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Abstract: To reduce the missing rate caused by the arching phenomenon of seed potatoes in the
traditional seed boxes of cup-belt potato planters, a conical-shaped seed box comprising a seed-
metering box and a reseeding box connected together was proposed. The method in this paper
combined the discrete-element-analysis method and response-surface method and took the movement
of the seed-potato group in the seed box as the research object. First, by analyzing the force and speed
of seed potatoes, the main structural parameters affecting the seed-box seed-metering performance
were determined, and the indices for evaluating the seed-box seed-metering performance were
established. Additionally, a single-factor simulation test and orthogonal test were carried out for
the main structural parameters of the seed box. Using the optimized structural parameters of the
seed box, a trial conical seed box was produced, and bench-verification tests were carried out. The
results showed that the multiple rate, missing rate and coefficient of the variation of the plant distance
for the conical seed box were reduced by 4.76%, 4.0% and 9.18%, respectively. The research results
have practical significance as guidance for improving the sowing performance of cup-belt potato
planters. At the same time, the research results have reference value for solving the arching problem
for granular materials in the box.

Keywords: agricultural machinery; discrete-element method; arching phenomenon; seed box; potato planter

1. Introduction

At present, seed boxes used in the field of agricultural sowing machinery are designed
mostly according to the appropriate structure of the overall machinery. If a seed box with
a specific capacity is required, its size can be determined according to the corresponding
parameters [1]. It is not difficult to determine that most of the seed boxes are welded (bent)
by steel plates, which are generally composed of two parts: the cube in the upper layer
and the trapezoidal platform in the lower layer [2–5]. The upper cube is used mainly to
increase the capacity of the seed box. If the requirement for the capacity of the seed box is
low, the seed box can also be composed of only a trapezoidal platform. However, seeds in
such types of seed boxes cannot fall freely, which increases the missing rate for the planter.
This article takes the 2CM-2-4 potato planter developed by Huang Yong and others from
the School of Mechanical and Electrical Engineering, Shihezi University, Xinjiang, as an
example. The seed box is additionally provided with a seed-isolation baffle to divide the
seed box into a seed-metering box and a reseeding box to prevent the metering device
from damaging the seed potatoes. However, due to the existence of seed-isolation baffles,
the cross-sectional shrinkage near the mouth of the reseeding box increases [6]. The seed
potato in the reseeding box is supported by the box wall and the mutual extrusion between
seed-potato particles, and the friction resistance between particles increases, resulting in
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the formation of a stable arch structure at the discharge port of the reseeding box, causing
the inability of the seed potato to fall. This phenomenon is called the seed-potato-arching
phenomenon [7]. The arching phenomenon will significantly increase the missing rate for
the planter.

To solve the arching problem for granular materials, in terms of taking the arching
phenomenon as the research object, Jenike used the flow factor to study the arching of
granular material particles in the hopper in the early stage and found that the flow factor is
related to the friction angle of material particles and the friction angle in the hopper [8].
In recent years, there have been an extensive number of studies on soil-particle-arch
formation [9,10] and track-slab-arch detection [11]. Nikiitenko proposed measures of static-
arch stabilization that affected the quality of drainage construction by mathematically
simulating the arching of loose materials in the drainage hangar [12]. However, it is rare
to study the influence of box structures on particle arches. Europe has standardized the
design of the steel-shell structures [13] and announced modern technology and special
equipment for potato production [14]. In China, the seed-box structure is designed mostly
as the intersection-angle type, according to the empirical design method [15–17]. The
arching problem of particles in the box first appears at the intersection angle of the steel-
plate welding (bending) [18] due to the bad dynamic conditions of particle flow at the
intersection angle, the increased resistance and the long-term retention of materials, so
the discharge is stopped to form an arching phenomenon [6,19]. Especially in the field of
cup-belt potato planters [20], the seed potato is generally cut from the whole potato, and
an irregular seed potato aggravates the arch problem in the seed box [21].

In view of the above problems, this paper proposes changing the intersection-angle
seed box of cup-belt potato planters into a conical seed box. The movement of the seed
potato in the box was numerically simulated using the discrete-element method, and its
influence on the structural parameters of the seed box was explored by the movement law
of the seed potato to design and optimize the conical seed box. At the same time, the cross
section of the seed box changed evenly, and the intersection angle was reduced, which
greatly reduced the probability of the arch overlapping of the seed potato in the seed box.
The ultimate purpose of this study was to improve the sowing performance of cup-belt
potato planters. At the same time, it provides a framework for the study of the arching
phenomenon of particle materials in boxes.

2. Theoretical Analyses
2.1. Cross-Angle Seed-Box Seed-Metering Device

As shown in Figure 1, the seed-metering device mainly includes a seeding-belt as-
sembly, belt-tensioning device, seed cup, seed-cleaning device, seed box and other compo-
nents [22]. The seed cup is installed on the seeding belt; the drive pulley, the seed-cleaning
device and the belt assembly are installed in the seed-belt channel; the belt is tensioned by
the tensioning device; and the channel assembly is installed on the seed box to prevent the
seed potato from falling from the bottom of the seed box. The seeding belt is driven by the
upper belt wheel, and the power is input by the belt transmission. The seeding cup was
transferred to the bottom of the seed box along with the seeding belt, and the seed potato
was scooped into the seeding cup. The seeding cup carries the seed potato over the driving
pulley, and the seed potato falls. The back of the cup is supported, and the seed potatoes
are transported under the protection of the back of the seed cup and the seed-belt channel.
When the opening of the seed cup and the seed-protection wall reaches a certain angle, the
seed potatoes are released on the seed bed to complete the seeding process.

