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Abstract: At present, there is a problem that the growth quality is reduced due to damage to
the plug seedling pot during the transplanting process. In this study, the pressure distribution
measurement system was used to measure the contact area of plug seedlings when they collided
with the ground. The effects of seedling age and forward speed on the characteristics of contact
stress distribution and potting damage were investigated through a single-factor experiment. The
results were comprehensively considered based on the single-factor test, and the Box–Behnken test
was used to optimize the design. The matrix loss rate was used as the evaluation index to determine
the optimal parameter combination for transplanting: the tray specification was 72, the seedling
age was 30 d, and the forward speed was 1.25 km·h−1. This study can provide a reference and
technical support for further research on pot damage in plug seedling transplanting. The optimized
parameters can provide practical guidance for reducing pot damage and improving growth quality
during transplanting plug seedlings.
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1. Introduction

As a modern cultivation technology, plug seedlings can shorten the fertility cycle of
crops, improve crop yield, and ensure that crops are planted to meet agronomic require-
ments better [1]. Mechanized transplanting can reduce labor intensity and production costs,
which is conducive to ensuring food security and is significant in building a powerful agri-
cultural country and promoting rural revitalization [2–4]. The mechanized transplanting
process will inevitably produce plug seedling pot damage; the damage to the pot is not
only related to the material’s physical and mechanical properties but also to the impact
load and the contact stress distribution during the transplanting process [5–7].

To reduce the pot damage of plug seedlings in the transplanting process, scholars
have researched its mechanical properties and damage [8–10]. For example, Wen et al. [11]
eliminate the seedling pot tumbling phenomenon in the seedling extraction process to avoid
scattering lumps caused by the instantaneous impact of the top bar on the pot. Through the
analysis of the mechanical model of the seedling pot in the extraction process, the factors
affecting the rolling and damage of pot seedlings were obtained. Han [12] studied chili plug
seedlings’ morphological characteristics, mechanical characteristics, and falling posture
of pepper plug seedlings. Through the drop test, it is concluded that the water content
and drop height of the seedling pot have an effect on the loss of the seedling pot matrix.
Aiming at the low damage rate of the collision between the pot seedling and the cup mouth
during the transplanting process, Wang et al. [13] established a collision contact mechanics
model. Liu et al. [14] used Hertz’s theory and kinetic energy theorem to establish the
mechanical equation of the collision between the seedling bowl and the planter. Then, they
established a multi-objective optimization function by the objective programming method
to obtain the optimal working parameters. In summary, many scholars have studied the
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damage of plug seedling pots through experiments and theoretical methods. However,
the previous micro-analysis of collision damage to the plug seedling is mainly based on
the Hertz theory. It did not consider the pot of the anisotropic deformation in the vicinity
of the contact area. Therefore, there is an error in the calculation results. In recent years,
with the development of high-performance data acquisition technology sensors, sensor
technology has begun to be applied in the agricultural field [15–17]. Wu et al. [18] applied
pressure sensing film to reveal the relationship between the contact pressure distribution
and damage of the Korla pear, and preliminarily realized the prediction and evaluation
of Korla pear damage. Piotr Komarnicki et al. [19] studied apples’ contact pressure and
contact area when they collided with different materials through the Tekscan test system
and proposed a bruise resistance index to determine the damage condition. Chen et al. [20]
used a prescale induction film to measure the contact stress distribution characteristics
and laws of potatoes when they collided with different materials at different drop heights
and obtained a damage prediction model. At present, there is no relevant research on the
distribution characteristics of contact stress and damage of plug seedlings in the process of
mechanized transplanting.

Therefore, based on the pressure distribution measurement system, the contact stress
distribution of the plug seedlings during the transplanting process was measured and
studied. The contact stress distribution characteristics and the change rules of the damage
to the pot during the collision of the plug seedlings under different factors during the
transplanting process were studied. Using the matrix loss rate as a test index, three factors
and three levels of orthogonal tests were used for the establishment of the regression model
of the various factors and the matrix loss rate. Finally, the optimal parameter combination
was obtained. This study is expected to provide a reference for the study of the damage of
plug seedlings during transplanting.

