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Abstract: In order to solve the problems of poor hole-filling performance and the high seed-breakage
rate of conventional rice bud seed precision hole direct seed-metering devices, a side-filled rice
precision hole direct seed-metering device was developed, and the mechanism and force analyses
for seeding operations were carried out. The key factors affecting seeding quality were determined:
rotation speed, seeding angle and seeding height. By coupling the discrete element method (DEM)
and multi-rigid body dynamics (MBD), the seed breakage rate and seeding performance at different
rotation speeds were analyzed. Single-factor bench testing was used to analyze the effect of a duckbill
unit on seeding performance under different factor levels. The three-factor and five-level quadratic
regression orthogonal rotation center combination test methods were used to obtain the optimal
working parameter combination. The test results showed that when the rotation speed was 47 r/min,
the seeding angle was 19◦, and the seeding height was 180 mm, the qualified index of seeding was
92.03%, the hole diameter qualified index was 91.62%, and the hole distance variation index was 7.17%.
This study provides a reference for the research of mechanical rice sprouting seed-metering devices.

Keywords: mechanism analysis; high-speed camera; seeding track; seed breakage rate; hole direct
seeding

1. Introduction

Rice, as one of the major food crops of mankind, has edible, economic and medicinal
value [1–3]. Recently, with improvements to rice seed quality, the emergence rate and
germination rate of rice seeds have been improved. Rice planting effectiveness is one of
the main factors affecting rice yield. Compared with other planting methods, rice direct
seeding technology is a light and simplified planting method that saves time and resources.
It allows for precise seeding of rice seedlings with appropriate hole spacing, hole diameter
and species count in accordance with agronomic requirements. This method represents
one of the key directions of mechanized rice planting [4–6].

The key component of mechanized rice direct seeding technology is the seed-metering
device. Based on their operating principle, devices can be subdivided into pneumatic
seed-metering devices and mechanical seed-metering devices. A pneumatic seed-metering
device can adsorb or press seeds by using the characteristics of gas flow, which has the
advantages of high precision and low seed damage. However, it is not suitable for seeding
rice due to its complex structure, high sealing requirements, and the potential for suction
hole blockages. A mechanical seed-metering device offers the benefits of a simple structure,
easy inspection and maintenance, and the ability to accommodate high-humidity field
seeding environments [7].
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In view of ensuring that mechanical seed-metering devices can complete seeding
operations stably and accurately in the field, many researchers have conducted large
amounts of in-depth research on mechanical seed-metering devices. Zhang et al. [8]
designed a slider–hole–wheel seed-metering device, studied the seed filling and removal
process, analyzed the adverse effects of the rotation speed on seeding, and achieved high
seeding accuracy. However, this study did not consider the potential damage caused by
key components of the seed-metering device, such as the seed cleaning wheel, to the seeds.
Maleki et al. [9] designed a multi-layer spiral-groove seed-metering device to improve
the seeding uniformity and achieve uniform seeding but did not take into account the
required spacing for rice growth. To address the above problems, Hensh and Raheman [10]
designed a solenoid-operated hill-dropping seed-metering device, which utilizes a seed-
metering wheel with an electromagnetic induction-type sensor for seed expulsion and
achieves low-damage and orderly seed expulsion. However, this study failed to consider
the hole-forming performance of the seed-metering device after seeding. In pursuit of
precise seeding, Li et al. [11] designed a combination of a mini shovel and a telescopic
tube, which effectively solved the problems of seed tube blockage and uneven seeding
depth and improved the qualified rate of the seed hole diameter after seeding. But the key
components of the device vibrated when contacting the soil, which increases the degree of
hole distance variation. Consequently, it is of great relevance to design a mechanical rice
seed-metering device with no contact between the soil and the key components of device, a
low seed breakage rate, and excellent hole-forming performance.