Due to the unreasonable structural design of the seed box, the lower seed potato in
the reseeding box is arched, resulting in fewer seed potatoes in the seed-metering box seed.
After the seed tuber in the seed-metering box is removed by the seed cup, the seed tuber
cannot fill the space position of the removed seed tuber in the seed-metering box in time
due to the arch of the seed tuber in the reseeding box, increasing the missing rate for the
cup-belt potato planter. If there are many kinds of potatoes in the seed-metering box, there
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is still an arch in the reseeding box, and the seed-taking cup disturbs the potato layer during
seed taking. The disturbance can be transmitted to the upper seed potato through the force
chain between seed potatoes. The upper seed potato has a great impact on the arch, and the
arch collapses under the influence of its own gravity. The collapsed arch forms a local flow
or central flow. At this time, a large number of seed potatoes enter the seed-metering box
at a high speed, resulting in an increase in the multiple rates of cup-belt potato planters.
Moreover, after the arch collapses, a new arch may be formed, resulting in the uneven flow
of seed tubers and greatly reducing the seed-metering performance of the seed box.
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Figure 1. Overall structure of a cup-type potato-metering device: 1—seed-belt channel; 2—seed-cleaning device;
3—seed-belt-tensioning device; 4—seed box; 5—seed cup; 6—seeding belt; 7—discharge port; 8—seed-metering
box; 9—reseeding box; 10—seed-isolation baffle.

In Figure 2, the motion state of the seed potato in the intersection-angle seed box is
shown. The figure shows that the flow state of the seed potato in the box is extremely
unstable. Local arching occurs 1 s after the simulation, and the central flow occurs 1.5 s
after arching due to the extrusion of the upper seed potato. In the next 2.0 s, 2.5 s and 3.0 s,
intermittent unstable flow after the unilateral arch occurs.
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2.2. Kinetic Analysis of Seed Potato in the Seed Box

Referring to the particle-flow conditions in the conical silo, if the seed tubers in the
seed box are to realize relative movement, the friction resistance (R) between the seed
tubers must be overcome [20,23,24]:

R = P f1kc = P f1k
A− A′

A
(1)

where
P—the positive pressure existing between the seed potato (N);
f 1—the friction coefficient between seed potatoes (N);
k—the particle shape factor;
c—the cross-sectional shrinkage rate.
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In the reseeding area, the downward movement force, Q, of the seed potato can be
expressed as:

Q = Wy −
∫ y

0
P f2n(u/A)dy−

∫ y

0
P f1kcdy (2)

where
Wy—the gravity of any cross section of the seed box (N);
P—the positive pressure existing between the seed potato (N);
f 2—the coefficient of the friction between the seed potato and the wall surface of the

seed box (N);
n—the tilt factor of the seed box;
u—the perimeter of the seed-box section (mm);
A—the existing cross-sectional area (mm2);
F1—the coefficient of the friction between the seed potatoes (N);
k—the particle-shape factor;
c—the cross-sectional-shrinkage rate.
Among them,

c =
(

A− A′
)
/A = 8(

ctgα

1.07 + h
− ctgα2

(1.07 + h)2 ) (3)

where
A—the existing cross-sectional area (mm2);
A′—the cross-sectional area after the descending height (mm2);
α—the inclination angle of the bottom surface of the seed box (◦);
h—the reserved height of the seed-isolation baffle (mm).
When a downward flow force Q > 0 of the seed potato at the cross section of the

reseeding box of the mouth of the seed metering is exerted, the seed potato flows downward,
and when Q ≤ 0, the seed potato does not flow and the seed potato arches.

2.3. Establishment of Test Factors
2.3.1. Overall Structure of Conical Seed Box

The establishment of the structural parameters of the conical seed box: Figure 3 shows
a structural diagram of the conical seed box. The seed-box structure is composed mainly of
boxes, drainage plates and shunting blocks. The surface of the box divides the seed box into
a seed-metering area and a seed-reseeding area. Through the research of Deng Weijian [25]
and pre-experimental simulation observations, a drainage plate in the conical seed box was
found to be able to reduce the intermittent cutoff and arch state of the seed-potato flow.
The shunting block is installed in the seed-filling area to guide the seed potato into the
seed-filling area near the seed cup and avoid the seed potato staying in the dead zone of
the seed-filling area.

According to the existing structural parameters of the planter, the diameter of the feed
inlet of the conical seed box (D) was determined to be 1150 mm, the diameter of the bottom
surface of the seed box (d) was 710 mm, (θ) is the half angle of the top conical portion of the
conical seed box, and (h) is the height of the seed box. On this basis, the effects of different
structural parameters of the conical seed box on the seed-metering performance of the seed
box were studied. When D and d of the conical seed box are determined, θ is changed and
h is changed accordingly. Therefore, θ and h can be studied according to the same variable.
At the same time, the bottom surface of the conical seed box is at a certain angle (α). The
inclined bottom surface is obtained after cutting to change the stress state and motion state
of the seed potato, make the flow of the seed potato smoother, and reduce the amount of
seed potato retained on the bottom surface of the conical seed box.
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of the seed box.

