobai. The planting areas are mainly distributed in
Shandong, Henan, etc., regions. As a special variety, Zhangqiu scallion is mainly cultivated
in Shandong and has been exported overseas.

At present, Zhangqiu scallion cultivation has been scaled up. Unlike other vegetables,
which are transplanted as pot seedlings, Zhangqiu scallions are usually manually trans-
planted through the process of “field sowing for seedling raising—seedling lifting—bare
seedling transplanting”. Among the total cultivation area, the area under efficient mech-
anized transplanting accounts for less than 10%, and the industry still relies heavily on
manual transplanting [3]. Specifically, manual transplanting only achieves a daily area
of 333–400 m2 per worker, which is associated with high labor intensity, low seedling
uprightness, and a lack of corresponding professional machinery [4,5].

Developed countries began developing vegetable transplanters as early as the 1950s
and 1960s and have successively developed semi-automatic and fully automatic trans-
planters suitable for transplanting small-seedling vegetables [6]. In the field of potted
scallion seedling transplanting, the disc-clamp transplanters developed by Germany [7]
and the jaw-clamp transplanters produced by Checchi & Magli (Budrio, Italy) [8] can
complete field transplanting of vegetables and achieve relatively high seedling upright-
ness. However, the sizes of the disc clamps and jaw clamps cannot fit Chinese scallion
seedlings during transplanting, resulting in poor transplanting effect and quality as well
as a relatively high damage rate. The KN-P6 semi-automatic transplanter developed by
Kubota (Osaka, Japan) [9] has a simple and compact structure but requires manual seedling
feeding, leading to low production efficiency. The 2ZS-2 (VP245B) fully automatic pot-
ted seedling transplanter produced by Yamaco Company (Osaka, Japan) [10] can realize
fully automatic transplanting of potted scallion seedlings through a specially designed
seedling tray. Nevertheless, most of these vegetable transplanters are mainly suitable for
transplanting small seedlings and potted seedlings and have a low degree of integration
with Zhangqiu scallion cultivation agronomy.

Although China has developed various transplanters for bare-seedling crops such as
scallions to promote mechanization, most of them fail to fully meet the agronomic require-
ments for uprightness and damage rate during the transplanting of Zhangqiu scallions. For
example, the 2ZYX-2 scallion transplanter produced by Shandong Hualong Agricultural
Equipment Co., Ltd. (Weifang, China) [11] can achieve semi-automatic transplanting with
manual auxiliary seedling placement to improve the efficiency of scallion transplanting op-
erations. However, due to the limitations of manual seedling placement, scallion seedlings
enter the planting mechanism in inconsistent postures, making it impossible to ensure trans-
planting uprightness. The flexible-disc scallion transplanter developed by Hu Jun et al. [12]
has realized semi-automatic transplanting of scallions, but it can only complete single-row
operations at a time, and the problem of unstable scallion uprightness needs to be further
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solved. To address the issue of low uprightness during scallion transplanting, Li Zhen
from Shandong Agricultural University [13] designed a chain-clamp scallion transplanter,
which completes scallion planting through the cooperation of seedling clamps and seedling
grooves installed on the conveyor chains of the seedling-dropping and seedling-feeding
mechanisms, respectively. This transplanter achieves relatively high uprightness, but the
problem of seedling damage still exists.

Summarizing the above research findings, most automatic transplanters at home
and abroad are only suitable for pot seedling transplanting, and there is no transplanting
machinery designed specifically for bare seedling transplanting, especially for Zhangqiu
scallion. Although some semi-automatic transplanting machines are suitable for bare
seedling transplanting, due to the fact that bare seedling transplanting has no substrate
and the roots have no self-weight, problems such as poor uprightness and high damage
rate exist in the transplanting process compared with pot seedling transplanting.

To address the issues of low uprightness and high vulnerability to damage in domestic
scallion mechanical transplanting, an automatic transplanter suitable for bare seedling
transplanting was designed in accordance with the transplanting agronomic requirements
of Zhangqiu scallions. Based on the deformation characteristics of scallion seedlings
during transplanting, the parameters of the scallion seedling model were calibrated. These
calibrated parameters were then used to conduct numerical simulations of real-world
scenarios involving scallion seedlings and flexible disc planting components during the
planting process, so as to simulate the working process of the planting components. A three-
factor, three-level orthogonal experiment was designed to explore the optimal combination
of design parameters, and field experiments were conducted for verification. This research
provides a reliable basis for the optimization and design of planting mechanisms in scallion
seedling transplanting operations.

2. Materials and Methods
2.1. Overall Structure of Scallion Transplanting Machine

The scallion transplanting machine is shown in Figure 1. It mainly consists of three
parts: a walking mechanism, a seedling feeding mechanism, and a planting mechanism,
including handrails, an engine, walking wheels, depth limiting wheels, planting plates,
seedling belts, trenchers, planting discs, and limiting devices. The parameters of the whole
machine are shown in Table 1.

Figure 1. Overall structure of the scallion transplanting device. (1) Handrail, (2) engine, (3) Walk-
ing Wheel, (4) Depth Limiting Wheel, (5) Planting Plate, (6) Seedling Belt, (7) Scallion Seedlings,
(8) Furrower, (9) Planting Disc, (10) Positioning Device, and (11) Soil-Covering Wheel.
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Table 1. Technical Specifications of Machinery.

Technical Specifications Value

Disc diameter/mm 600
Scallion diameter/mm 11

scallion length/mm 190
Adjustable range of machine forward speed/m/s 0–0.1

rotational speed of the disc/(Rad·min−1) 0.1–0.3
Planting disc clamping length/mm 70

Uprightness requirement >90%
Damage rate ≤5%

The onion seedling planting mechanism is located at the rear of the transplanting
machine, and the soil-covering wheel transmits power to the planting mechanism through
gear meshing. The main structure of the planting component is shown in Figure 2, which
mainly consists of a fixed bracket, elastic roller, planting disc, flexible protrusion, furrow
opener, limit fork, and soil-covering wheel.

Figure 2. Schematic diagram of the planting components. (1) Fixed Support Bracket, (2) Elastic Roller,
(3) Planting Disc, (4) Flexible Protrusions, (5) Furrower, (6) Limiting Fork, and (7) Soil-Covering Wheel.

2.2. Overall Structure of Planting Institution

During the planting process, the scallion seedlings are secured within the seedling
belt and move downward with it as shown in Figure 3. The rubber disc opens under
the action of the limit fork, then closes the front under the action of the clamping device,
clamps the scallion seedlings in the seedling belt and rotates. When the disc rotates to the
scallion seedling separation point, the flexible disc loses the pressure applied by the elastic
roller, thereby releasing the scallion seedlings. Under the combined action of soil resistance
and the friction force on the scallion seedlings when they leave the disc, upright planting
is achieved.