2. Materials and Methods
2.1. Test Materials and Equipment

The plug seedlings used in the experiment were entrusted to Inner Mongolia Heyuan
Agricultural Science and Technology Co., Ltd. for standardized cultivation. The size of the
seedling plug was 540 mm × 280 mm. The T562 oil sunflower plug seedlings with plug
specifications of 50, 72, and 105 holes were cultivated, respectively. The corresponding pot
volumes were 60.27 cm3, 42.00 cm3, and 27.43 cm3, as shown in Figure 1. The plug seedling
substrate was a combination of grass charcoal, vermiculite, and perlite, with a volume ratio
of 3:1:1. The oil sunflower seedlings grew well, with no symptoms of pests and diseases
and no apparent collapse phenomenon. Before the experiment, five matrix samples were
randomly selected from each tray to determine the moisture content. The moisture content
of the substrate was determined by using a DHG-9245A electric blast drying oven. The
drying temperature was set to 105◦, and the drying was conducted for 8 h. According to
the formula of soil moisture content, the measured moisture content of the matrix ranged
from 58% to 63% [21].
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array in the flexible film network is that when the tactile pressure sensor is subjected to
external pressure, the resistance of the semiconductor will change proportionally with the
change of the external force. The electrical signals of the sensing point of the conductor will
be converted into real-time data. Through the I-Scan System data processing software, the
data is used to image the data, display, and generate a two-dimensional or three-dimensional
stress distribution map. The 5250-type flexible film network tactile pressure sensor is used in
this test, as shown in Figure 2. It has a matrix-shaped sensing area (245.9 mm × 245.9 mm),
a resolution of 3.2 cm−2, and a sampling frequency of 0–100 Hz [22,23]. The specific
specifications are shown in Table 1.
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Table 1. The specifications of the pressure sensor.

Items Specifications

Number of Sensels 1936
Pitch 5.588 mm

Thickness 0.102 mm
Max Pressure 1724 kPa

The experiment was carried out in the soil trench laboratory of Inner Mongolia
Agricultural University in Hohhot City, Inner Mongolia Autonomous Region. The soil
type was sandy loam. In order to ensure that the soil conditions in the soil trough were in
line with the transplanting operation, the soil was pretreated [24,25], as shown in Figure 3.
First, the rotary cultivator is used for multiple rotary tillage, and the soil surface is entirely
broken and evenly mixed. Then, the soil is sprayed with the spray system of the soil bin
truck to adjust the soil moisture content, and then the compaction operation is carried out
with the roller. The soil samples were collected by standard ring knife (diameter 52.5 mm,
height 51 mm) at each point in the soil bin test area, and the soil samples were placed in
a 105 ◦C drying oven. The soil moisture content determined by the drying method was
14.52 ± 1.33%. Five points in the test area were randomly selected to measure the soil
compaction of 100 mm below the surface by using the TYD-2 soil compaction meter. The
final determination of soil firmness was 97.5 ± 6.55 N·cm−2.

To protect the sensor and ensure consistent soil cushioning, a concave trench was dug
manually in the hole-punching area of the planter. After adjusting the soil firmness, the
pressure sensor was laid flat on the soil surface of the concave trench so that the planter’s
lowest point and the pressure sensor’s surface were close. When starting the transplanting
touchdown collision test, manually put the plug seedling into the seedling feeding cup.
When the planter was rotated to the seedling receiving position, the bottom of the seedling
feeding cup was opened, and the plug seedlings fell into the planter. When the plug
seedling rotates to a certain position with the transplanter, the cup mouth opens, and
the plug seedling falls onto the pressure sensors. The pressure distribution measurement
system collects the contact information. Then, through the I-Scan System data processing
system, the contact area and contact stress of the plug seedlings were obtained. The mass of
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the plug seedling was weighed before and after each transplanting to calculate the matrix
loss rate of the plug seedling. After each test, the residual matrix on the surface of the
sensor was cleaned to ensure the accuracy of the test. The study does not consider the
transplanting machine ground wheel slip, mechanical vibration, and other factors. The
transplanting touchdown collision test is shown in Figure 4.
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2.2. Single-Factor Experimental Method

The plug seedling pot is a matrix-root complex, and the tightness of its growth con-
dition is closely related to the tray specification and the age of the seedling. Therefore,
referring to the relevant literature on seedling guidance, different specifications of the hole
tray seedling should be selected for different seasons [26]. This experiment’s commonly
used tray specifications were 50, 72, and 105. The standard seedling age of oil sunflower
was 28–33 days, and the test seedling age was selected near the average seedling period
of five days. According to the transplanting requirements of agricultural machinery and
agronomy and related references [27,28], the forward speed of the transplanting machine
was determined to be 1–2 km·h−1, and five levels were tested.