2.3.2. Parameter (Angle) α Establishment of Parameter Range

The natural repose angle of 30◦–32◦ for the seed potato [26] was selected in this test. α
should be greater than the natural repose angle of the seed potato. The larger the inclination
angle, the smaller the support force of the bottom surface of the seed box on the seed potato,
and the faster the downward movement speed of the seed potato due to its own gravity,
which is more conducive to the seed metering of the seed box. However, the larger α is, the
more sharply the capacity of the seed box decreases. After meeting the minimum capacity
required by the round-trip travel of the planter, the larger the capacity of the seed box, the
better. Therefore, α was selected to be 33◦, 37◦, 41◦, 45◦ and 49◦ higher than the natural
repose angle of the seed potato.

2.3.3. Parameter (Angle) θ Establishment of Parameter Range

In the seed box, an increase in the resistance of the seed potato leads to the arching
of the seed potato. A change in the cross-sectional shrinkage of the seed box affects the
resistance of the seed potato. θ is the main factor affecting the cross-sectional shrinkage of
the seed box [7]. Therefore, when exploring the influence of seed-box structural parameters
on seed-potato movement, θ is an important parameter in the structural parameters of the
seed box.

Since D and d are fixed values to ensure the capacity of the seed box, the height of
the seed box should not be too high, to facilitate manual seed addition. According to
preliminary design experience, when h was selected to be 1220 mm, 1120 mm, 1020 mm,
920 mm, and 820 mm, the structure of the seed box was relatively reasonable. Then, the
corresponding θ values were obtained. They were 21◦, 24◦, 27◦, 30◦ and 33◦, respectively.

2.3.4. Establishment of the Length Parameter Range of the Drainage Plate in the Seed Box (l)

When exploring the drainage-plate parameters l and the inclination angle of the
drainage plate (β), the reserved gap (s) between the drainage plate and the bottom of the
seed box is the main structural parameter of the drainage plate. When β is 35◦, 40◦, 45◦,
50◦ and 55◦ for single-factor analysis, with a decrease in β, the number of intermittent
flow cutoffs and arch erections of seed potato were found to be lower. At the same time, β
should not be too small, and s should not be too large; otherwise, the drainage plate will
not function, so β was determined to be 55◦. s should not be too small; otherwise, when the
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seed potatoes flow, the section shrinkage will become larger, which will lead to serious arch
overlapping of the seed potatoes. According to design experience, it is more appropriate to
set s at 160 mm. To create a reasonable seed-box structure, l was taken as 350 mm, 400 mm,
450 mm, 500 mm and 550 mm for single-factor simulation-test analysis.

3. Tests and Methods
3.1. Model Establishment and Parameter Setting

Potatoes are tuber-breeding crops, and cutting seed potatoes can promote oxygen
exchange inside and outside the tubers, facilitate early germination, and save potato
seeds [27,28]. The potato variety Xin Daping was used in the test. Seed potatoes were
obtained from 85 g of whole potatoes cut into two longitudinal pieces weighing approxi-
mately 40 g [20] each. When constructing the seed-potato model, a Vernier caliper was used
for surveying and mapping, and the geometric model was established in Solidworks 2019
(Dassault Systemes S.A Ltd., Waltham, MA, USA) based on the surveying and mapping
data and then imported into EDEM2018 (DEM Solutions Ltd., Denver, CO, USA) in the
step format to perform filling to fit the seed-potato shape (Figure 4a). The mechanical and
physical properties of the seed potatoes and seed boxes [29,30] were measured (Table 1).
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Table 1. Model parameters used in simulations.

Material or Contact Property Value Source

Seed

Dimensions (maximum
diameter × thickness) (mm2) ϕ55 × 27 Measuring

Density (kg/m3) 1048 [29]
Shear modulus (Pa) 1.336 × 106 [29]

Poisson’s ratio 0.57 [29]

Machine
Density (kg/m3) 7800 EDEM2018 software

material library

Shear modulus (Pa) 7 × 1010 EDEM2018 software
material library

Poisson’s ratio 0.30 EDEM2018 software
material library

Seed-seed
Coefficient of restitution 0.79 [30]

Dynamic-friction coefficient 0.452 [29]
Rolling-friction coefficient 0.024 [29]

Seed-machine
Coefficient of restitution 0.71 [30]

Dynamic-friction coefficient 0.445 [29]
Rolling-friction coefficient 0.269 [29]

The 3D-modeling software Solidworks2019 was used to perform 3D modeling of the
seed box. This test considered only the uniform flow characteristics of seed potatoes in the
seed box and realized the consistency between the number of seed potatoes flowing out
of the mouth of the seed-metering area (n2) and the number of seed potatoes taken by the
seed cup of the seed-metering area (n1). The values were simplified and imported into the
EDEM2018 software in step format (Figure 4b).