 
Figure 3. Shape of the scallion seedling during the transplanting process.
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3. Planting Mechanism Design
3.1. Motion Trajectory and Working Stroke Analysis

The motion trajectory of the flexible disc is a combination of the transplanting ma-
chine’s forward movement and the disc’s own rotation [14]. It is primarily influenced
by the machine’s forward speed (V1) and the disc’s rotational speed (V2). The motion
trajectories of the clamping point under different speed combinations are shown in Figure 4.
When analyzing the motion trajectory during the scallion seedling clamping process, the
forward direction of the transplanting machine is defined as the positive X-axis direction,
the vertical direction as the positive Y-axis direction, and the coordinate origin as O (0, 0).
Among these parameters, Vx represents the velocity component of the scallion seedling
clamping point along the X-axis, and Vy represents that along the Y-axis. For convenience
of calculation, the forward speed of the transplanting machine is set as V1 and the linear
speed of the planting disc as V2. {

Vx = V1 − V2cos(ωt)
Vy = V2sin(ωt)

(1)

where ω is the angular velocity of the planting tray and t is the forward movement time of
the planting device.

Figure 4. Motion trajectory of the scallion seedling gripping point.

In the actual planting process, as the scallion seedlings are carried by the disc to the
release position, the roots of the scallion seedlings are first buried in the soil, while the
upper parts of the scallion leaves remain in the planting disc and are subjected to the thrust
F′ in the direction of rotation of the disc, and the roots of the scallion seedlings are subjected
to the relative forward thrust F of the returning soil, as shown in Figure 5.

 
(a) (b) 

Figure 5. Schematic diagram of the interaction between the scallion seedling–machine–soil during
the planting process. (a) v represents the forward speed, ω represents the rotational speed of the
disc, F represents the force exerted by the backflow soil on the scallion seedlings, and F′ represents
the force exerted by the planting disc on the scallion seedlings. (b) (1) Return soil, (2) Soil-covering
wheel, (3) Trench opener, (4) Planting disc, (5) Scallion seedlings, and (6) Transmission gear.
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Since the movement trajectory of the scallion seedlings is related to the forward speed
of the machine and the rotational speed of the disc, the ratio σ affects the movement
trajectory of the scallion seedling clamping point; that is

σ =
V2

V1
(2)

Different values of σ lead to different trajectories of the planting disc’s clamping
point. When the transplanting machine’s forward speed is lower than the planting disc’s
linear speed (i.e., σ < 1), the clamping point’s trajectory is as shown in curve γ in Figure 4.
Correspondingly, the scallion seedling’s trajectory follows a cycloid. If the scallion seedling
is released under this condition, it will be subjected to a high horizontal velocity in the
transplanting machine’s forward direction, causing the planted seedling to tilt forward.

When the forward speed of the machine is equal to the linear speed of the planting
tray, i.e., σ = 1, the motion trajectory is shown by β, which is consistent with the “zero speed
seedling planting” theory [15,16]. However, in actual operation, when the scallion seedlings
are released, some of the green parts of the scallions will still be affected by the force of the
tray, and at this time, the scallion seedlings will still have a large inclination angle.

When the forward speed of the machine is equal to the linear speed of the planting
tray, i.e., σ > 1, the motion trajectory is shown as α. At this point, a turning point will
appear on the curve. When the scallion seedlings are released, they will be pushed forward
by the soil and backward by the tray, thereby keeping the scallion seedlings upright [17].

From the above analysis, it can be concluded that only the clamping point with rotation
has the minimum X-axis component velocity. Combining the analysis of (1), it can be seen
that when t = 2πn, the clamping point has the minimum X-axis component velocity. The
condition for the planting device to operate normally is V1 < V2, where the relationship
between V2 and ω is as follows, where R is the radius of the flexible planting disc.

V = ωR (3)

If the disc R is too small, the closing area and clamping force of the disc will be too
small, and effective seedling clamping cannot be achieved. If R is too large, rotational energy
consumption will rise, along with an increase in the overall size and weight of the trans-
planting equipment. Considering that the length of scallion seedlings is 182.6–210.8 mm,
in order to avoid the seedlings touching and tangling with each other in the disc and to
ensure the effectiveness of seedling reception and planting, R is set to 300 mm.

According to the literature, the value range of σ should be between 1.0 and 2.0 [18].
If σ is too large, the scallion seedlings will easily accumulate at the clamping point of the
disc; if σ is too small, it will have a significant impact on the efficiency of the transplanting
work. Based on the above analysis and the value range of σ, four sets of ratios, 1.2, 1.3, 1.5,
and 1.6, were selected, and ADAMS software (ADAMS 2019 MSC Software, Los Angeles,
USA) was used to analyze the motion trajectory of the scallion seedling clamping point, as
shown in Figure 6.

By analyzing the trajectory diagram of scallion seedlings, it can be concluded that
the larger the σ value, the more obvious the rotation phenomenon of the scallion seedling
trajectory, and the more prone the scallion seedlings are to falling over during transplanta-
tion [19]. Considering the actual operation process, in order to ensure reasonable planting
spacing and uprightness of the scallion seedlings, the σ value is determined to be 1.5.
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Figure 6. Motion trajectory of scallion seedlings at different gripping points with varying σ values.

To protect the scallion seedlings during the clamping stage, ensure even force dis-
tribution, and prevent them from piling up inside the planting disc, a ring of flexible
protrusions is thus designed around the disc edge, as shown in Figure 7. To facilitate
subsequent coupling simulation tests, the 20 mm long flexible protrusions are simplified to
cylindrical protrusions, and two arrangement types are adopted, with distribution widths
of 40 mm and 20 mm, respectively. The contact area between each cylindrical protrusion
and a scallion seedling is 7 mm2.

Figure 7. Schematic diagram of the flexible protrusions at the edge of the disc.

The stress analysis of the interaction between the flexible disc and scallion seedlings is
shown in Figure 8. It can be observed that the edge of the disc’s closed area is compressed by
the external elastic roller, resulting in wavy deformation that increases the clamping force
on scallion seedlings. Considering that scallion seedlings have a diameter of approximately
10 mm, an elastic roller with a diameter of 20 mm is selected to enhance transplant stability.
The stress calculation formula for scallion seedlings is as follows:

FN = 2FZsin α
2

α = 2arctan D
S2

f = 2FNµ2

(4)
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(a) (b) 

Figure 8. Force analysis diagram between the flexible disc and scallion seedlings. (a) Force analysis
of holding scallion seedlings with a rigid disc clamp. (b) Force analysis of scallion seedlings held by a
flexible protruding disc clamp.