In order to obtain the orthogonal experiment factor level, take the tray specification of
50 plug seedlings as an example. The single-factor experiment of different seedling ages
and forward speeds was carried out. The distribution characteristics of contact stress and
the change rule of pot damage under different factors during transplanting were studied.
The experiment was divided into two groups: (1) using a forward speed of 1.25 km·h−1 as
a constant, carried out at different seedling ages for the single-factor experiment; (2) using a
plug seedling age of 30 d as a constant, carried out at different forward speeds for the single-
factor experiment. Each group of experiments was repeated 30 times, and the average
value was the final value. The experimental factors and levels are shown in Table 2.

Table 2. Single-factor test factors and levels.

Factors
Level

1 2 3 4 5

Seedling age/d 20 25 30 35 40
Forward speed (v)/km·h−1 1 1.25 1.5 1.75 2

Refer to transplanting-related literature and agronomic requirements. The seedling
stage is too long after transplanting due to the damage to the pot body and the root system.
The matrix loss rate should be less than 15% to meet the transplanting conditions [29,30].
The percentage of matrix loss (K) characterizes the percentage of post-transplanted quality
of plug seedlings compared to the substrate quality before transplanting [31], which is a
criterion for judging the degree of damage to the pot. Therefore, the matrix loss rate was
selected as the evaluation standard of planting quality to explore the variation rule of pot
damage under different factors, as shown in the following equation:

K =
M − M1

M
× 100% (1)

where K is the matrix loss rate, %; M is the mass of plug seedlings before transplanting, in
grams; and M1 is the mass of plug seedlings after transplanting, in grams.

2.3. Box–Behnken Experimental Design

Based on the single-factor test, the level of orthogonal test factors was selected. The
significant degree of the influence of seedling age, forward speed, and tray specification on
the damage of plug seedling pot body during transplanting was studied. The experimental
factors and level codes are shown in Table 3. The orthogonal test of three factors and three
levels was conducted, and the matrix loss rate was the evaluation index. The regression
model of seedling age, tray specification, and forward speed on the matrix loss rate was es-
tablished. The optimal parameter combinations were finally obtained through significance
analysis and interaction analysis, and their reliability was verified through experiments.
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Table 3. Influencing factors and levels.

Level

Factors

Seedling Age (X1)/d Forward Speed
(X2)/km·h−1 Tray Specification (X3)

−1 25 1 50
0 30 1.25 72
1 35 1.5 105

2.4. Data Processing

Excel 2021 was used for data entry, collation, and preliminary analysis. IBM SPSS
Statistics 24 software was used for further research. One-way ANOVA and multiple
comparisons (Duncan method, p < 0.05) were used to analyze the significant differences
in the matrix loss rate and contact area of plug seedlings at different seedling ages and
forward speeds. Origin 2021 was used for drawing.

