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Abstract: This study is aimed at the special working conditions of seeding on sloping land, combining
advanced precision seeding technology and the structure of rotary hole filling corn precision metering
device seed rowers at home and abroad, and studying soil entry characteristics, the characteristics
of soil particles and the seed transport pattern in the puncture process, in order to improve the
seed dispersal qualified index and reduce the coefficient of variation in the process of seeding. The
simulation test of the cavity-tying device was carried out using the MBD-DEM coupling method,
and it can be seen that the rocker bending angle is 120° when the force is the largest; at this time
the rocker and the soil force is the largest, indicating the best effect on soil particle separation and
the fastest movement speed. The single-factor test determined that the operating speed of the seed
rower ranged from 0.8 to 1.2 m/s, the spring preload force of the seed rower ranged from 5.5 to 25 N,
and the operating slope angle of the seed rower ranged from 8° to 16°. The optimal structure and
parameter characteristics of the rotary hole filling corn precision metering device were determined
with a multi-factor test, and it was proven that the rotary hole filling corn precision metering device
has better performance and a higher seed rowing quality, with the qualified index reaching 96.2%.
This study can provide a reference for the research of corn precision seeders, enrich the form of corn
precision seeders, and effectively improve the level of corn mechanized seeding.
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1. Introduction

Corn is the most widely grown crop in the world and is widely planted in different
regions of the country because of its high drought tolerance, cold tolerance, barrenness
tolerance, and environmental adaptability [1]. However, the development of precision
seeding technology in China is seriously restricted by the high operational difficulty, poor
moisture retention capacity, and unsuitability of large farming tools on sloping land. In
Northeast China, sloping land accounts for more than 60% of the total cultivated area [2—4],
among which corn, as the main crop of sloping land, has a direct impact on its operational
quality on food security in China, so it is important to ensure the quality of corn sowing
under sloping land working conditions [5].

According to different corn varieties, agronomic requirements, and sowing methods,
researchers at home and abroad have conducted a lot of production and experimental
research on corn seeders [6-10]. Among them, precision sowing technology allows seeds to
be sown to predetermined positions according to agronomic requirements, with mulching
suppression and proper fertilization and irrigation to ensure smooth and neat development
and growth of the crop [11-13]. This method saves on seed dosage, avoids interplanting
work, has the advantage of cost savings and labor intensity reduction, and is widely used
in corn sowing operations in many countries.
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Amirkhani et al. [14] designed a double-disc pneumatic seed rower to achieve an
increase in seeding speed while decreasing the circumferential speed of the disc and
reducing the grain spacing coefficient of variation to improve field workability. Inderpal
et al. [15] studied and designed a tilting disc-type precision seeder, selected tilt angle and
corn seed type as test factors, and conducted bench tests with the grain spacing conformity
index and coefficient of variation as evaluation indexes to finally determine the optimal
combination of parameters. Dylan et al. [16] analyzed the air-priming seed disperser
through performance test studies, using hole diameter, number of holes, and sowing
operation speed as influencing factors, and pass, reseed, and miss rates as performance
indicators for bench tests. Rajaiah et al. [17] investigated the effect of different mounting
angles of seeding discs on seeding performance with a seed rower, and the best combination
of parameters was obtained through multifactorial tests. Devesh et al. [18] designed and
studied a seed rower for sowing soybean, which overcame the uneven distribution of
seeds. Foreign research on precision seeders is becoming more and more mature, and many
different series of precision seeders have been developed. However, the pneumatic seed
meter is not suitable for working on sloping cultivated farmland with undulating terrains
due to its complex structure and the need to be equipped with fans and large agricultural
machinery [19-21]. The mechanical seed meter has become the most widely used seed
rower in sloping cultivated land because of its simple structure, high reliability and the
ability to work with small and medium-sized farm equipment. Wang et al. [22] designed
a standard finger-clamp and scoop-clamp type of corn precision seeder to improve the
operational quality and suitable sowing range of mechanized corn seeders and improved
and optimized the structural parameters of the key components of a finger-spoon seed disc
and the limit of guide assembly. Lu et al. [23,24] developed a duckbill precision seeder for
agronomic patterns and sowing requirements in Xinjiang, which can realize the precision
sowing of highly dense and ultra-narrow row crops. However, the mechanical seed meter
has shortcomings such as poor seeding quality, missed seeding and serious seed damage,
which seriously restricts the development of precision seeding technology. In response
to this problem, it is important to design a kind of corn precision seed rowing device
applicable to sloping land environments.

In this study, a rotary hole filling corn precision metering device was optimized to meet
the agronomic requirements of sloping land and to improve seeding quality. The discrete
element model of corn seed was established through 3D scanning, while the process of
seed rower and burrowing of the duckbill device was investigated using the MBD-DEM
coupling method. The soil movement and the force on the rocker were analyzed, and the
design rationality and simulation accuracy were verified through bench tests to obtain the
optimal performance and structural parameter combination of the rotary hole filling corn
precision metering device.