3.2. Measurement of Physical Characteristics of Scallion Seedlings

The test material was selected from high-quality Zhangqiu scallion seedlings. Thirty-
five scallion seedlings with similar growth rates were divided into five groups, with seven
seedlings in each group. A ruler was used to measure each group of scallion seedlings,
and a vernier caliper was used to measure their diameter. Multiple measurements were
taken, and the average value was taken as the result. The length of the scallion seedlings
was measured to be between 210.3 and 280.5 mm, and their diameter was between 8.3
and 11.4 mm, the specific parameters are shown in Table 2. The roots and leaves of the
scallion seedlings were long and intertwined, which could easily affect the uprightness of
the seedlings during mechanical transplanting. To ensure the quality of transplanting, the
scallion seedlings needed to be pruned. In the experiment, in order to ensure consistency
with the actual transplanting situation, the roots and leaves of the experimental scallion
seedlings were also pruned. Research shows that root pruning has little effect on scallion
growth [20], while leaf pruning to half the original length yields the best growth; after
treatment, the length from the white base to the green tip ranges from 182.6 to 210.8 mm.

Table 2. Macroscopic characteristic parameters of scallion seedlings.

Parameters Average

Scallion seedling length/mm 192.6
Scallion seedling diameter/mm 10.1

3.3. Density Measurement

The mass of each scallion seedling was accurately measured with an electronic balance.
Each seedling was then placed individually in a water-filled measuring cup, and the volume
of displaced water was recorded. The volume of each seedling was calculated based on
the displaced water volume, and the density of the tested seedlings—derived from the
mass-to-volume ratio—was determined to be 870.5 ± 22.01 kg/m3.

3.4. Measurement of Contact Parameters

The physical parameters to be measured in this paper include: the collision recov-
ery coefficient between scallion seedlings, the collision recovery coefficient between scal-
lion seedlings and planting rubber discs, the static friction coefficient, and the rolling
friction coefficient.
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The planting rubber discs used for planting are 3 mm thick silicone rubber pads with
a Poisson’s ratio of 0.47, a density of 870 kg/m3, and a shear modulus of 2.9 GPa.

3.4.1. Determination of Collision Recovery Coefficient

The collision recovery coefficient is a parameter that reflects the ability of an object to
return to its original state after a collision. It is defined as the ratio of the approach velocity
of the two objects along the normal direction of the contact point before the collision to
the separation velocity of the two objects after the collision [21]. The collision recovery
coefficient test bench is shown in Figure 9.

Figure 9. Measurement of restitution coefficient in collision. (1) Computer, (2) Scallion seedling row,
(3) Test scallion seedlings, (4) High-speed camera, (5) Supplementary lighting system, and (6) Test rig.

A high-speed camera was placed directly in front of the test bench, ensuring that the
distance between the high-speed camera and the test bench was 800 mm. To ensure that
the scallion seedlings would collide with the test area when they fell, it was necessary to
ensure that the test area had a sufficient contact area. Therefore, test scallion seedlings with
a length of 190 mm and a diameter of 10 mm were selected for the experiment. A single
scallion seedling was dropped freely from a height of 250 mm above the scallion seedling
group. After the scallion seedling collided, it bounced to a certain height, and the entire
process was recorded using a high-speed camera [22]. When measuring the coefficient of
restitution between scallion seedlings and silicone rubber, the scallion seedling group was
replaced with silicone rubber, and all other procedures remained the same as above.

Assuming that scallion seedlings are only affected by gravity during free fall, and
disregarding other factors that may affect their descent, the following can be obtained from
the law of conservation of energy.

Normal velocity of scallion seedlings before collision:

va =
√

vgha (5)

Normal velocity after collision separation:

vb =
√

vghb (6)

The collision recovery coefficient obtained is

e =
|vb|
|va|

=

√
hb
ha

(7)
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where va is normal velocity before collision, m/s; v2 is normal velocity after collision, (m/s);
ha is falling height before collision, (mm); and hb is maximum bounce height, (mm).

After repeated experiments, the collision recovery coefficient between scallion
seedlings was found to be 0.1 to 0.2, and the collision recovery coefficient between scallion
seedlings and silicone rubber discs was found to be 0.3 to 0.4.

3.4.2. Friction Coefficient Measurement

In the static friction coefficient measurement test, one end of the 65 Mn steel plate was
fixed, and a silicone rubber pad was placed on the plate’s surface. The other end was slowly
lifted until the scallion seedlings on the pad began to slide, at which point the test was
stopped and the angle between the steel plate and the tabletop was recorded [23]. In the
dynamic friction coefficient measurement test, the silicone rubber pad was placed flat on
the table, the scallion seedling was connected to a spring force gauge, the other end of the
spring force gauge was connected to a sliding table, and uniform motion was performed to
record the spring force reading. The static and kinetic friction coefficients were calculated
using Equations (8) and (9), respectively.

µ1 = tanφ1 (8)

µ2 =
Ff

mg
(9)

where µ1 is the static friction coefficient; φ1 is the angle between the soft pad and the
horizontal plane when the scallion seedling is about to slide; µ2 is the dynamic friction
coefficient; Ff is the friction force between the scallion seedling and the silicone soft pad
when the scallion seedling moves at a constant speed, N; m is the mass of the scallion
seedling, kg; and g is the gravitational acceleration, m/s2.

The final test results show that the static friction coefficient between scallion seedlings
and silicone rubber ranges from 0.2 to 0.3, while the rolling friction coefficient between
them ranges from 0.4 to 0.5.

3.5. Scallion Seedling Compression Test

The INSTRON-3344 (Instron, Norwood, MA, USA) universal testing machine was
used in conjunction with a load sensor to conduct radial compression tests on scallion
seedlings. The equipment is shown in Figure 10.

Figure 10. Mechanical property testing apparatus.
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From the prepared scallion seedling samples, seven scallion seedlings were randomly
selected as radial compression test specimens. During the test, the upper press applied a
load to each specimen at a loading rate of 100 mm/min. Each scallion seedling specimen
was placed vertically in the middle of the lower platform, perpendicular to its growth
direction. The first peak on the force–strain curve was defined as the maximum radial
compressive force of the scallion seedling, and the corresponding strain was recorded [24].
The test was repeated seven times, and the data was used to derive the stress–strain curve
of the scallion seedlings. The second set of tests with large errors was removed, and six
sets of valid data were retained. The maximum radial compressive forces of the scallion
seedlings obtained from the six tests were 181.2 N, 191.6 N, 162.9 N, 137.5 N, 127.2 N,
and 171.1 N, respectively, and the stress–strain curves are shown in Figure 11. Due to the
different maximum radial compressive forces of different scallion seedlings, the average
value of 140.6 N was taken as the result.