According to the physical characteristics of the seed-potato-particle surface, the
EEPA (Edinburgh Elasto-Plastic Adhesion) model was selected as the simulation con-
tact model [31,32]. To accommodate the geometric size difference of actual seed-potato
populations, the particle factory function was applied, and a random distribution was
used to randomly generate seed-potato particles. The distribution coefficient was 0.86 to
1.03 times the size of the constructed seed-potato model. A total of 2500 effective seed
potatoes with random orientation were generated, and the particles were set. The factory
generates particles at a velocity of 5000 particles/s. To reduce the actual use of simulations,
the particles were preset to fall freely at 0.5 m/s. To ensure that the simulation tests were
similar to the field operations, after the seed potatoes were in a static state in the reseeding
box, the simulation started the operation. Referring to the main technical parameters of
the physical prototype, the running velocity of the seed scoop was 0.6 m/s, the simulation
time was 7 s, the test data storage interval was selected as 0.05 s, and the time step was
estimated to be 2.30 × 10−4 s through the EDEM2018 software. In this simulation test, the
minimum grid size was set to three times the minimum particle radius (Rmin).

3.2. Single-Factor Simulation Test and Discussion

According to the above analysis, combined with the operational requirements of the
cup-belt potato planter, the α, θ and l of the seed box are the influencing factors. To clarify
the law of the influence of the structural parameters on the seed-metering performance of
the seed box, single-factor simulation tests were carried out.

3.2.1. Test Evaluation Index

This study aimed to solve the arching phenomenon in the reseeding box by changing
the structural parameters of the seed box and optimizing the uniformity of the reseeding
box. Ideally, during the process of filling the seed-metering box, the number of seed
potatoes in the seed-metering box should maintain a dynamic balance, and the number
of seed potatoes in the seed-metering box should be replenished by the seed potatoes in
the reseeding box. Therefore, CD (the amount of seed taken minus (n1) the amount of
seed replenishment (n2)) can reflect the reseeding effect of the reseeding box. The smaller
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the absolute value of the compensation difference, the better the reseeding effect of the
reseeding box. Second, in this study, CV (the coefficient of the variation of the average
seed-population velocity) when the population passed through the reseeding mouth of
the reseeding area should reflect the stable filling of the seed box [33,34]. The smaller CV
indicates that the phenomenon of the potato group by which the potato initially arches and
then collapses is reduced, rendering the intermittent studies less common.

Two statistical areas were established in the EDEM2018 software (Figure 4). Statistical
area 1 was set up at the top of the seed-taking belt cup, and the number of seed potatoes
in the seed-metering area could be obtained successfully from the seed-taking cup (n1)
during the simulation time. Statistical area 2 was set up at the reseeding mouth, which
could obtain the reseeding quantity (n2) of the reseeding area, the average speed v of the
seed-potato group during reseeding in the simulation test and the average downward
flow force (Q) of the seed potato passing through the reseeding mouth. In conclusion, the
evaluation index of this study can be defined as:

CD = n1 − n2 (4)

CV =
S
x
× 100% (5)

S =

√√√√√ n
∑

i=1
(xi − x)2

n− 1
(6)

where
CD—the compensation difference (grain);
CV—the coefficient of the variation of the average seed-population velocity (%);
n1—the number of seed potatoes taken away by the seed cup during the simulation

period (grain);
n2—the number of seed potatoes reseeded from the reseeding area to the seed-metering

area during the simulation period (grain);
S—the standard deviation of the data set;
x—the average value of the data set (m/s);
n—the number of data points in the data set (grains);
xi—the value of a single data point in the data set (m/s).

3.2.2. Parameter (Angle) α Single-Factor Simulation Tests and Analysis

θ was set to 27◦, and l was set to 410 mm. α single-factor simulation tests were carried
out at five levels of 33◦, 37◦, 41◦, 45◦ and 49◦. The relationship between each evaluation
index and α was obtained, as shown in Figure 5a. In the seed box with different α, the box
line diagram and normal curve diagram of Q are shown in Figure 5b. Figure 5a shows that,
with increasing α, the absolute value of CD gradually decreases because, when α is small,
Q is small, the potato layer in the seed-metering area is thin, the missing rate is greater,
and fewer seed potatoes are successfully removed, so the absolute value of CD is larger.
With increasing α, Q also increases, and the flow speed of the seed potato increases more
quickly. When the amount of reseeding increases, the absolute value of CD decreases, and
the reseeding effect is better. When α is 49◦, CD is −3, which indicates that only three seeds
are reseeded in the reseeding area at the end of the simulation. Figure 5a shows that CV
first decreases rapidly and then increases. When α is small, the seed tubers squeeze each
other in the reseeding area, the friction resistance between the seed tubers increases, and
there is an arch between the seed tubers. At this time, a small number of seed tubers that
do not form an arch fall rapidly, which increases CV. When α is 41◦, CV is the smallest,
which is 6.89%. Then, with an increase in α, the influence of Q on the seed potato is greater
than the friction resistance between the seed potatoes. The seed potato flows downward as
a whole, the flow velocity is large, and the fluctuation of the velocity gradually increases.
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Figure 5b shows that changing α has a certain impact on Q on the seed potato; espe-
cially, the distribution of the Q value on the seed potato in the whole movement process is
obviously improved, indicating that the stability of the seed-potato flow is related to the
value of α. When α is 45◦, the two abnormal values of Q are 0.223 N and 0.193 N, respec-
tively, and the corresponding times are 3 s and 4.5 s after the simulation. The simulation test
shows that the reason for the large Q is the sudden and sharp increase in Q caused by the
collapse of the potato group after arch bridging during the movement of the seed potato.