2. Materials and Methods
2.1. Structure and Working Principle

The rotary hole filling corn precision metering device mainly consists of a fork, a
rocker, a stagnant seed chamber, a seed box, a seed discharge chamber, a right-angle seed
guide, a seed guide ring and a duckbill device (Figure 1a). The duckbill device and the
stagnant seed chamber are fixed to the connecting disk by the outer disk slide and screws,
the rocker is hinged to the duckbill device, the seed guide ring is fixed to the stagnant seed
chamber, and the connecting shaft is connected to the rest of the main parts in series and
fixed by bolts.
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Figure 1. Whole structure of rotary hole filling corn precision metering device. 1. Seed box; 2. casing;
3. ratchet mechanism; 4. seed discharge chamber; 5. seed guide ring; 6. connecting shaft; 7. connecting
disk; 8. right-angle seed guide; 9. stagnant seed chamber; 10. rocker; 11. duckbill device; 12. outer
disk; 13. fork. (a) axonometric drawing of seed rower; (b) side view of seed rower; (c) exploded view
of seed rower; I. filling area; II. seed replanting area; III. seed guide area; IV. seeding area.

The operation process of the seed rower is mainly divided into four tandem stages:
gravity seed filling, seed probing and seed replenishment, stable seed guiding and bench-
mark seed casting. During the operation process, the seed is filled from the seed box to the
seed filling area, and the seed is filled into the discharging nesting roller and replenishing
nesting roller by gravity and the nesting support force. The seeds are transported from the
seed filling area to the seed replenishment area by the nests, and the discharged seeds are
cleared by the crescent-shaped seed rower piece and fall into the seed guide area. With
the pure rolling movement of the seed guide ring on the ground, the seeds continuously
slide into the seed drop zone under the action of gravity and friction along the right-angle
seed guide part before the main end of the right-angle seed guide part is vertical to the
horizontal surface. The seeds fall into the duckbill device from the stagnant seed chamber,
the duckbill device moves in a circular motion with the seed rower to the seed throwing
point, the cams on the fork combine to move the rocker to open and close the duckbill fixed
on the rocker, and at the same time, the soil is stripped to form the seed bed and the seeds
are discharged into the soil to complete the seed throwing process (Figure 1).

2.2. Characterization of the Movement of Duckbill Tied Cavities into the Soil

During the field operation, the outer ring of the seed rower rolls forward under the
action of soil friction, and the fork is fixed to the frame and moves flatly relative to the
ground, so the duckbill device on the outer ring of seed rower makes a circular motion
and makes contact with the cam on the fork at the same time, and then the duckbill device
makes an opening and closing motion to complete the process of tapping into the soil. To
analyze this motion process, the frame is fixed as the coordinate system, and the reversal
method is used to give the seed rower an equal angular velocity in the opposite direction
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of the actual motion, when the outer ring of the seed rower is stationary and the fork is
rotating around the axis of the connecting shaft at a uniform speed.

Using the point-synthesis motion method to analyze the relationship between the fork
cam and the rocker motion, where the point P is the center point of the fork cam, O; is the
center of rotation of the fork, and O is the center of rotation of the rocker, according to the
geometric relationship, Equation (1) can be obtained:

Vo,r = Vo,r + V0,0, 1)

— —
where Vo,p is the absolute velocity of rocker at the fork cam midpoint, P, in m/s; Vo,p is
—
rotation speed of the cam midpoint, P, with respect to O,, in m/s; Vg, 0, is the traction
speed of the fork and rocker, in m/s.
According to the sine theorem combined with the geometric relationship in Figure 2,
the velocity vector triangle angles can be derived as follows:

I
sina = lO1Oz sin(wt) )
02p
l
cosy = ZCC))Z sin 6 3)
2P

where « is the angle between ‘F)zP and Flp (°); a2 is the angle between @ and m
(°); 0o is bend angle of the duckbill device (°); lp,0, is the distance between O; and O,,
in mm; lOZP is the distance between O, and P, in mm; o, is the distance from the center
of rotation of the rocker to the turning point, in mm; wy is the angular speed of the fork
rotation, in rad/s.

Figure 2. Diagram of the relationship between the fork cam and the rocker.
Combining Equations (1)—(3), the following can be obtained:

sin(aq + ap
Voop = sine +4y) O1p (4)

sin 1%
According to the analysis process and Equation (4), it can be seen that the motion form
of the duckbill device is related to angle a; and ay; that is, it is related to the bending angle
of the rocker and the rotation speed. Different bending angles of the rocker will produce
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different forms of motion, directly affecting the tying effect of the duckbill device and the
stability of seeding in the actual operation.

2.3. Simulation Modeling
2.3.1. DEM Modeling

In this study, EDEM software was used to establish a discrete element model to
simulate the real situation in the field, and ADAMS software was used for kinematic
simulation to establish the seed rower model, corn seed model, soil particle model and
soil trough model (Figure 3). Thus, the soil entry characteristics, the characteristics of soil
particles and the seed transport pattern during the duckbill tapping process were studied.