Figure 11. Stress–strain curve of scallion seedlings in physical testing.

3.6. Model Correction Method

To ensure that the scallion seedling model used for simulation is closer to reality, when
modeling the scallion seedling, the white part and the green part of the scallion seedling
are given a certain curvature, and the white part of the scallion seedling is modeled using
a hollow double-layer bonding model and the spatial coordinate method [25,26]. The
clamped section of the white part is represented as a cylinder in the simulation. In the
spatial coordinate system, the XOY plane is used as the cross-section of the scallion seedling,
the Z-axis direction is the growth direction of the scallion seedling, and point O (0, 0, 0)
is the coordinate of the center of the cross-section. The particles on the cross-section are
distributed in a circle, and the established plane figure is copied and stacked until the
required length is reached, as shown in Figure 12. The density and shear modulus of the
scallion seedling model are 870 kg/m3 and 2.62 MPa [27], respectively. The particle filling
radius is 1.5 mm, and the bonding radius is 2 mm. The smaller the particle radius, the closer
the simulation is to the actual mechanical characteristics, but the simulation calculation
time will increase. Larger particle radii result in faster strain propagation between particles,
reducing simulation accuracy. To balance simulation accuracy and efficiency, a particle
radius of 1.5 mm is selected. This choice yields relatively accurate results—particularly in
terms of particle displacement ratios—while reducing simulation computation time.
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(a) (b) 

Figure 12. Stress–strain curve of scallion seedlings in physical testing. (a) Three-dimensional model
of scallion seedling. (b) Scallion seedling discrete element modeling front view. (1) Scallion leaf
granules. (2) Scallion white granules. (3) Root granules.

In the mechanical simulation test of scallion seedlings, the modeled length of the
seedlings matched the length used in the actual physical test. To simplify the simulation
calculation, only the main test components were retained, and the BOX function in EDEM
software was used to create the mold. The time step in the simulation test was set to
2 × 10−6 s. Based on the actual physical test of radial compression of scallion seedlings, the
compression fixture above the scallion seedlings applied a load to the model at a loading
speed of 0.2 m/min [28]. The radial compression simulation model of scallion seedlings is
shown in Figure 13.

Figure 13. Radial compression simulation experiment of scallion seedling.

3.7. Selection of Bonding Parameter Range

Since the modeling of scallion seedlings is isotropic inside and outside, the contact
stiffness between the particles inside and outside the scallion seedlings is set to be consistent
with the ultimate stress. In order to investigate the influence of various bonding parame-
ters on the modeling of scallion seedlings, multiple experiments were conducted [29] to
reasonably increase the range of experimental parameters, as shown in Table 3.

Table 3. Bonding Parameters of Scallion Seedling Clamping Model.

Parameters Value

Scallion seedling method/tangential contact stiffness/(N·m−1) 8 × 108~8 × 109

Scallion seedling method/tangential limit stress/Pa 6 × 107~7 × 108

Scallion seedling Poisson ratio 0.3~0.4
Scallion seedling—Silicone rubber collision recovery coefficient 0.3~0.4

Scallion seedlings—Scallion seedling collision recovery coefficient 0.1~0.2
Poisson’s ratio of silicone rubber 0.47~0.6

Scallion seedling—Silicone rubber rolling friction coefficient 0.4~0.5
Scallion seedling—Silicone rubber static friction coefficient 0.2~0.3

3.7.1. Plackett–Burman Screening Test

The eight factors screened from Table 3 were used to design a Plackett–Burman
experiment using Design-Expert 13 software, with the maximum and minimum codes set
to +1 and −1, respectively, as shown in Table 4. Table 5 presents the design and results of



Agriculture 2025, 15, 2063 13 of 26

the Plackett–Burman experiment, where X1 to X8 represent the coded values of the factors
listed in Table 4.

Table 4. Factor Encoding Values of Plackett–Burman.

Factor
Coding

−1 +1

Scallion seedling method/tangential contact stiffness X1/(N·m−1) 8 × 108 8 × 109

Scallion seedling method/tangential limit stress X2/Pa 6 × 107 7 × 108

Scallion seedling Poisson ratio X3 0.3 0.4
Scallion seedling—Silicone rubber collision recovery coefficient X4 0.3 0.4

Scallion seedlings—Scallion seedling collision recovery coefficient X5 0.1 0.2
Poisson’s ratio of silicone rubber X6 0.47 0.6

Scallion seedling—Silicone rubber rolling friction coefficient X7 0.4 0.5
Scallion seedling—Silicone rubber static friction coefficient X8 0.2 0.3

Table 5. Design and results of Plackett–Burman test.

No. X1 X2 X3 X4 X5 X6 X7 X8 Compressive Force/N

1 1 1 −1 1 1 1 −1 −1 157.7
2 −1 1 1 −1 1 1 1 −1 208.6
3 1 −1 1 1 −1 1 1 1 207.1
4 −1 1 −1 1 1 −1 1 1 165.3
5 −1 −1 1 −1 1 1 −1 1 120.5
6 −1 −1 −1 1 −1 1 1 −1 50.9
7 1 −1 −1 −1 1 −1 1 1 180.5
8 1 1 −1 −1 −1 1 −1 1 211.9
9 1 1 1 −1 −1 −1 1 −1 450
10 −1 1 1 1 −1 −1 −1 1 180.6
11 1 −1 1 1 1 −1 −1 −1 171.8
12 −1 −1 −1 −1 −1 −1 −1 −1 19.4

According to the significance analysis results in Table 6, factors X1, X2, and X3 have
a significant effect on the compressive force exerted on scallion seedlings. Therefore,
subsequent experiments mainly focused on the calibration and optimization of the three
factors X1, X2, and X3. The remaining factors that have a relatively small effect on the radial
compressive force on scallion seedlings were set at intermediate levels. Specifically, X4 was
set to 0.35, X5 to 0.15, X6 to 0.5, X7 to 0.45, and X8 to 0.25.

Table 6. Factors, Levels, and Significance Analysis of Plackett–Burman Experiment.