The effectiveness of the interaction between the key components of the seed-metering
device and the sprouted seeds is the key to the successful completion of the seeding
operation. Therefore, it is necessary to conduct simulation studies on the effects of seed–
seed and seed–device component interactions. The discrete element method (DEM) has
been employed to study various seed transport mechanisms within seed-metering devices,
including the interaction between different particles inside the seed filling chamber [12–15].
By using the discrete element method, Pasha et al. [16] simulated the motion of different
seed particles in a seed packing machine, explored the effects of seed velocity and friction,
and improved the uniformity of seed coating. With EDEM 2.7 software, Lei et al. [17]
explored the seed flow characteristics in an air-assisted centralized metering system and
analyzed the effect of the compression force on the filling characteristics. Simulating
the motion of complex seed-metering device components using EDEM software alone
can be challenging, while employing a combined simulation approach using the discrete
element method (DEM) and multi-body dynamics (MBD) allows for modeling the effects
of complex seed-metering device component motion on particles [18–20]. This coupled
simulation method has been applied in various agricultural engineering projects; for
example: Kim et al. [21] developed a full-scale soil–tool–machine coupled model based on
DEM and MBD coupling to predict the traction force during tillage according to the tillage
depth; Liu et al. [22] developed a mathematical model and performed DEM and MBD
coupled simulation to investigate the effects of feeding volume and threshing clearance on
the load force of the piston rod of the hydraulic cylinder; Zhang et al. [23] used MBD–DEM
two-way coupling to analyze the harvesting process. Therefore, the coupled simulation
method has been proven to be able to fully explain the interactions between the design
components and the particles along with the particle motion. Before direct seeding in paddy
fields, it is often necessary to prepare rice seeds by sunlight drying, sorting, soaking and
germinating to shorten the rice growth period. These processes continue until seedlings
with a length of 1–2 mm are obtained, after which they are ready for planting [24,25].
Previous studies have generally used an ellipsoidal model with multiple particles as a
simplified model for rice seeds and did not address the effects produced by sprouting
after seed soaking. Since the buds of the sprouting seeds are fragile, they can easily be
damaged in the process of seeding, which reduces the seed emergence rate and prolongs
the growth time of rice. Therefore, in this study, a bonding model was used to establish a
rice seed and bud model and to determine the actual damage to the seeds under different
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bonding conditions. Although MBD–DEM coupled simulation has been applied to analyze
the mechanisms of many devices in recent years, it has not yet been applied to research a
mechanical sprouting rice seed seed-metering device.

High-speed camera technology can quickly create a record of a high-speed object’s
trajectory, and it has the advantages of rapid image recording, clear images and real-time
target capture [26]. Zahra and Saman [27] used the high-speed camera technique to record a
falling seed’s trajectory. By extracting the trajectory equations, they determined the effective
factors affecting the uniformity of seed hole distances under laboratory testing and field
testing conditions. In order to improve the seeding performance in mountainous areas,
Xing et al. [28] designed a pneumatic rice seed-metering device with an adjustable seeding
rate and used high-speed camera technology to research the seed throwing mechanism in
order to establish the trajectory equation of the thrown seeds. By comparing the theoretical
trajectory area with the actual one, the seeding performance of the seed-metering device
was optimized. In the above studies, theoretical research and analysis of a segment of
the trajectory during the seed throwing process was conducted solely using high-speed
camera technology without further investigation into whether the post-landing motion of
the seeds would impact the hole-forming performance. Furthermore, these studies did not
take into account the additional interference of the seeding mechanism on the seeds, which
can cause the actual trajectory of the seedlings to deviate from the theoretical trajectory,
resulting in variations in seedling hole diameter and spacing and thus affecting the growth
space and time required for the seedlings.

In response to the above issues, this study developed a side-filled rice precision
hole direct seed-metering device and analyzed its operational mechanism. We employed
MBD–DEM coupled simulation to assess the force and motion of seedlings within the
planter, used high-speed camera technology to analyze factors affecting the seed-throwing
trajectory, and conducted both single-factor and multi-factor bench tests to investigate the
seeding performance of the seed-metering device.

2. Materials and Methods
2.1. Overall Structure and Working Principle of Side-Filled Rice Precision Hole Direct
Seed-Metering Device

The structure of the side-filled rice precision hole direct seed-metering device is
displayed in Figure 1 and is primarily constituted of the shell, seed-metering plate, seed
guide plate, bearing end cover, bearing, seed tube, fork duckbill assembly device, fixed end
cover, contact device, etc.