3.2.3. Parameter (Angle) θ Single-Factor Simulation Tests and Analysis

θ is an important structural parameter of the conical seed box that directly affects the
stress of the seed potato in the seed box, resulting in the arching phenomenon of the potato
group in the seed box. α was set to 41◦, and l was set to 450 mm. The θ values were 21◦,
24◦, 27◦, 30◦ and 33◦. The relationship curve between each evaluation index and θ was
obtained, as shown in Figure 6a. With different θ, the box plot plus normal curve of Q is
shown in Figure 6b. As shown in Figure 6a, with increasing θ (the overall height of the
seed box decreases, and the slope of the seed box decreases), CD first decreases and then
increases. When θ is 27◦, the minimum CD is three grains, indicating that the better value
of θ is approximately 27◦. Figure 6a shows that CV gradually decreases and then increases.
When θ is 30◦, the value of CV is the smallest, which is 6.20%, indicating that, when the
interaction is not considered, the appropriate θ is 27◦–30◦.
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As shown in Figure 6b, with increasing θ, Q gradually decreases. When θ is 21◦ and
33◦, the volatility is large, and abnormal values appear. When θ is 21◦, two large abnormal
values are 0.095 N and 0.113 N, respectively, at 6.5 s and 8.5 s of the simulation time. The
observation of the simulation test shows that, at this time, there is a large degree of overall
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flow in the reseeding area, the number of seed tubers in the seed box decreases, the friction
resistance decreases, the seed tubers are greatly affected by their own gravity, and the seed
tubers fall rapidly. When θ is 33◦, there are two large abnormal values of 0.084 N and
0.134 N at 6 s and 6.5 s of the simulation time because of the rapid and unstable flow of
seed potatoes after intermittent collapse in the seed box. Considering the requirements of
the seed-metering performance of the seed box, the θ value range should be 24◦–30◦.

3.2.4. Parameter (Length) l Single-Factor Simulation Tests and Analysis

α was set to 41◦, and θ was set to 27◦. The l values were 350 mm, 400 mm, 450 mm,
500 mm and 550 mm, respectively. Single-factor simulation tests were carried out at five
levels. The relationship between each evaluation index and l is shown in Figure 7a. The
relationship between l and Q is shown in Figure 7b. Figure 7a shows that CD first decreases
and then gradually increases with increasing l. When l is 450 mm, the absolute value of CD
is the smallest, which is one grain. At this time, the seed box is better. CV first decreases
rapidly and then increases gradually. When l is 450 mm, CV is the smallest, which is
12.02% because, with increasing l, the inclination angle of the drainage plate (β) remains
unchanged, and the installation position of the drainage plate will move upward so that the
distance between the bottom end of the drainage plate and the seed-metering area becomes
shorter. The more obvious the diversion effect is, the better the diversion effect is. Many
seed tubers accumulate in the seed-metering area. There is an intersection between the
coefficient of the variation of the supplement and the average population velocity when
the length of the deflector is 425–450 mm, and when the length of the deflector is 450 mm,
CD and CV have better values at the same time. From the single-factor simulation tests, it
is not difficult to see that, when the interaction is not considered, l should be 450 mm.
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Figure 7b shows that ae change in l will cause a large fluctuation, Q, in the same seed
box, and Q is relatively dispersed, indicating that changing l will have a great impact on
the population arch. An extremely obvious rule can be obtained in Figure 7b. With an
increase in l, Q gradually decreases. When l was 350 mm, Q was 0.067 N; when l increased
to 550 mm, Q decreased to 0.031 N. At this time, the downward flow speed of the potato
group was slow, and the seed-potato group easily caused arching in the seed box. Figure 7a
shows that the main reason for the increase in CV and the value of CD is that there were
different degrees of arching in the reseeding area in various boxes.

3.3. Orthogonal Simulation Test and Discussion
3.3.1. Experimental Design

From the single-factor test results, the inclination angle of the bottom surface of the
conical seed box (α), the half angle of the top conical of the conical seed box (θ) and the
length parameter range of the drainage plate in the conical seed box (l) can be seen to have
a significant influence on the test indices for evaluating the conical-seed-box seed-metering
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performance: CD and CV. To explore the law of the influence of the above three factors
on the seed-metering performance of the seed box and obtain the best combination of
structural parameters for the seed box, a three-factor and three-level orthogonal simulation
experiment was carried out with CD and CV as the experimental evaluation index [35,36].
According to the analysis results of single-factor tests, α was set to 41◦, 45◦ and 49◦; θ was
set to 24◦, 27◦ and 30◦; and l was set to 400 mm, 450 mm and 500 mm. The factor-level
coding table is shown in Table 2.

Table 2. Horizontal coding table of the simulation test factors.

Factors 1

X1 X2 X3

Level (α, ◦) (θ, ◦) (l, mm)

1 41 24 400
0 45 27 450
−1 49 30 500

1 α—inclination angle of the bottom surface of the conical seed box, θ—half angle of the top conical of the conical
seed box, and l—length parameter range of drainage plate in conical seed box.