Sources of Variance Sum of Squares Freedom Mean Square F p

Model 60,407.26 8 7550.91 48.23 0.0044 **
X1 19,497.14 1 19,497.14 124.54 0.0015 **
X2 18,715.1 1 18,715.1 119.54 0.0016 **
X3 13,527.37 1 13,527.37 86.41 0.0026 **
X4 963.02 1 963.02 6.15 0.0893
X5 99.19 1 99.19 0.6336 0.4842
X6 309.07 1 309.07 1.97 0.2547
X7 5229.19 1 5229.19 33.40 0.0103 *
X8 2067.19 1 2067.19 13.20 0.0359 *
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Table 6. Cont.

Sources of Variance Sum of Squares Freedom Mean Square F p

Residual 469.66 3
R2 0.9923

Radj 0.9717
PreR2 0.8766

Adeq Precision 24.7789
total 60,876.92 11

Note: ** indicates that the item is highly significant (p < 0.01), * indicates that the item is significant (p < 0.05).

3.7.2. Steepest Climb Test

Table 7 shows the design and results of the steepest climb test. The results indicate
that Test 4 had the smallest relative error of 1.28%.

Table 7. Steepest Ascent Experiment.

No. X1
(N·m−1)

X2
Pa X3

Maximum Radial Compressive Force
/N

Relative Error
/%

1 8 × 108 6 × 106 0.3 30.4 78.38
2 2.24 × 109 1.88 × 107 0.32 60.6 56.90
3 3.68 × 109 3.16 × 107 0.34 91.6 34.85
4 5.12 × 109 4.44 × 107 0.36 138.8 1.28
5 6.56 × 109 5.72 × 107 0.38 149.2 6.11
6 8 × 109 7 × 107 4.0 190.9 35.78

3.7.3. Box–Behnken Experiment and Analysis

Take the experiment with the smallest relative error among the above experiments,
Experiment 4, as the intermediate level (0), and use Experiments 3 and 5 as the low level
(−1) and high level (+1), respectively. The coding is shown in Table 8. A Box–Behnken
experiment was conducted, and the results are shown in Table 9.

Table 8. Significant Contact Parameter Level Encoding.

Coding
Scallion Seedling Method/Tangential

Contact Stiffness
X1/(N·m−1)

Scallion Seedling
Method/Tangential Limit Stress

X2/(Pa)

Scallion Seedling
Poisson Ratio

X3

−1 3.68 × 109 3.16 × 107 0.34
0 5.12 × 109 4.44 × 107 0.36
1 6.56 × 109 5.72 × 107 0.38

Table 9. Design and Results of Box–Behnken Experiment for Significant Contact Parameters.

No. X1 X2 X3
Maximum Radial Compressive Force

/N

1 −1 −1 0 86.6
2 1 −1 0 148.5
3 −1 1 0 100.1
4 1 1 0 160.9
5 −1 0 −1 89.1
6 1 0 −1 150.9
7 −1 0 1 103.1
8 1 0 1 160.2
9 0 −1 −1 130.6
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Table 9. Cont.

No. X1 X2 X3
Maximum Radial Compressive Force

/N

10 0 1 −1 131.5
11 0 −1 1 131.4
12 0 1 1 156.1
13 0 0 0 139.6
14 0 0 0 141.1
15 0 0 0 141.2
16 0 0 0 140.1
17 0 0 0 139.8

Regression analysis of the test results in Table 9 yielded the following regression
model equation for the maximum radial compression force of scallion seedlings and the
significance parameter:

Y = 140.36 + 30.2X3+6.44X4+6.09X5 − 0.2750X3X4 − 1.18X3X5+5.95X4X5 − 13.96X2
3 − 2.38X2

4 − 0.58X2
5 (10)

The p value of the fitted model is <0.01, the coefficient of determination R2 = 0.9995,
and the adjusted coefficient of determination R2

adj = 0.9988, both of which are close to 1,
and the signal-to-noise ratio is 119.0, indicating that the model is highly significant and
can predict the compressive force exerted on scallion seedlings during the actual planting
process. The results of the variance analysis of the model are shown in Table 10. It
can be seen that the scallion seedling method/tangential contact stiffness (X3), scallion
seedling method/tangential limit stress (X4), and scallion seedling Poisson’s ratio (X5) have
a significant effect on the radial compressive force of scallion seedlings.

Table 10. Analysis of Variance for Regression Model in Box–Behnken Experimental Design.

Sources of Variance
Maximum Radial Compressive Force

Sum of Squares Freedom F p

Model 8942.04 9 1518.71 <0.0001 **
X1 7296.32 1 11,152.82 <0.0001 **
X2 331.53 1 506.76 <0.0001 **
X3 296.46 1 453.16 <0.0001 **

X1X2 0.3025 1 0.4624 0.5184
X1X3 5.52 1 8.44 0.0228
X2X3 141.61 1 216.46 <0.0001 **
X12 819.97 1 1253.36 <0.0001 **
X22 23.85 1 36.46 0.0005
X32 1.42 1 2.17 0.1847

residual 4.58 7
misrepresentation 2.37 3 1.43 0.3590

error 2.21 4
Note: ** indicates that the item is highly significant (p < 0.01).

3.7.4. Verification of the Optimal Parameter Combination Through Simulation

Using the optimization module in Design-Expert 13 software (Design-Expert 13 Stat-
Ease Minneapolis, MN, USA), based on the actual maximum radial compression force
of 140.6 N for scallion seedlings, a constrained objective optimization solution was ob-
tained for the regression model, resulting in three sets of parameters with a relative error
of less than 8% compared to the physical test data. The radial compressive force corre-
sponding to the optimal parameter set was compared with the actual measured maximum
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radial compressive force of scallion seedlings, and the comparison results are presented in
Table 11.

Table 11. Comparison of Experimental and Simulation Results for Mechanical Tests.

Test Items Serial Number Maximum Radial Compressive Force Relative Error

actual average 140.6 N

simulation value
1 145.6 3.20%
2 149.5 6.33%
3 143.1 1.78%

As can be seen from the data in Table 11, when the scallion seedling method/tangential
contact stiffness is 4.842 × 109 N/m, the scallion seedling method/tangential limit stress
is 5.643 × 107 Pa, and the scallion seedling Poisson’s ratio is 0.38, the test results and the
measured results show the smallest error, indicating that the simulation model is highly
reliable. This shows that the established scallion seedling model can be used to represent the
stress conditions of actual scallion seedlings during the mechanical transplanting process.
To further verify the model’s accuracy, the stress–strain curve from the simulation test (with
the smallest error in this parameter set) was compared with the stress–strain curve from
the physical test, as presented in Figure 14.

Figure 14. Comparison of stress–strain curves between experimental mechanical testing and simula-
tion testing.