3. Results
3.1. Rules of Pot Damage at Different Seedling Ages

With a forward speed of 1.25 km·h−1 and tray specification of 50, a touchdown
collision test was carried out for plug seedlings of different seedling ages. The relationship
between seedling age and the distribution of contact stress is shown in Figure 5. In the
transplanting process, the plug seedling pot and the contact collision area occurred. The
contact area gradually spread to the edge, and the maximum contact stress was located in
the center of the contact area. With the increase of seedling age, the contact area of the plug
seedling touching the ground collision area decreased. The area of high stress accounted for
a more significant proportion, and the area of low stress accounted for a smaller proportion.
The main reason is that when the seedling age is small, the root system of the plug seedling
is poorly wrapped. The plug seedling pot is relatively loose and has poor cohesion, so
the amount of deformation in the touchdown collision is large, and the contact area is
extensive. With the increasing age of the plug seedling, the root system becomes developed,
and the strength of the pot is gradually strengthened. The amount of deformation in the
touchdown collision area decreases. The contact area is gradually reduced, accordingly.
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The study continues by further investigating the changing rule of contact stress dis-
tribution when plug seedlings touch the ground during transplanting under different
seedling ages. The test results are shown in Figure 6. In the study of the effect of seedling
age on the collision of plug seedlings during transplanting, the forward speed and plug
specifications are certain. With the increase of seedling age, the contact area decreased
gradually. However, the matrix loss rate gradually decreased with the rise of seedling age.
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When the seedling age was 30 days, relatively significant changes in contact area and
matrix loss rate occurred and gradually became flat. The main reason is that from 35 days
of age, the root coverage within a particular hole tray volume reaches the maximum. At
this time, there is no noticeable increase in the degree of potting firmness. Accordingly,
the contact area of the plug seedling does not vary much. The matrix loss rate of the plug
seedling touching the ground collision area also gradually changes and tends to flatten out.
In order to reduce the damage of plug seedlings during transplanting as much as possible,
the matrix loss rate should be as low as possible to guarantee the survival rate and growth
quality of the plug seedlings after transplanting. Therefore, a low matrix loss rate is shown
at the seedling age of 25–35 days, which is the best time for transplanting.

3.2. Rules of Pot Damage at Different Forward Speeds

With the seedling age of 30 d and a plug size of 50, the impact test of plug seedlings at
different forward speeds was carried out. The relationship between forward speed and
contact stress distribution is shown in Figure 7. It was found that the contact area and
contact stress of the plug seedling touching the ground collision area increased with the
increase of the forward speed of the transplanter. With the increase of forward speed,
the distribution area of low stress was reduced and gradually concentrated towards the
edge of the contact area. In contrast, the distribution area of high stress showed a trend of
gradual expansion. In addition, the characteristic shape of the contact stress distribution
contour of the plug seedling touching the ground collision area was close to an ellipse
when the forward speed of the transplanter was low. However, when the forward speed
of the transplanter was 2 km·h−1, the edge of the contact stress distribution contour of
the plug seedling touching the ground collision area became irregular. The edges of the
characteristic contour of contact stress distribution showed a certain degree of radial shape.
These phenomena are because the kinetic energy of the seedling pot increases with forward
speed, which leads to an increase in the amount of pot deformation when the seedling pot
touches the ground. Therefore, the contact area and contact stress are increased. At the
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same time, the damage degree of the plug seedling pot was aggravated, and the scattered
lump appeared.
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The stress distribution characteristics and damage relationship of the plug seedlings
pot at different forward speeds during transplanting were further investigated, as shown
in Figure 8. When the seedling age and tray specifications are sure, with the increase of
forward speed, the contact area and the matrix loss rate of the plug seedling when touching
the ground collision are gradually increasing. This is because the strength and stability of
the root-substrate complex of plug seedlings are relatively particular at a certain seedling
age and tray specification. When the forward speed increases, the kinetic energy of the
seedling gradually increases. Additionally, the amount of deformation of the seedling
complex under stress increases, the contact area increases, and the matrix loss rate of the
seedling increases.
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When the forward speed is v = 1.75 km·h−1, the matrix loss rate and contact area
inflection point tend to be gentle; this shows that the plug seedlings have greater kinetic
energy currently. When the plug seedling touches the ground, it produces a large impact
force and excessive load, and its pot undergoes severe deformation. As the speed increases,
many nursery substrate particles slip and collapse due to excessive force. This results in
more severe matrix damage and visible deformation of the plug seedling pot. The matrix
loss rate has also reached the maximum, and the contact area during ground collision has
reached more than 430 mm2. Therefore, to ensure that the damage to plug seedlings is
small, a forward speed is selected in the 1–1.5 km·h−1 range.

3.3. Box–Behnken Experimental Optimization Design

This experiment considered the effects of different factors (seedling age, tray speci-
fication, and forward speed) on the matrix loss rate during plug seedling transplanting.
The design factors included different levels of seedling age (25, 30, and 35 days), tray
specification (50, 72, and 105), and forward speed (1, 1.25, and 1.5 km·h−1). A total of
17 groups of experiments were designed by Box–Behnken experimental design, coded
according to high (+1) and low (−1) levels, and analyzed in Design Expert software. The
experimental design and results are shown in Table 4.