EDEM-ADAMS Coupling

[rJAdams &° B cDEM

Import device _

model

Import seed
model  ©

_Place the bin
model °©

Figure 3. EDEM-ADAMS coupled virtual seeding process. (a) seed rower model; (b) corn seed
model; (c) soil particle and trough model; (d) coupling simulation process.

(1) Seed rower model

In the process of numerical simulation, the mechanical parameters of the geometric
model directly affect the accuracy of the test. The overall structure of the seed rower was
designed (Figure 3a), and the materials of each part of the seed rower were set according to
the trial requirements of the seed rower. The duckbill device was made of 65 Mn, the shell
of seed rower, outer ring of seed rower, fork, and nesting roller of seed rower were made
of ABS plastic, and the seed cleaning roller was made of pig bristle. The preprocessing
module (Creator) was used to set up the contact mechanic relationships (Table 1). In this
study, the Hertz-Mindlin (no slip) contact model was chosen as the contact model between
the virtual test seed and the geometric model.

Table 1. Seed displacer material properties.

Key Components Material Poisson’s Ratio Shear Modulus (Pa) Density (kg-m—3)
Duckbill device 65 Mn 0.35 7.27 x 1010 7830
The shell of seed rower
Outer rmgFof seed rower ABS plastic 0.50 180 x 10° 1176
ork
Nesting rollers
Seed cleaning rollers Pig bristle 0.40 1.0 x 108 1150
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(2) Corn seed model

In this study, the more widespread Demeiya No. 1 corn seeds in the northeast were
used as a model to select uniformly shaped and full corn seeds. The specific steps were
as follows:

The OKIO 5M Plus 3D scanner (Nanjing Weibu 3D Technology Co., Ltd., Nanjing,
China) was used to extract the geometric model of the corn seeds. Based on the scanning
results, the scanned data were converted into a 3D model of the corn seeds using automated
reverse engineering software (Geomagic Design X, Sichuan, China), and the corn seed
model was established (with geometric dimensions of 12.00 mm x 9.20 mm x 4.70 mm)
(Figure 3b). The 3D model of the corn seeds was imported into EDEM software and filled
by the “spherical element particle aggregation method” and the physical parameters were
selected as particle—particle (Table 2).

Table 2. Corn seed model discrete element model contact parameters.

Parameters Value
Poisson’s ratio 0.400

Shear modulus/(Pa) 1.37 x 108
Corn seed density/(kg-m~3) 1197
Coefficient of static friction between corn seeds 0.275
Coefficient of dynamic friction between corn seeds 0.067
Recovery coefficient among corn seeds 0.382
Coefficient of static friction between corn seeds and soil particles 0.400
Coefficient of kinetic friction between corn seeds and soil particles 0.100
Recovery coefficient of corn seeds and soil particles 0.700
Coefficient of static friction between corn seeds and duckbill device 0.300
Coefficient of dynamic friction between corn seeds and duckbill device 0.025
Recovery coefficient of corn seeds with duckbill device 0.380
Coefficient of static friction between corn seeds and seed cleaning roller 0.530
Coefficient of dynamic friction between corn seed and seed cleaning roller 0.120
Recovery coefficients of corn seeds with seed cleaning rolls 0.030
Coefficient of static friction between corn seeds and other components 0.530
Coefficient of dynamic friction between corn seeds and other components 0.120
Recovery factor of corn seeds with other components 0.092

(3) Soil particle model

In order to simulate the real field environment, soil parameters during the spring
sowing period were selected to establish a discrete element model, and the institutional
form of fertile soil is sphere-like [25]. Therefore, in this paper, spherical particles were
selected to simulate soil particles, and the soil particle model was set to a particle size
between 5 mm and 10 mm. Soil particle parameters were set for it (Table 3).

Table 3. Soil duckbill device discrete element model contact parameters.

Parameters Value
Recovery coefficient between particles and duckbill device 0.30
Soil water content/ (%) 16
Soil particle density/ (kg-m~2) 2060
Soil Poisson’s ratio 0.38
Soil shear modulus/(Pa) 1.05 x 1010
Inter-particle normal contact stiffness coefficient 1.20 x 108
Critical normal stress between particles/(MPa) 180
Critical inter-particle tangential stress/(Mpa) 74
Static friction coefficient between soil particles 0.40
Coefficient of dynamic friction between soil particles 0.22

Recovery coefficient between soil particles 0.20
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The soil particles were modeled as 250 mm x 100 mm x 400 mm soil blocks by the
particle factory, and the computational domain was modified to overlap with the box to
avoid gaps between the soil blocks that could affect the simulation results, which were
saved to the Transfer Materials material library. In the coupled simulation, a soil tank of a
size of 2500 mm x 300 mm x 400 mm was created by applying the block factory method
according to the geometric relationship, three groups of soil blocks were placed in the x-axis
direction and 10 groups of soil blocks were placed in the y-axis direction (Figure 3c).