As shown in the figure, the maximum radial compressive force in the physical com-
pression test of scallion seedlings occurred at a strain of 4.3 mm, while that in the simulation
test of the constructed scallion seedling model occurred at a strain of 4 mm. When the
simulated test strain was the same as the measured strain, the stress values of the model
and the actual test sample were basically the same, with an error of less than 5%.
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4. Planting Performance Analysis and Parameter Optimization Based on
the Discrete Element Method
4.1. Coupled Simulation

To ensure consistency between simulation and testing, the length of the scallion
seedlings used in the simulation was set at 190 mm and the diameter at 10 mm. Given that
air has minimal influence on the scallion seedling transplanting process, the simulation
environment was set to a gravity-enabled vacuum, with gas flow excluded [30]. The scallion
seedlings were generated at designated positions on the planting disc. The simplified three-
dimensional model of the planting component previously modeled by NX12.0 software
was imported into EDEM software (EDEM 2022 Altair Engineering, Michigan, USA), and
the motion parameters of the planting component were set in ADAMS software (ADAMS
2019 MSC Software, Los Angeles, USA) to start the simulation test, as shown in Figure 15.
The simulation area was 800 mm × 400 mm, The simulation parameters are shown in
Table 12.

Figure 15. Simulation Experiment.

Table 12. Simulation Parameter Design.

Simulation Parameters Value

Soil recovery coefficient 0.5
Soil—Soil static friction coefficient 0.31

Soil—Soil dynamic friction coefficient 0.13
Soil—Scallion seedling recovery coefficient 0.12

Soil—Scallion seedling static friction coefficient 0.4
Soil—Scallion seedling dynamic friction coefficient 0.01

Scallion seedlings—Scallion seedling recovery coefficient 0.2
Scallion seedlings—Scallion seedling static friction coefficient 0.2

Scallion seedlings—Scallion seedling dynamic friction coefficient 0.2
Scallion seedling granule adhesion radius/(mm) 2

Scallion seedlings—Normal stiffness per unit area of scallion seedlings/(N/m3) 6.3 × 109

Scallion seedlings—Tangential stiffness per unit area of scallion seedlings/(N/m3) 4 × 108

Soil—Soil unit area normal stiffness/(N/m3) 2.5 × 106

Soil—Tangential stiffness per unit area of soil/(N/m3) 1.5 × 106

Soil cohesion radius/(mm) 4.2

4.2. Simulation Test Design

After theoretical analysis and testing, the contact area X1 of the scallion seedling
clamping point, the disc rotation speed X2, and the digging depth X3 were selected as
test factors. According to the previous ADAMS kinematic test, excessive forward speed
will exacerbate the lodging of scallion seedlings, and if the disc rotation speed X2 is too
low, it will cause the planting spacing of scallion seedlings to be too small. Therefore,
based on practical conditions and the above analysis, coupled simulation experiments were
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conducted under a significance level of σ = 1.5, the simulation factors and their levels are
shown in Table 13. The factor levels were set as follows:

• X1 (contact area of clamping point): 105 mm2, 255 mm2, and 405 mm2 (note: 105 mm2

and 255 mm2 contact areas have flexible protrusions distributed around the disc, while
405 mm2 has none);

• X2 (disc rotation speed): 0.15–0.35 rad/s;
• X3 (planting depth): 40 mm, 100 mm, and 160 mm.

Table 13. Simulation Factors and Levels.

Level Contact Area of Scallion Seedling Clamp
X1/(mm2)

Rotational Speed of the Disc
X2/(rad·s−1)

Trenching Depth
X3/(mm)

−1 105 0.15 40
0 255 0.25 100
1 405 0.35 160

The Box-Behnken results are shown in Table 14.

Table 14. Box–Behnken Experimental Design Regression Model and Results.

Serial Number X1 X2 X3

Scallion Seedling
Uprightness

Y1/%

Maximum Radial
Compressive Force

Y2/N

1 −1 −1 0 86.5% 101.2
2 1 −1 0 86.6% 135.5
3 −1 1 0 88.9% 111.5
4 1 1 0 91.3% 140.3
5 −1 0 −1 85.5% 100.7
6 1 0 −1 87.6% 144.8
7 −1 0 1 88.4% 106.6
8 1 0 1 89.4% 125.7
9 0 −1 −1 82.7% 102.5

10 0 1 −1 90.1% 106.7
11 0 −1 1 88.1% 98.9
12 0 1 1 88.7% 108.4
13 0 0 0 93.8% 94.2
14 0 0 0 94.9% 90.9
15 0 0 0 94.1% 92.6
16 0 0 0 95.6% 91.4
17 0 0 0 94.4% 92.1

To verify the planting effect, the post-planting uprightness and damage rate of scallion
seedlings are generally adopted as evaluation indicators. Since the damage rate is difficult
to express intuitively in the simulation process, the radial compressive force exerted on the
scallion seedlings during the simulation process is used to express it indirectly. Based on
the maximum compressive force F exerted on the scallion seedlings in the actual physical
test and the radial compressive force Y2 exerted on the scallion seedlings in the simulation
test, it is determined whether the scallion seedlings are damaged; that is, if the clamping
force during the transplanting process exceeds the maximum radial compressive force, it
is determined that the scallion seedlings are damaged. The calculation formula for the
damage rate p is as follows:

P =
N1

N
× 100% (11)
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where N is total number of seedlings taken; N1 is total number of damaged scal-
lion seedlings.

4.3. Simulation Results Analysis and Optimization

A three-factor, three-level orthogonal test design was adopted, where Factors A, B,
and C corresponded to the previously identified test factors (contact area of clamping
point, disc rotation speed, and planting depth). The evaluation indicators included the
post-planting uprightness of scallion seedlings and the radial compressive force applied
during the clamping process. A total of 17 sets of combined tests were conducted, in
which the damage rate of scallion seedlings was determined based on the different forces
applied to the scallion seedlings in each test group. The test factors and results are shown
in Table 15.

Table 15. Analysis of Variance Results.