Table 4. Box–Behnken experimental design and results.

Test
Number

Seedling Age
(X1)/d

Forward Speed
(X2)/km·h−1

Tray Specification
(X3)

Matrix Loss
Rate/%

1 −1 0 −1 27.49
2 −1 0 1 13.05
3 0 0 0 13.56
4 1 −1 0 8.33
5 0 1 −1 19.98
6 0 0 0 13.86
7 1 0 −1 11.13
8 0 1 1 12.01
9 1 1 0 10.36

10 0 0 0 13.86
11 0 −1 −1 15.00
12 0 0 0 13.86
13 1 0 1 7.51
14 −1 −1 0 16.27
15 0 −1 1 10.88
16 −1 1 0 21.00
17 0 0 0 13.86

The multiple regression analysis of the test results in Table 4 was carried out by Design-
Expert software, and the second-order regression model of the matrix damage rate and
three significant parameters was obtained. The equation is as follows:

K = 13.10 − 4.54X1 + 1.59X2 − 3.72X3 − 0.60X1X2 + 2.36X1X3 − 0.57X2X3 + 0.17X1
2 + 0.28X2

2 + 1.37X3
2 (2)

The analysis of the variance of the regression model of the Box–Behnken experimental
design is shown in Table 5. The p < 0.0001 of the fitting model, the determination coefficient
R2 = 0.9781, and the corrected determination coefficient R2

adj = 0.9499 are close to 1,
indicating that the fitting equation is meaningful and its credibility is high. The signal-
to-noise ratio (Adeq precision) is 21.720, indicating that the regression model is highly
significant. The loss of fit term p = 0.1562 > 0.05 indicates that the regression equation is
still intact and is well-fitted. Seedling age X1, forward speed X2, tray specification X3, and
interaction term X1 X3 significantly affected the matrix loss rate. X1 X2, X2 X3, X1

2, X2
2,

and X3
2 did not significantly affect the matrix loss rate.
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Table 5. Variation analysis of Box–Behnken design quadratic model.

Source of
Variation Mean Square Degree of

Freedom Sum of Square p-Value

Model 378.24 9 42.03 <0.0001 **
X1 204.83 1 204.83 <0.0001 **
X2 20.70 1 20.70 0.0044 **
X3 113.63 1 113.63 <0.0001 **

X1X2 1.82 1 1.82 0.2596
X1X3 29.27 1 29.27 0.0017 **
X2X3 3.71 1 3.71 0.1237
X1

2 0.70 1 0.70 0.4709
X2

2 0.03 1 0.03 0.8839
X3

2 3.31 1 3.31 0.1424
Residual 8.48 7 1.21

Lack of fit 5.89 3 1.96 0.1562
Pure error 2.59 4 0.65

Sum 386.72 16 42.03
Note: ** indicates extremely significant (p < 0.01).

Therefore, excluding the factors that have no significant effect on the quadratic regres-
sion model, the optimized regression equation is the following:

K1 = 13.54 − 4.54X1 + 1.59X2 − 3.72X3 + 2.37X1X3 (3)

3.4. Analysis of Interaction

The response surface analysis diagram and the corresponding contour map of different
factors were obtained by Design-Expert software, as shown in Figure 9. The response
surface graph is a three-dimensional space surface graph of the response value matrix loss
rate to the test factors of seedling age and tray specification. From the response surface
analysis diagram, it can be visually seen that the interaction of seedling age and tray
specification factors affects the matrix loss rate. If the curve is steeper, it indicates that the
influence of this factor on the matrix loss rate is greater, and the corresponding performance
is the size of the response value change. It can be seen from the contour map that the greater
the curvature of the contour line, the more significant the interaction between the two
parameters. The response surface software and regression equation were used to analyze
the interaction of different factors on the response value. When the forward speed was
intermediate (1.25 km·h−1) and the seedling age was constant, the matrix loss rate showed
a downward trend when the plug size ranged from 50 to 105. This occurs because as the
tray specification becomes larger (with more holes), the volume of each hole is smaller,
and the volume of the plug seedling pot is smaller. At this time, the root coverage rate
is significant, and the gathering effect is obvious. Accordingly, the pot damage is small;
when the tray specification is constant, the matrix loss rate decreases with the increase of
seedling age. This occurs because, with the increase of seedling age, the root system of
plug seedlings absorbs the nutrients in the matrix. The more developed the root system,
the better the encapsulation and compactness. Therefore, the pot of the plug seedling pot is
less damaged during the transplanting process.