2.3.2. MBD-DEM Coupling Model

In this study, the Co-simulation module in the ADAMS software was used to establish
communication links to achieve the purpose of a coupling simulation with EDEM software,
and the ADAMS model needed to correspond to the model in EDEM [26].

In order to investigate the effect of rocker bend angle on tying performance, a virtual
simulation single-factor test was conducted with the rocker bending angle, 6, as the test
factor and the maximum force of the duckbill device as the index. The bending angle of the
rocker was set to 110°, 120°, 130°, 140° and 150° under the operating speed of 1 m/s of the
precision seeder.

2.4. Bench Experiment

In order to test the accuracy of the theoretical and simulation analysis, optimize the
structure parameters of the seed rower, and determine the better working parameters, a
rotary hole filling corn precision metering device was manufactured and processed based
on the results of the preliminary analysis, and Demeiya No. 1 corn seeds were used as the
test material to ensure that the test seeds were full and uniform, free of pests and diseases.
The II—shaped nesting roller of Demeiya No. 1 corn seeds was selected as the nesting
roller of the seed rower in the bench test. The bench test was carried out at the seed rower
performance testing experiment bench of Northeast Agricultural University [27]. The main
equipment consisted of a pilot-processed rotary hole filling corn precision metering device,
a connecting stand, and a JPS-12 seed rower performance test bench (Figure 4).

Figure 4. Seeding performance testing experiment bench. 1. rotary hole filling corn seed rower;
2. image system; 3. connecting pedestal; 4. drive motor. (a) bench experiment stand; (b) ratchet
mechanism; (c) seed rower prototype.

2.4.1. Single-Factor Experiment

In this study, a single-factor test was selected to investigate the seeding performance
of the rotary hole filling corn seed rower. The operating speed, spring preload force, and
operating slope angle of the seed rower were selected as the test factors, the coefficient
of variation and qualified index were used as the test indicators, and the corresponding
regression equations were solved. Combining with the agronomic requirements of sloping
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land and actual production experience, each factor level was set as follows: operating speed
from 0.2 to 1.4 m/s; operating slope angle from 0 to 24° to the right; spring preload force
of T1-T7 models were 0.5 N, 5.6 N, 10.6 N, 152 N, 20.7 N, 24.8 N, and 29.8 N, respectively.
The single-factor tests were carried out for the operating speed, spring preload force,
and operating slope angle, the data were analyzed and processed by Design-Expert 8.0.6
software to obtain the relevant images and equations, the tests were repeated five times for
each group under the premise that the parameters remained unchanged, and the test level
table was set for each factor (Table 4).

Table 4. Factor-level coding table of single-factor test.

Experimental Factors

Level Code Operating Speed Spring Preload Force Operating Slope Angle
x1/(m/s) x2/(N) x3/(°)
1 0.2 0.5 0
2 04 5.6 4
3 0.6 10.6 8
4 0.8 15.2 12
5 1.0 20.7 16
6 1.2 24.8 20
7 1.4 29.8 24

2.4.2. Multi-Factor Experiment

In the single-factor test, the influence laws of operating speed, spring preload force, and
operating slope angle on the qualified index and coefficient of variation were investigated,
and the level ranges of different factors were determined. In order to obtain a better
combination of operating and structural parameters, a three-factor five-level orthogonal
rotary test was conducted. The coding table of factor levels for the multi-factor test was
created (Table 5). On the premise of keeping the parameters unchanged, each group of tests
was repeated five times, the qualified index and coefficient of variation were calculated
and recorded after each test, and the mean value was finally selected as the test result to
carry out the multi-factor orthogonal test.

Table 5. Factor-level coding table of multi-factor test.

Experiment Factors

Level Code Operating Speed Spring Preload force Operating Slope Angle
X1/(m/s) Xz/(N) X3/(O)
1.68 1.2 24.8 16
1 1.1 20.7 14
0 1.0 15.2 12
-1 0.9 10.6 10
—1.68 0.8 5.6 8

3. Results and Discussion
3.1. Coupling Simulation Analysis

In the virtual simulation test process, a 0-2 s moment, 1000 corn seed discrete element
model was generated by the particle factory and corn seeds were separated from the
population to form an orderly seed flow under the rotation of the seed cleaning roller and
seed row disk; at this time, the seeds rotated upwards with the seed guide ring, the corn
seeds fell into the stagnant seed chamber under the action of the seed guide piece, and the
rocker was opened and closed under the action of the fork cam. At 2 s, the duckbill device
was synchronized in the soil groove to tie the seeds; at 4 s, the seed rower stopped moving
and the simulation ended (Figure 5).
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Figure 5. Simulation results of EDEM-ADAMS coupled virtual seeding.