Variance Source
Transplant Uprightness Radial Compression Force of Scallion Seedlings

Sum of
Squares Freedom F p Sum of

Squares Freedom F p

Model 218.27 9 79.50 <0.0001 *** 4917.64 9 168.50 <0.0001 ***
X1 3.92 1 12.85 0.0089 *** 1993.96 1 614.59 <0.0001 ***
X2 28.50 1 93.42 <0.0001 *** 103.68 1 31.97 0.0008 ***
X3 9.46 1 31.01 0.0008 *** 28.50 1 8.79 0.0210 **

X1X2 1.32 1 4.34 0.0759 7.56 1 2.33 0.1706
X1X3 0.3025 1 0.9916 0.3525 156.25 1 48.18 0.0002 ***
X2X3 11.56 1 137.89 0.0005 *** 7.02 1 2.17 0.1846
X1

2 37.02 1 121.33 <0.0001 *** 2151.52 1 663.48 <0.0001 ***
X2

2 45.58 1 149.39 <0.0001 *** 223.15 1 68.81 <0.0001 ***
X3

2 63.71 1 208.85 <0.0001 *** 89.29 1 27.53 0.0012 ***
Residual 2.14 7 22.70 7

Misfit 0.2075 3 0.1435 0.9287 16.21 3 3.33 0.1379
Error 1.93 4 6.49 4

Summation 220.41 16 4940.34 16

Note: ** indicates that the item is highly significant (p < 0.01), *** indicates that the item is highly significant
(p < 0.001).

In order to clarify the interaction between the planting mechanism and the scallion
seedlings during the planting process and explore the planting mechanism, an analysis
was conducted using A 255 mm2, B 0.25 rad/s, and C 100 mm as examples. The coupled
simulation process is shown in Figure 16.

 
(a) (b) 

Figure 16. Cont.
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Figure 16. Coupled Simulation Process. (a) Scallion seedling position at simulation time 0 s. (b) Scal-
lion seedling position at simulation time 3.5 s. (c) Scallion seedling position at simulation time 4.5 s.
(d) Scallion seedling position at simulation time 6 s. (e) Scallion seedling position at simulation time
8.0 s.

Starting from 0 s, the planting mechanism catches the scallion seedlings and moves
forward as a whole, while the planting disc rotates relative to the furrow opener. At 3.5 s,
the planting disc rotates to the designated position, and the scallion seedlings begin to
contact the soil. At 4.5 s, the scallion seedlings penetrate deep into the soil, and as contact
with the soil and clamping force disappear, the scallion seedlings begin to detach from the
planting disc. At 6 s, the scallion seedlings have completely detached from the planting disc
and maintain a near-upright angle relative to the ground. As the machine advances, the
soil-covering wheel covers the lower half of the seedlings with soil. At 8 s, the simulation
process ends, and as the machine continues to move forward, the scallion seedlings are
successfully buried in the soil. The simulation planting effect cross-section is shown in
Figure 16. The planting depth is 5 cm, and the skew angle is less than 5◦, which is in line
with the expected test results.

Using the Design-Expert software, (Design-Expert 13 Stat-Ease Minneapolis, MN,
USA) the results of the tests yielded the quadratic polynomial regression equations for
Y1 and Y2, which were analyzed using variance and significance tests. The experimental
results for transplant uprightness and compression force are shown in Table 15. The table
shows that the model has extremely significant fitting, with X1, X2, X3, X2X3, X1

2, X2
2, and

X3
2 having extremely significant effects on transplant uprightness, while the remaining

factors have insignificant effects.
The analysis of variance for the radial compressive force Y2 in the table indicates that

the model has extremely significant fit. X1, X2, X1X3, X1
2, X2

2, and X3
2 have significant

effects, X3 has a significant effect, and the rest have insignificant effects. After removing the
insignificant effect terms, the regression equations for Y1 and Y2 are as follows:{

Y1 = 94.58 + 0.7x1 + 1.89x2 + 1.09x3 − 1.7x2x3 − 2.96x2
1 − 3.29x2

2 − 3.89x2
3

Y2 = 92.24 + 15.79x1 + 3.6x2 − 1.89x3 − 6.25x1x3 + 22.6x2
1 + 7.28x2

2 + 4.61x2
3

(12)
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4.4. Response Surface Analysis

The response surfaces of parameter combinations that significantly influence the key
evaluation indicators are presented in Figure 17. In Figure 17a, when the digging depth
X3 is set at 100 mm, as the contact area between the scallion seedling and the disc and
the disc speed gradually increase, the uprightness of the scallion seedling transplanted
increases with the increase in speed and then gradually decreases. Regarding the contact
area, if it is too small, the clamping force exerted by the flexible disc on the scallion
seedling decreases, leading to deflection of the seedling at the clamping point. This further
results in an excessively large soil penetration angle, which ultimately impairs the post-
transplant uprightness.

 
(a) (b) 

 
(c) (d) 

Figure 17. Influence of Interactive Factors on the Uprightness and Radial Compressive Force
of Scallion Seedlings During Transplanting. (a) Y1 = f (x1, x2, 100). (b) Y2 = f (x1, x2, 100).
(c) Y1 = (x1, 0.25, x3). (d) Y2 = (x1, 0.25, x3).

As shown in Figure 17b, X3 remains unchanged. When the disc speed X2 takes a
certain value, as the contact area X1 increases, the clamping force on the scallion seedlings
gradually decreases due to the increase in flexible contact points. Later, as the flexible
protrusions decrease and disappear, the scallion seedlings come into direct contact with
the disc, and the clamping force on the scallion seedlings gradually increases. When X1

remains unchanged, as X2 increases, the resistance on the scallion seedlings increases, and
Y2 shows an overall upward trend.

As shown in Figure 17c,d, when X2 is in a horizontal position and X1 remains un-
changed, as X3 increases, the depth to which the scallion seedling is buried in the soil
gradually increases, and the effect of the soil backfill force becomes more obvious, causing
Y1 to first rise and then decrease.
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4.5. Parameter Optimization

The objective function is optimized and solved, with the constraint conditions as
shown in Equation (13). 

maxY1(x1, x2, x3)

s.t.


105 ≤ x1 ≤ 405
0.15 ≤ x2 ≤ 0.35
40 ≤ x3 ≤ 160

minY2(x1, x2, x3)

(13)

The optimized parameter combination is obtained as follows: the clamping contact
area of scallion seedlings is 255 mm2, the disc rotation speed is 0.25 rad/s, and the furrow
opener penetration depth is 100 mm. However, during the field transplantation process, an
excessively large clamping force will damage the scallion seedlings and affect the transplan-
tation quality; an excessively deep or shallow furrow opening depth will cause the scallion
seedlings to tilt forward or backward. Based on this, the optimal parameter combination
of the solution is further optimized: the clamping contact area of scallion seedlings is
244.81 mm2, the disc rotation speed is 0.278 rad/s, the furrow opener penetration depth is
102.15 mm, the predicted [seedling uprightness rate] is 94.8%, the optimal clamping force
is 90 N, and the damage rate of transplanted scallion seedlings is less than 3%.