When the rice seed-metering device is in operation, the rice bud seeds rotate with the
seed-metering plate and move into the interior of the device from the seed guide plate.
The internal seed-metering plate starts to rotate counterclockwise under the action of a
belt drive. The rice bud seeds fill the holes in the seed-metering plate under the combined
effect of gravity, centrifugal force and the interaction force among the seeds. Due to the
rotating action of the seed-metering plate, any excess seeds covering the holes are returned
to the filling chamber, ensuring that each hole contains 12 to 16 rice seeds, which are then
smoothly transported to the fork duckbill assembly device. Finally, when the fork duckbill
collides with the contact device, the duckbill unit opens in a fixed position so as to realize
the direct seeding of rice bud seeds into holes and thereby improve the hole diameter
qualified index of the bud seeds and reduce the hole distance variation index [29].

2.2. Analysis of Seeding Mechanism

In order to ensure the seeding performance of the seed-metering device and improve
the stability of the seed supply, mechanical analysis of seeds during the seeding process is
an important method and approach to investigate the seed filling mechanism. The seed
filling stage exerts a significant influence on the movement of and damage to the bud
seeds, the seed cleaning stage is closely related to the seeding performance, and the seed
throwing stage directly affects the hole-forming performance and seeding uniformity. In
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conclusion, it is necessary to explore the mechanisms of the different seeding stages of the
seed-metering device.

Agriculture 2024, 14, x FOR PEER REVIEW 4 of 24 
 

 

 
(a) 

 
(b) 

Figure 1. Structural diagram of side-filled rice precision hole direct seed-metering device. (a) Ex-
ploded view; (b) Working principle. 1. Seed guide tube; 2. Front end cap; 3. Bearing; 4. Bearing end 
cap; 5. Seed guide plate; 6. Seed-taking unit; 7. Seed-metering plate; 8. Shell; 9. Fork duckbill assem-
bly device; 10. Support shaft; 11. Washer; 12. Contact device; I: Filling area; II: Cleaning area; III: 
Carrying area; and IV: Throwing area. 
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Figure 1. Structural diagram of side-filled rice precision hole direct seed-metering device. (a) Ex-
ploded view; (b) Working principle. 1. Seed guide tube; 2. Front end cap; 3. Bearing; 4. Bearing
end cap; 5. Seed guide plate; 6. Seed-taking unit; 7. Seed-metering plate; 8. Shell; 9. Fork duckbill
assembly device; 10. Support shaft; 11. Washer; 12. Contact device; I: Filling area; II: Cleaning area;
III: Carrying area; and IV: Throwing area.

2.2.1. Filling Stage

In the seed filling area, the bud seeds collectively maintain a certain mobility with the
rotation of the seed-metering plate. Individual target seeds fill the interior of the hole by a
combination of gravity, centrifugal force, friction and interaction force among the seeds.
Since the seeds are characterized as scattered particles in the seed filling chamber, the seed
filling process for individual target seeds can be analyzed. The auxiliary coordinate system
xOy is set up by taking the center of the seed-metering plate as the reference point, and
Figure 2a illustrates the force distribution of the target seed. The force equation for a bud
seed is then established as:

ma = G1 cos α + FN2 sin α − f1 − f2 cos α
0 = FN1 + G1 sin α − FN2 cos α − f2 sin α
Ff = f2 + f1 cos α

0 = FC + mg cos θ − FN
fi = µiFNi
G1 = mg sin θ

(1)
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where FN1 is the supporting force of the seed guide port on the target seeds, N; FN2 is the
force of the surrounding seeds on the target seeds, N; f 1 is the friction force of the seed
guide port on the target seeds, N; f 2 is the friction force of the surrounding seeds on the
target seeds, N; a is the target seed acceleration, m/s2; α is the inclination angle of the seed
guide groove, (◦); θ is the angle between the horizontal line and the line formed by the
center of mass of the target seed and the origin, (◦); µ1 is the friction coefficient between the
seed guide port and a bud seed; and µ2 is the friction coefficient between bud seeds.
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Figure 2. Schematic diagram of mechanism analysis at different stages. (a) Filling stage; (b) Cleaning
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From Equation (1), it follows that:
ma = G(1 + µ1 sin α) + FN2[sin(1 − µ1µ2)− cos α(µ1 + µ2)]
FN = mω2r + G cos θ
FN ∝ FN2

(2)

According to Equation (2), the effective acceleration of a target rice bud seed is depen-
dent on the angular velocity ω, the material properties of the bud seeds µ1 and µ2, and
the inclination angle α of the seed guide groove. Based on the principles of the device, it
is understood that, if keeping the inclination angle of the seed guide groove constant, an
increase in angular velocity results in greater acceleration generated by the combined force
affecting the rice bud seeds, leading to improved seed filling efficiency of the seed guide
plate. With the purpose of exploring the appropriate rotation speed of the seed-metering
device, the speed was designed to be 30, 40, 50, 60 or 70 r/min.