In order to investigate the influence of soil disturbance on the seeding process, the
change in soil particle velocity was observed at each time point (Figure 6). At 2.43 s, the
duckbill was stuck into the soil vertically, the soil particles were moving upward, at this
time, and the processing of a single cavity was finished; at 2.44 s, the duckbill opened under
the action of the fork, and the soil particles were thrown upward at an accelerated rate; at
2.48 s, the opening and closing angle of the duckbill reached its limit, and the speed of the
soil particles was extended upward to the maximum; at 2.56 s, the duckbill was detached
from the soil, and the front duckbill was thrown upward at the same time. At the same
time, the front beak threw the soil particles backward to cover the seed hole, completing
the process of entering, exiting, and seeding in a single hole.

3454101 : ot S adsxaou

Time: 2.48 s > Sy 5 Time: 2.565
Velocity (m ; A NS Velocity (rynls)
’ | / ) 26

291

g it

345x101

e.248s f.2.56 s

345108

Figure 6. Variation in soil particle velocity while tapping into and out of the soil. After the coupling
process, the post-processing module in ADAMS software was opened and the simulation result
file was imported to process and analyze the data to obtain the force situation of the rocker under
different bend angles (Figure 7).
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Figure 7. Analysis of superposition of forces at each angle.

The maximum force on the rocker was 26.2 N when the bend angle of the rocker was
110°, 34.1 N when the bend angle of the rocker was 120°, 30.4 N when the bend angle of
the rocker was 130°, 27.1 N when the bend angle of the rocker was 140°, 27.1 N when the
bend angle of the rocker was 150°, and 27.5 N when the bend angle of rocker was 120°. The
maximum force on the rocker was 27.5 N at 150°, and the maximum force on the rocker
was 27.5 N at 120°. It can be seen that the maximum force on the rocker was at 120°, and
the maximum force on the rocker and the soil occurred at this time, which indicates the
best separation of soil particles, the fastest movement speed, and the best performance of
seeding and cavity tying.

3.2. Analysis of Single-Factor Experiment Results

(1) Impact of operating speed on each indicator

The single-factor test was carried out at the spring preload force of 10.6 N and the
operating slope angle of 8°, and the operating speed of the seed rower was set to seven
levels: 0.2 m/s, 0.4 m/s, 0.6 m/s, 0.8 m/s, 1.0 m/s, 1.2 m/s, and 1.4 m/s. Under the
premise of keeping the parameters constant, five replicate tests were conducted for each
group of tests, and the trends of different operating speeds on the qualified index and the
coefficient of variation of plant spacing were obtained (Figure 8).

100 - 2 . 2%
9 1
98 < 23 1
9 ]
o4 =
b ‘© 20
= % g Vy= 20.482x,2 - 37.439x, +29.96
2 ; 17 R2=0.936 4
= 04 i yy =—10.506x,? + 18.599x, +90.229 2
=} 2 = = .
] R2=0.9656 5 14 SR
92 S !

1 T

)
S
®

02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
Operating speed (m/s) Operating speed (m/s)
(a) (b)

Figure 8. Trend of operating speed on each performance test index. (a) Effect of operating speed on
qualified index; (b) effect of operating speed on coefficient of variation.
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When the operating speed was 1 m/s, the qualified index was the largest, and the
coefficient of variation was the smallest when the operating speed was 0.8 m/s. With the
increase in operating speed, the qualified index of seeding increased and then decreased,
and the coefficient of variation decreased and then increased. The main reason is that when
the operating speed was low, the seed filling quality was poor because the seed filling
area was poorly disturbed by the nesting roller, and the performance index improved
with the increase in operating speed, but the filling time was gradually shortened, and
the centrifugal force increased, causing the seed to break away from the right-angled seed
guiding parts, and the absolute speed difference between the seed and the duckbill device
increased, resulting in violent bouncing, which led to a decrease in the performance index.

In order to establish the mathematical model of the operating speed of the seed rower
and the test index of the seed dispersal conformity index and coefficient of variation, the
data were fitted and analyzed with the regression equation and coefficient of determination
as follows:

y1 = —10.506x7 + 18.599x1 + 90.229 R? = 0.9656 5
{ Yo = 20.482x7 — 37.439x; + 29.960 R* = 0.9360 ©®)

where v is the qualified index, in %; y» is the coefficient of variation of seeding, in %; x; is
the operating speed of the seed rower, in m/s.

From Equation (5), the coefficient of determination of the regression equation of the
qualified index was equal to 0.9656 and the coefficient of determination of the regression
equation of seeding variation was equal to 0.9360, which was within the acceptable range.
The data were analyzed via ANOVA to investigate the significance of the operating speed
to the seeding performance test index (Table 6).

Table 6. Operating speed effect on each performance test index determined via ANOVA.

Performance Square Degree of Mean e
Indicators Source gum Fregedom Square FValue  Significance
Regression 92.10 2 46.05 89.48 <0.0001
model
Qualified Factor xq 17.93 1 17.93 34.84 <0.0001
index Factor x;2 74.17 1 74.17 144.12 <0.0001
Error 16.47 32 0.51
Sum 108.57 34
Regression 3 93 2 201.97 14036 <0.0001
model
Coefficient of Factor xq 122.02 1 122.02 84.80 <0.0001
variation Factor x;2 281.92 1 281.92 195.92 <0.0001
Error 46.04 32 1.44
Sum 449.98 34

The regression model of operating speed on the qualified index and coefficient of
variation was extremely significant, which shows that operating speed is an important
factor affecting seed dispersal performance. Based on the results of the single-factor test, the
operating speed level of the seed rower was determined to range from 0.8 m/s to 1.2 m/s.