3.3.2. Test Results and Discussion

The numerical-simulation test results are shown in Table 3. The test results were ana-
lyzed by using the Design-Expert v8.0.6 (Stat-Ease Ltd., Minneapolis, MN, USA) software
to obtain the quadratic-regression models CD (Y1) and CV (Y2):

Y1 = 1.8− 10.5X1 − 8.7X2 + 9.13X3 + 4X1X2 − 9X1X3
+12.75X2X3 − 0.78X1

2 + 20.98X2
2 + 4.48X2

3
Y2 = 11.18 + 7.13X1 − 7.44X2 − 4.11X3 + 1.28X1X2
−6.62X1X3 − 0.51X2X3 + 5.59X1

2 + 4.47X2
2 + 2.27X2

3

(7)

where
X1—the coding horizontal value of the inclination angle of the bottom surface of the

conical seed box (◦);
X2—the coded value of the half angle of the top conical of the conical seed box (◦);
X3—the coded value of the length parameter range of the drainage plate in the conical

seed box (mm).
Analysis of variance and significance testing of the regression coefficient were carried

out for the above quadratic-regression model. Table 4 shows that the CD regression Model
p < 0.01 shows that the CD quadratic-regression model is extremely significant; the lack
of fit p > 0.05, and the lack of fit is not significant, indicating that the quadratic-regression
equation fitted by the model is consistent with the numerical-simulation test results, and
can correctly reflect the relationship between Y1 and X1, X2 and X3. The regression model
can better predict various test results in the optimization test. Among these test results, the
primary terms X1 (α) and X2 (θ) of the model are very significant, and X3 (l) is significant.
The interaction term X1X2 of the model is not significant, and the effects of X1X3 and X2X3
are significant. The quadratic terms X2

1 and X2
3 of the model have no significant effect, but

X2
2 has a very significant effect. According to the regression coefficient of each factor of the

model, the primary and secondary order of the influence of each factor is X1, X3 and X2,
that is, α, l and θ.



Processes 2022, 10, 363 12 of 19

Table 3. Simulation test design and results 1.

Evaluation Indicators

X1 X2 X3 Y1 Y2

Experiment α θ l CD (Grain) CV (%)

1 −1 −1 0 50 21.12
2 1 −1 0 23 32.36
3 −1 1 0 13 7.56
4 1 1 0 2 23.9
5 −1 0 −1 −2 12.13
6 1 0 −1 −7 40.1
7 −1 0 1 36 12.23
8 1 0 1 −5 13.7
9 0 −1 −1 35 28.92

10 0 1 −1 3 11.21
11 0 −1 1 26 26.65
12 0 1 1 45 6.9
13 0 0 0 8 10.98
14 0 0 0 −5 11.23
15 0 0 0 −2 12.78
16 0 0 0 4 4.71
17 0 0 0 4 16.18

1 X1—inclination angle of the bottom surface of the conical seed box (α), X2—half angle of the top conical of the
conical seed box (θ), X3—length parameter range of drainage plate in conical seed box (l), CD—the compensation
difference (the amount of seed taken minus the amount of seed replenishment), and CV—the coefficient of
variation of the average seed-population velocity.

Table 4. Variance analysis of regression models.

Source of
Variance

CD(Y1)/Grain CV(Y2)/%

Sum of
Squares DF 1 F Significance

level p 2
Sum of
Squares DF 1 F Significance

Level p 2

Model 5202.07 9 10.76 0.0025 ** 1441.31 9 7.56 0.0071 **
X1 882.00 1 16.42 0.0049 ** 406.41 1 19.18 0.0032 **
X2 630.13 1 11.73 0.0111 * 442.23 1 20.87 0.0026 **
X3 666.13 1 12.40 0.0097 ** 135.14 1 6.38 0.0395 *

X1X2 64.00 1 1.19 0.3112 6.50 1 0.31 0.5968
X1X3 324.00 1 6.03 0.0437 * 175.56 1 8.29 0.0237 *
X2X3 650.25 1 12.10 0.0103 * 1.04 1 0.049 0.8310

X2
1 2.53 1 0.047 0.8344 131.55 1 6.21 0.0415 *

X2
2 1852.42 1 34.48 0.0006 ** 84.11 1 3.97 0.0866

X2
3 84.32 1 1.57 0.2505 32.41 1 1.53 0.2560

Residual 376.05 7 148.30 7
Lack of fit 267.25 3 3.28 0.1409 78.84 3 1.51 0.3401
Pure error 108.80 4 69.46 4

Total 5578.12 16 1589.61 16
1 DF—degrees of freedom. 2 p < 0.01 is highly significant **, and p < 0.05 is significant *.