3.5. Determination of the Optimal Parameter Combination

According to the test results, the optimization module in Design-Expert software was
used to determine the optimal value and the range of influencing factors. The regression
model (2) was optimized, and the working characteristics of the transplanting process were
comprehensively considered. The expectation analysis revealed the optimal parameter
combination: the tray specification was 72, the seedling age was 30 d, and the forward
speed was 1.25 km·h−1. Under these conditions, the matrix loss rate was 13.50%.
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4. Discussion

This study aims to analyze the stress distribution characteristics of plug seedlings and
the damage rules of pots under different plug specifications, seedling ages, and forward
speeds during transplanting and to explore the relationship between them. The experiments
were carried out with the help of a flexible pressure sensor, and the damage law of the pot
in the transplanting process was accurately revealed.

The results showed that with the increase in seedling age, the pot damage decreased,
which was consistent with the trend shown in the literature [28], but there was a small
difference. The reason may be that the test scheme is different. In the previous study, the
transplanter did not have a forward speed, and the height of the bottom of the planter from
the ground was too high. The type of plug seedlings, matrix ratio, and moisture content
will also affect the pot damage.

From the point of view of the research on the damage of the pot by the forward
speed, the forward speed of the transplanter increases, and the rotation speed of the
planter increases. The relative speed of the plug seedling to the ground increases when
the seedling touches the ground. Some studies mainly focus on the collision damage of
the plug seedling pot caused by the rotation of the planter. It is concluded that with the
increase in the planter’s rotation speed, the pot and the planter’s relative speed increases,
and the maximum collision force becomes larger [13,26].

Several factors are related to tray specification, such as the volume of the pot, the
influence of the contact stress distribution, and the pot damage. We previously obtained
through the vertical drop test that, with the increase of the tray specification, the contact
stress area and the pot damage were reduced when the plug seedlings collided with the
ground [22,32]. Although the posture and number of collisions of plug seedlings under
actual transplanting conditions are variable, it is consistent with the rules obtained under
the previous vertical drop conditions, so we only elaborated a little.

The current research combines the actual working conditions of transplanting, the re-
lationship between the stress distribution characteristics, and the damage of plug seedlings
during transplanting. However, the transplanter did not plant plug seedlings into the
soil. Therefore, the next step will continue to explore the stress distribution character-
istics of plug seedlings and the changing rule of pot damage during the process of soil
entry to improve the efficiency and quality of the transplanting technology of the plug
seedling transplanter.
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5. Conclusions

In this study, the oil sunflower plug seedlings were taken as the research object. Based
on the deep integration of agricultural machinery and agronomy, a pressure distribution
measurement system was used to conduct the collision test of plug seedlings when trans-
planting. The variation rule of pot damage and contact stress distribution of plug seedlings
under different factors in the transplanting process was obtained. Considering the test
results comprehensively, the Box–Behnken test optimization design obtained the optimal
parameter combination. The following are the main conclusions:

1. When the forward speed and plug specifications were constant, the contact stress
increased gradually with the increase of seedling age, but the contact area and matrix
loss rate decreased gradually. When the seedling age and soil plug specifications are
constant, the contact stress, contact area, and matrix loss rate gradually increase with
the forward speed.

2. This study established the regression model of the three factors on the matrix loss
rate by the orthogonal test of seedling age, tray specification, and forward speed.
The results showed that the tray specification, seedling age, and forward speed had
highly significant effects on the matrix loss rate, and there was an interaction between
seedling age and tray specification.

3. Through the Design Expert software, the optimal parameter combination is the fol-
lowing: the tray specification is 72, the seedling age is 30 d, and the forward speed of
the transplanter is 1.25 km·h−1. The repeated experiments show that the parameter
combination is reliable and can be used in plug seedling transplanting production
operations.
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