(2) Effect of spring preload force on the indicators

The seed rower was operated at 0.8 m/s and a 8° slope angle, and the spring preload
force was set to 0.5 N, 5.6 N, 10.6 N, 15.2 N, 20.7 N, 24.8 N and 29.8 N. The single-factor
test was conducted on seven levels. Under the premise of keeping all parameters constant,
each group of tests was repeated five times to obtain the trend of different spring preloads
on the qualified index and the coefficient of variation of plant spacing (Figure 9).
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Figure 9. Trend of spring preload force on each performance test index. (a) Effect of spring preload
force on qualified index; (b) effect of spring preload force on coefficient of variation.

When the spring preload force was 15 N, the qualified index was the largest. With
the increase in the spring preload force, the qualified index and coefficient of variation
showed a trend of rising first and then leveling off. The main reason was that when the
spring preload force was larger, the upper rocker’s return time was reduced, the seeding
device responded more quickly to improve the seeding quality, and the performance
index increased.

In order to establish the mathematical model of the seed releaser’s spring preload
force and seed releasing performance test index, the data were fitted and analyzed, and the
regression equation and coefficient of determination were as follows:

y1 = 0.0085x3 + 0.327x; + 95.135 R? = 0.9790 ®)
y2 = —0.0169x3 + 0.565x, + 11.706 R? = 0.7461

where i is the qualified indeX, in %; y» is the coefficient of variation of seeding, in %; x; is
the spring preload force, in N.

From Equation (6), the coefficient of determination of the regression equation of the
qualified index was equal to 0.9790, the coefficient of determination of the regression
equation of the seeding variation coefficient was equal to 0.7461, and the coefficient of
determination of the conformity index was within the acceptable range. To investigate the
significance of the spring preload force to the seeding performance test index, an ANOVA
was performed on the data (Table 7).

Table 7. Spring preload on each performance test index determined via analysis of variance.

Performance Square Degree of Mean S
Indicators Source gum Fregedom Square FValue  Significance
Regression 5, 5g 2 16.29 67.94 <0.0001
model
Qualified Factor x; 14.37 1 14.37 59.92 <0.0001
index Factor x;2 17.85 1 17.85 74.44 <0.0001
Error 7.67 32 0.24
Sum 40.26 34
Regression 68.00 2 34.00 34.26 <0.0001
model
Coefficient of ~ Factor x; 45.65 1 45.65 46.00 <0.0001
variation Factor x12 21.63 1 21.63 21.80 <0.0001
Error 31.76 32 0.99
Sum 99.76 34

The regression model of operating speed on the qualified index and coefficient of
variation was highly significant, which showed that the spring preload force is an important
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factor affecting seeding performance. Based on the results of the single-factor test, the range
of the seed releaser spring preload force level was determined to be 5.5-25 N.

(3) Impact of operating slope angle on each index

The single-factor test was conducted at an operating speed of 0.8 m/s and a spring
preload force of 10.6 N. The operating slope angle was set to seven levels: 0°, 4°, 8°, 12°,
16°, 20° and 24° to the right. Under the premise of keeping the parameters unchanged,
each group of tests was repeated five times, and the trend of the variation of the qualified
index and the coefficient of variation of plant spacing could be obtained from different
operating slope angles (Figure 10).
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Figure 10. Effect of operating slope angle on the trend of each performance test index (a); the effect
of operating slope angle on the qualified index; (b) effect of operating slope angle on the coefficient
of variation.

When the operating slope angle was 8° to the right, the qualified index was the largest
and the coefficient of variation was the lowest. As the operating slope angle increased, the
qualified index increased and then decreased, and the coefficient of variation decreased
and then increased. The main reason is that the seed guiding performance of the right-
angle seed guiding part increased, and the seeds were stabilized at the seeding point
on the duckbill device earlier, which led to an increase in the performance index; as the
operating slope angle continued to increase, the seeds in the seeding area were subjected
to the reduced gravitational force of the pointing nest roller, the seed filling performance
decreased, and the actual seed landing position moved forward compared to the theoretical
seeding point.

In order to establish the mathematical model of the operating slope angle of the seed
rower and seeding performance test index, the data were fitted and analyzed, and the
regression equation and coefficient of determination used were as follows:

y1 = —0.0257x3 + 0.520x3 + 95.805 R? = 0.9621 )
y2 = 0.0557x3 — 1.157x3 + 18.697 R? = 0.9401

where y is the qualified indeXx, in %; y» is the coefficient of variation of seeding, in %; x3 is
the operating slope angle of the seed rower (°).