Table 4 shows that the regression model of CV p < 0.01 indicates that the quadratic-
regression model of CV is very significant. The lack of fit p > 0.05 and the lack of fit are
not significant, indicating that the quadratic-regression equation fitted by the model is
consistent with the results of the numerical-simulation test and can correctly reflect the
relationship between Y2 and X1 and X2 and X3. The regression model can better predict
various test results in the optimization test. The primary terms X1 (α) and X2 (θ) of the
model are very significant, and X3 (l) is significant. The interaction Items X1X2 and X2X3
of the model are not significant, but X1X3 has a significant impact. The quadratic term X2

1
of the model has a significant impact, but X2

2 and X2
3 have no significant impact. According

to the regression coefficient of each factor in the model, the primary and secondary order
of the influence of each factor is X2, X1 and X3, that is, θ, α and l.
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As shown in Figures 8 and 9, to analyze the relative influence of different levels of
interaction of the test factors on each index, according to the quadratic-regression model
obtained by analysis, the response surface diagrams of three different interaction levels for
α, θ and l of CD and CV are drawn.
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As shown in Figure 8a, when l is constant, CD decreases gradually with increasing
α. With θ from 24◦ to 30◦, CD first decreases and then increases, mainly because, when θ
increases to a certain extent, the flow speed of the seed potato is very slow, and the number
of reseeding seeds decreases. Therefore, under the same l, θ has a great influence on CD.
As shown in Figure 8b, when θ is fixed, the absolute value of CD increases slowly with
increasing α. With increasing l from 400 mm to 500 mm, the absolute value of CD decreases
first and then increases. Therefore, when θ is fixed, l has a great influence on CD. As shown
in Figure 8c, when α is constant, as θ increases from 24◦ to 30◦, the absolute value of CD
decreases sharply first and then increases; with an increase in l, the change in CD is not
obvious. Therefore, when α is certain, θ has a great influence on CD. α, l and θ on CD and
CV are drawn, respectively.

As shown in Figure 9, the degree of influence of each factor interaction on CV is
shown. As shown in Figure 9a, when l is constant, CV gradually increases to the maximum
with an increase in α; with an increase in θ, CV gradually decreases to the minimum.
Therefore, when l is constant, the two factors have a significant effect on CV. As shown in
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Figure 9b, when θ is fixed, CV gradually increases to the maximum with an increase in α
from 41◦ to 49◦; with an increase in l, CV also increases gradually, but the influence on α is
not significant. As shown in Figure 9c, when α is constant, CV gradually decreases with
increasing θ; l has no significant effect on CV.

To ensure the seed-metering performance of the conical seed box, the structural
parameters of the seed box were optimized with the optimization objectives of low CD(Y1)
and low CD(Y2). Design-Expert V8.0.6 was used to optimize the numerical module in the
data-analysis software. The objective function and constraint conditions are Formula (8).

minY1
minY2
X1 ∈ [−1, 1]
X2 ∈ [−1, 1]
X3 ∈ [−1, 1]

(8)

The interactive terms X1X2 and quadratic terms X2
1 and X2

3 that had no significant
impact on the Y1 model were removed. The interactive terms X1X2 and X2X3 and the
quadratic terms X2

2 and X2
3 that had no significant impact on the Y2 model were eliminated.

Through the Design-Expert V8.0.6 software, the best parameter combination was selected
as follows: α was 41.40◦, θ was 29.55◦, l was 400.50 mm, the CD predicted by the model
was −7 grains, and CV was 4.69%.

Taking Experiments 6 and 10 in the factor-level test as examples, the simulation results
for the force state and motion state of the seed potatoes under general structural parameters
and optimal structural parameters were compared. In Experiment 6, Experiment 10 and
the seed box with the optimal structural parameters (Figure 10), Q was 0.141 N, 0.061 N
and 0.082 N, respectively, and the standard deviations of Q were 0.076, 0.066 and 0.044,
respectively (Figure 10a). The average values of the flow velocity of the seed-potato popu-
lation were 0.068 m/s, 0.015 m/s and 0.042 m/s, respectively, and the standard deviations
of the velocity were 0.027, 0.017 and 0.009, respectively (Figure 10b). In Experiment 6,
the seed potato was greatly affected by autogenous gravity. According to the standard
deviation of Q and velocity of the potato group, the movement of the seed-potato group
was very unstable. Moreover, the fast flow speed of the seed-potato group caused more
seed potatoes to accumulate in the seed-metering area, and the seed-metering device easily
caused damage to the seed potato in the seed-metering process. In Experiment 10, Q was
small, so the movement speed of the potato group was small. Due to the extrusion of upper
seed tubers, the friction between seed tubers in the reseeding area increases, and the seed
tubers form an arching phenomenon in the reseeding area (Table 5). For the single side
arch of seed potatoes, the potato group did not flow as a whole, and the seed missing rate
for the seed-metering device on the right increased. The average value of the flow velocity
of the potato group in the seed box with the best parameters was 0.042 m/s. Based on
the above analysis and test indicators, combined with the known operating speed of the
seed-taking device of 0.6 m/s, the movement speed of the potato group in the seed box
with the best structural parameters was reasonable. In the seed box with the best structural
parameters (Table 5), the seed-potato group showed an overall flow, and there was no
arching phenomenon.
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Figure 10. Comparison of seed-potato states in conical seed box with general structural parameters
and optimal structural parameters: (a) Comparison of stress states of seed potato and (b) comparison
of movement speeds of seed potatoes.