4.6. Validation Test

To validate the design effectiveness, the parameters were further optimized: contact
area of 244.8 mm2, disc rotation speed of 0.28 rad/s, and furrow opener penetration depth
of 102.2 mm. Multiple experiments were conducted under the condition that other factors
remained unchanged. The results showed that the average uprightness of the scallion
seedlings was 94.4%, the average holding force of the scallion seedlings was 92 N, and
the average damage rate was 2.91%. The test results were basically consistent with the
optimization results and met the requirements for efficient and low-damage transplanting
of scallions.

5. Field Trials
Field experiments were conducted in Zhangqiu District, Jinan City, Shandong Province

in May 2025, using Zhangqiu scallions as the seedling variety. Before the experiments,
furrowing and ridging work was carried out, with a furrow depth of 30 cm, furrow width
of 75 cm, ridge width of 85 cm, and row spacing of 90 cm. The operating parameters of the
machinery were consistent with the optimal solution obtained from the simulation, and
the total travel distance was 30 m, as shown in Figure 18. A total of 10 test areas were set
up, with each test area being 3 m in length and having a width equal to the furrow–ridge
width. In accordance with the agronomic requirements for scallion cultivation, the planting
spacing of scallion seedlings was 2–3 cm, the planting density was 32–33 plants per meter,
and the number of seedlings planted in each test area was 96–100. Five test areas were
randomly selected: the average seedling uprightness was measured by placing the base of
a protractor parallel to the ground, and the damage status of the seedlings was observed
and counted using the visual inspection method.

It can be seen from Table 16 that the average uprightness of scallion seedlings in the
field experiment was 93.8% and the damage rate was 2.7%. The errors between these results
and the simulation experiment results were 1% and 0.3%, respectively, both of which were
less than 2%. The scallion seedling planting area is a non-standardized operation environ-
ment, and the machinery is susceptible to various interference factors such as dynamic soil
conditions and terrain changes during operation. At the same time, micro-topographic
changes can cause vibrations when the machinery operates in the field, leading to tilting
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of seedlings when they fall. Additionally, in the actual experiment, it was impossible to
ensure that every test seedling had the same diameter and length; although the seedling
leaves were pruned, there were still a small number of seedlings with inconsistent traits,
resulting in errors in the final experimental results. Furthermore, due to the limitations
of the simulation software’s functions, the scene simulation could not fully reproduce the
actual field operation conditions.

  
(a) (b) 

  
(c) (d) 

Figure 18. Field Experiment on Scallion Seedling Transplanting. (a) Field trial site. (b) Machinery
operation site. (c) Transplanting effect diagram. (d) Scallion seedling uprightness measurement.

Table 16. Seedling Uprightness and Damage Rate.

Serial No Uprightness (%) Damage Rate (%)

1 94.2 3.2
2 93.9 3.5
3 93.4 2.6
4 93.3 2.1
5 94.5 2.4

Mean value 93.8 2.7
Predicted value 94.8 3.0

Relative error (%) 1.0 0.3

Although the above factors lead to deviations between the predicted values and the
measured values, all deviations fall within the acceptable experimental error range. To
further improve the planting uprightness and reduce the damage rate, improvements
should focus on two aspects: (1) optimizing the mechanical stability and adding a shock
absorption system to reduce mechanical vibrations; (2) adding a clamping force control
system to flexibly adjust the clamping force of the elastic rollers, which is used to precisely
control the pressure on the scallion seedlings and thereby reduce the seedling damage rate.

6. Conclusions
The research shows that optimizing the distribution of flexible protrusions on the

edge of the flexible disc, the disc rotation speed, and the furrowing depth significantly
improves the uprightness of scallion seedling transplanting and reduces the damage rate.
The simulation analysis of the clamping point movement trajectory derived from the
kinematic analysis of the planting disc is consistent with the research of Wang Y. [14],
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highlighting the impact of disc rotation speed on transplanting uprightness. Compared
with the common fully automatic pot seedling transplanters [31], the machine designed
in this study can realize both pot seedling and bare seedling transplanting by adjusting
the width of the seedling belt, thus having a wider application range. Compared with the
traditional semi-automatic transplanters [11], the machine designed in this study combines
an automatic seedling feeding mechanism with a planting mechanism, which reduces the
problems of high labor intensity, high seedling damage rate, and easy seedling leakage
caused by manual seedling placement in traditional machinery.

In this study, an automatic transplanter suitable for bare seedling transplanting was
designed and developed. The Hertz–Mindlin with Bonding contact model in the EDEM
simulation software (EDEM 2022 Altair Engineering, Michigan, USA) was used to construct
the scallion seedling model. Taking the actual maximum compressive force as the response
value, the simulation approximation method was adopted to calibrate the parameters of
the scallion seedling model. Through the Plackett–Burman experimental design, three
factors with significant effects on the maximum compressive force were screened out: the
normal/tangential contact stiffness of scallion seedlings, the normal/tangential ultimate
stress of scallion seedlings, and the Poisson’s ratio of scallion seedlings. The steepest ascent
experiment was used to narrow the calibration range of significant parameters. Several
groups of optimal solutions were obtained through the Box–Behnken experiment and
analysis of variance (ANOVA), and three groups of optimal solutions with the smallest
relative error compared with the measured values of the scallion seedling compression
experiment were determined. The normal/tangential contact stiffness of scallion seedlings,
the normal/tangential ultimate stress of scallion seedlings, and the Poisson’s ratio of
scallion seedlings were determined to be 4.842 × 109 N/m, 5.643 × 107 Pa, and 0.38, re-
spectively. Based on these parameters, the discrete element model of the transplanting
mechanism–scallion seedling–soil and the EDEM-ADAMS coupling model were estab-
lished. A three-factor, three-level orthogonal simulation experiment was conducted to
determine the optimal parameter combination of the transplanting mechanism during the
transplanting process: flexible protrusions with a width of 40 mm distributed on the edge
of the flexible disc, a flexible disc rotation speed of 0.278 rad/s, and a furrowing depth of
102.15 mm.

Field experiment results under optimal conditions show that when the transplanter
moves forward at a speed of 0.06 m/s, the average uprightness of scallion seedling trans-
planting reaches 93.86% and the damage rate is 2.78%. The errors between these values and
the predicted values are 1% and 0.3%, respectively, and the machine has good passability,
meeting the agronomic requirements for scallion transplanting. Future research should
prioritize improvements to the machine’s shock absorption components and seedling feed-
ing components. In particular, by changing the material and size of the seedling belt, the
seedling damage rate during the seedling feeding stage can be reduced to adapt to the
transplanting of bare seedlings of different types and sizes.
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