From Equation (7), the coefficient of determination of the regression equation of the
qualified index was equal to 0.9621, the coefficient of determination of the regression
equation of seeding variation was equal to 0.9401, and the coefficients of determination
were within the acceptable range. To investigate the significance of the operating slope angle
on the seeding performance test indexes, ANOVA was performed on the data (Table 8).

The effect of the regression model of the operating slope angle on the qualified index
and coefficient of variation was extremely significant, which shows that the operating slope
angle is an important factor affecting seed discharge performance. Based on the results of
the single-factor test, the operating slope angle level of the seed rower was determined to
range from 8° to 16°.
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Table 8. Operating slope angle on each performance test index determined via analysis of variance.

Performance Square Degree of Mean s e
Indicators Source gum Frfedom Square FValue  Significance
Regression 26.72 2 13.36 65.77 <0.0001
model
Qualified Factor x3 4.32 1 4.32 21.27 <0.0001
index Factor x32 22.40 1 22.40 110.26 <0.0001
Error 6.50 32 0.20
Sum 33.23 34
Regression 331 5 2 165.12 22780  <0.0001
model
Coefficient of Factor x3 273.56 1 273.56 377.40 <0.0001
variation Factor x32 56.69 1 56.69 78.20 <0.0001
Error 23.20 32 0.72
Sum 353.44 34

3.3. Analysis of Multi-Factor Test Results

In this study, a three-factor, five-level quadratic orthogonal rotational combination test
was used to study the optimal operational performance of the seed rower, and the regression
model between factors and indicators was optimized and validated to comprehensively
evaluate the uniformity and stability of the seed rower operation. Five replications were
conducted for each group of experiments, and the seeding volume of the seeder was
stabilized at 1500-2000 seeds, while all other parameters were kept constant.

During the test, the multi-factor quadratic orthogonal rotational combination test
scheme was consistent with the test-factor-level coding table, and due to the artificial
control of the spring type and operating slope angle, there was a certain error between
the test operation value and the theoretical parameter design value, but its maximum
was 1.7%, which was within the acceptable range, and the results could be analyzed for
the three factors of seed rower operating speed, spring preload force and operating slope
angle (Table 9).

Table 9. Multi-factor test protocol and results.

Test Factors Performance Indicators
No. Operating Spring Preload Operating Qualified Coefficient
Speed Force Slope Angle Index of Variation
X1/(m/s) X,/(N) X3/(°) Y1/(%) Y2/(%)
1 -1 -1 -1 96.24 12.13
2 1 -1 -1 87.90 12.86
3 -1 1 -1 88.98 14.23
4 1 1 -1 85.79 14.35
5 -1 1 1 91.03 15.28
6 1 -1 1 91.69 13.94
7 -1 1 1 89.90 13.58
8 1 1 1 95.89 15.79
9 —1.68 0 0 93.28 15.38
10 1.68 0 0 85.76 13.17
11 0 —1.68 0 92.56 12.81
12 0 1.68 0 86.42 13.21
13 0 0 —1.68 91.56 15.81
14 0 0 1.68 93.02 16.31
15 0 0 0 90.76 15.97
16 0 0 0 91.62 16.32
17 0 0 0 88.14 15.57
18 0 0 0 90.52 16.07
19 0 0 0 89.97 16.61
20 0 0 0 91.25 15.55
21 0 0 0 90.95 14.98
22 0 0 0 91.55 16.05
23 0 0 0 90.24 15.89
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(1) Analysis of the influence of various factors on the qualified index of seeding
performance

The regression analysis of the experimental data was performed using Design-Expert
8.0.6 software, the factor ANOVA was conducted to screen out the more significant influenc-
ing factors and obtain their corresponding response surfaces (Figure 11), and the regression

equation between the performance index and the factor coding values was established as
the following:

®)

where Y] is the qualified indeX, in %; X is the actual value of the seed rower’s operating
speed, in m/s; X» is the actual value of the spring preload force, in N; X3 is the actual value
of the operating slope angle of the seed rower (°).
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Figure 11. Response surface of each factor to the qualified index. (a) Operating speed and operating

slope angle; (b) operating slope angle and spring preload force; (c) operating speed and spring
preload force.

Under the premise that the operating index meets the precision sowing requirement
and the working condition of the seed rower is good, the influence law of each factor
is analyzed. When the operating speed is certain, the qualified index of the seed rower
decreases with the increase in the operating slope angle; when the operating slope angle is
certain, the qualified index of the seed rower decreases with the increase in the operating
speed; when the operating speed changes, the qualified index of the seed rower changes in
a larger range, so the operating speed has a more significant effect on the qualified index
(Figure 11a). When the spring preload force is certain, the qualified index of the seed rower
decreases with the increase in the operating slope angle; when the operating slope angle
is certain, the qualified index of the seed rower increases with the increase in the spring
preload force; when the spring preload force changes, the change range of the qualified
index of the seed rower is larger, so the influence of the spring preload force on the qualified
index is more significant (Figure 11b). When the operating speed is certain, the qualified
index of the seed rower increases with the increase in the spring preload force; when the
spring preload force is certain, the qualified index of the seed rower decreases with the
increase in the operating speed; when the operating speed changes, the change range of the
qualified index of the seed rower is larger, so the effect of the operating speed on qualified
index is more significant (Figure 11c). In summary, the order of significance of the impact
on the seeding performance qualified index is as follows: operating speed, spring preload
force, and operating slope angle.