Table 5. Motion states of seed potatoes in a conical seed box with general structural parameters and
a conical seed box with optimal structural parameters at different simulation times.
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4. Bench-Verification Test and Discussion

To verify the accuracy of the optimization results, in December 2021, according to the
optimal structural parameters obtained from the simulation optimization results (α is 41.40◦,
θ is 29.55◦ and l is 400.50 mm), the conical seed box was trial-manufactured and installed
on the seed-metering device of the cup-belt potato planter, and the bench-verification test
was carried out in the laboratory of the School of Mechanical and Electrical Engineering,
Shihezi University, Xinjiang (Figure 11).
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Figure 11. Bench-verification test of the new cup-belt potato planters: (a) When the potato planter
equipped with cross-angle seed box works in the field, it needs to break the arching phenomenon
manually; (b) When the seed potato was tested in the newly designed conical seed box, the flow was
stable; (c) Observation and statistical test evaluation index: Multiples Rate (%); Missing Rate (%);
(d) Measurement and calculation of test evaluation index:Coefficient of Variation of Plant Distance (%).

The potato variety “Xin Daping” was selected in the experiment. The seed potato
was obtained from 85 g of whole potato after two longitudinal petals, and the weight was
approximately 40 g. The speed of the seed-metering device was established as 0.6 m/s with
reference to the field-operation speed. The diameter of the seed cup was 60 mm, and the
seed-throwing height was 12 mm. The technical requirements of the GB/T 6242-2006 test
and Method for Planting Machinery Potato Planting Machines were referenced, and the
multiple rate, missing rate, and coefficient of the variation of the plant distance were used
as evaluation indices. 

D = n1
N × 100%

M = n2
N × 100%

CVd = σ× 100%
(9)

where
D—the multiple rate (%);
M—the missing rate (%);
CVd—the coefficient of the variation of the plant distance (%);
σ—the standard deviation;
N—the theoretical number of seeds metered (grain);
n1—the number of repeated seeds (grain);
n2—the number of missed seeds (grain).
To eliminate random errors, five repeatability tests were conducted to take the average

value, and 200 seed meters were completed in each test. The test results are shown in
Table 6. The results show that the average test values of the multiple rate, missing rate, and
coefficient of the variation of the plant distance were 5.35%, 2.48% and 10.43%, respectively.
At the same time, the test results for the intersection-angle seed box and conical seed
box are compared, as shown in Table 7. The results show that the multiple rate, missing
rate and coefficient of the variation of the plant distance of the conical seed box were
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reduced by 4.76%, 4.0% and 9.18%, respectively [37]. The experimental results show that
the seed-metering performance of the conical seed box was better than the seed-metering
performance of the intersection-angle seed box. At the same time, there was a good effect
on improving the sowing performance of the planter, and the rationality of the structural
design of the conical seed box was verified.

Table 6. Results of the seed-metering-performance verification test of the conical seed box.

Test No. Multiple Rate (%) Missing Rate (%) CVd
1 (%)

1 5.42 2.34 9.74
2 6.11 2.71 10.48
3 5.09 2.91 11.61
4 4.74 1.93 9.27
5 5.37 2.51 11.05

Average value 5.346 2.48 10.43
1 CVd—coefficient of variation of plant distance.

Table 7. Test results for the intersection-angle seed box and conical seed box.

Test Index Chinese National
Standards

Intersection-Angle
Seed Box Conical Seed Box

Multiple Rate (%) ≤20% 10.11% 5.35%
Missing Rate (%) ≤13% 6.48% 2.48%

CVd
1(%) ≤33% 19.61% 10.43%

1 CVd—coefficient of variation of plant distance.

5. Conclusions

(1) In this study, from the analysis of the arching phenomenon of the seed potato
in the intersection-angle seed box, a digital twin of the planter was created for the first
time, and a conical-shaped seed box was designed. By analyzing the motion state of seed
potatoes in the conical seed box, the mechanical equations of the friction resistance between
seed-potato particles and the force acting on the downward flow of the seed potatoes
were established.

(2) The structural parameters of the conical seed box were analyzed. The main struc-
tural parameters affecting the seed-metering performance of the seed box were obtained.
At the same time, there was no seed-isolation baffle, and there was no seed-metering box or
reseeding box, which reduced the intersection angle of the seed box, to avoid the arching
phenomenon of the seed potato caused by poor flow conditions at the intersection angle
of the seed potato in the seed-reseeding box. Compared with the intersection-angle seed
box, the multiple rate, missing rate and coefficient of the variation of the plant distance
of the conical seed box were reduced by 4.76%, 4.0% and 9.18%, respectively. Finally, the
missing rate was reduced, and the sowing performance of the cup-belt potato planters
was improved.

(3) In the research, only the flow performance of the seed box was considered, but
there are many factors affecting the missing sowing of the planter, such as the working
performance of the seed-cup-belt metering device and the vibration frequency of the
planter in the field. Therefore, in future research, multiple factors should be systematically
considered to ensure the objectivity of the research and provide a reference for research
on improving the operational performance of cup-belt potato planters. In addition, this
study also has reference significance for the study of the arching phenomenon of granular
materials in boxes.

The purpose of this study was to solve the problem of missed sowing caused by the
arching phenomenon of the seed box of potato planters, and the ultimate purpose was
to improve the sowing performance of potato planters. At the same time, this study has
referential significance for the study of the arching phenomenon of granular materials in
the box.
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