(2) Analysis of the effect of various factors on the coefficient of variation of seeding
performance

The statistical analysis software Design-Expert 8.0.6 was used to process and analyze
the experimental data, and the regression mathematical equation with the coefficient of
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variation of seeding performance as the response function and the actual value of each
factor level as the independent variable were obtained as follows:

Yo = 16 +0.57X; — 0.33X; + 0.52X3 — 1.42X1 X + 0.13X1 X3 4 0.45X, X3 — 0.85X1% — 0.15X,2 — 0.36X32 )
where Y is the coefficient of variation of seeding, in %; X; is the actual value of the seed
rower’s operating speed, in m/s; Xj is the actual value of the spring preload force, in N;
X3 is the actual value of the operating slope angle of the seed rower (°).

In order to visually analyze the relationship between each test factor and the coeffi-
cient of variation of seeding performance, contour plots, and response surface plots were
obtained using Design-Expert 8.0.6 software for the effects of the seed rower’s operat-

ing speed, spring preload force, and operating slope angle on the coefficient of variation
(Figure 12).
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Figure 12. Surface response of each factor to the coefficient of variation. (a) Operating speed and

operating slope angle; (b) operating slope angle and spring preload force; (c) operating speed and
spring preload force.

Under the premise that the operating index meets the precision sowing requirement
and the working condition of the seed rower is good, the influence law of each factor was
analyzed. When the operating speed is certain, the coefficient of variation of the seed rower
increases with the increase in the operating slope angle; when the operating slope angle is
certain, the qualified index of the seed rower increases with the increase in the operating
speed; when the operating speed changes, the variation range of the coefficient of variation
of the seed rower is larger, so the operating speed has a more significant effect on the
coefficient of variation (Figure 12a). The coefficient of variation of the seed rower decreases

with the increase in the operating slope angle when the spring preload force is certain; the
coefficient of variation of the seed rower increases with the increase in the spring preload
force when the operating slope angle is certain; when the spring preload force varies, the
variation range of the coefficient of variation of the seed rower is larger, so the influence
of the spring preload force on the coefficient of variation is more significant (Figure 12b).
When the operating speed is certain, the seed rower coefficient of variation increases with
the increase in the spring preload force; when the spring preload force is certain, the seed
rower coefficient of variation increases with the increase in operating speed; when the
operating speed changes, the variation interval of the seed rower coefficient of variation is
larger, so the operating speed has a more significant effect on the coefficient of variation
(Figure 12¢). In summary, the order of significance of the coefficient of variation on seeding
performance is as follows: operating speed, spring preload force, and operating slope angle.

3.4. Multi-Factor Experimental Optimization

According to the results of the multi-factor test, combined with the multi-objective
variable optimization method, a parametric mathematical model was established, and
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the data analysis software Design-Expert 8.0.6 was used to optimize the test data. The
established nonlinear programming parameter model is shown in Equation (10).

max Yq
min y,
s.t.0.8m/s < X; <12m/s
55N < X; < 25N (10)
8° < X3 <16°
0< W (X1/X2/ X3)
0 < Y2(Xy, X2, X3)

<1
<1

Through comprehensive analysis, the optimal operating parameter combination of
the device was obtained; when the operating speed of the device was 1 m/s, the spring
preload force was 15.2 N, and the operating slope angle was 12°; the designed rotary hole
filling corn seed rower had better seed rowing performance, with a qualified index of 96.2%
and a coefficient of variation of 12.1%.

4. Conclusions

In this study, a rotary hole filling corn precision metering device was designed, and the
working reliability and stability of the seed rower were verified through coupled simulation
tests and bench tests. Single-factor and multi-factor tests were conducted to analyze the
performance of the seed rower, with the following conclusions:

(1) Combined with MBD-DEM coupling simulation technology, the motion process of
the seed rower fork and duckbill device was analyzed to obtain the optimal combination of
parameters for cavity-tying performance, and the characteristics of soil particles and seed
transport pattern during the cavity-tying process were studied isomg a duckbill device.
This provided the theoretical basis for the subsequent bench test verification.

(2) The results showed that all three factors had a significant effect on the seed rower
qualified index, and the operating speed and operating slope angle had a significant
effect on the coefficient of variation of grain distance and determined the optimal parame-
ter range.

(3) The results showed that when the operating speed of the machine was 1 m/s, the
spring preload force was 15.2 N, and the operating slope angle was 12°, so the designed
rotary hole filling corn seed rower had better seed rowing performance, with a qualified
index of 96.2% and a coefficient of variation of 12.1%.
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