2.2.2. Cleaning Stage

In the seed cleaning area, the bud seed filling the hole mainly relies on its own
gravity and centrifugal force to achieve cleaning, and there are three types of seed cleaning
situations in this stage. As shown in Figure 2b. The seeds in the hole cannot move freely in
the seed cleaning process, and they always exist in the hole until the seed delivery stage.
The seeds outside the hole slide back to the seed filling chamber under the influence of
the force of the seed-metering device and their own gravity and thus realize seed cleaning
outside the hole. Under the influence of the force of the other seeds inside the hole and their
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own gravity, the bud seeds in the hole slide out of the hole until they slide into the seed
filling area; they achieve seed cleaning in the hole. The seed force equation is established as
shown below: 

ma1 = FN3 − mg cos θ
ma2 = FN4 sin β + mg cos θ cos β − µ1FN4
ma3 = FN5 sin β + mg cos θ cos β − µ2FN5

(3)

where FN3 is the support force of the bud seeds in the hole, N; FN4 is the support force of
the bud seeds outside the hole, N; FN5 is the support force of the bud seeds on the hole,
N; θ is the angle between the line connecting the center of mass of the bud seeds and the
center of the seed-metering plate and a horizontal line, (◦); β is the angle of inclination of
the hole surface, (◦); and a1, a2, a3 are the accelerations of the target bud seeds for three
different cases, m/s2.

From Equation (3), it can be obtained that:{
ma2 = mg cos θ(1 + cos β − µ1/ sin β)
ma3 = mg cos θ(1 + cos β − µ2/ sin β)

(4)

From Equation (4), it can be seen that with the rotation of the seed-metering device, θ
gradually increases, the acceleration of the target bud seeds gradually decreases, and the
reduction in the seed cleaning effect is not related to the rotation speed. Considering the
natural rest angle of the bud seeds, the value of the inclination angle of the hole’s surface
should be 38.6–50◦, and the inclination angle of this design is set at 45◦. In order to ensure
that filling of the seed-metering device is stable, we need to conduct experimental tests
on the rotation speed of the seed-metering device. For ensuring that the seed-metering
device’s casting can meet the agronomic requirements for hole direct bud seed growth, the
seeding angle and seeding height need to be tested.

2.2.3. Seeding Stage

After leaving the duckbill unit, the bud seeds are thrown out with initial velocity
v0; ignoring the influence of the wind, the rotation of bud seeds and the mutual action
between the bud seeds and only considering the role of air resistance and gravity, the
trajectory of the falling bud seeds is parabolic. By analyzing the seed throwing motion,
the motion trajectory of the bud seeds in three-dimensional space can be converted into a
single two-dimensional plane-motion trajectory. Based on different throwing conditions,
we can divide the two-dimensional plane-motion trajectory of the bud seeds into different
routes, as shown in Figure 2c.

By decomposing air resistance into vertical and horizontal components, we can derive
the forces in the x and z directions based on Newton’s second law:{

md2x/dt2 − C(dx/dt)2 = 0
md2z/dt2 − C(dz/dt)2 + G = 0

(5)

where m is the mass of a rice bud seed group, kg; x is the displacement in the horizontal
direction, m; z is the displacement in the vertical direction, m; t is the movement time of
the throwing process, s; C is the coefficient of air resistance; and G is the gravity of the bud
seed group, N.

The equation for the air resistance of a thrown bud seed group is:

F = CρAv0
2/2 (6)

where F is the air resistance of the bud seed group, N; ρ is the air density, kg/m3; A is
the windward area of the bud seed group, m2; and v0 is the initial speed of the bud seed
group, m/s. From the Equation (6), the vertical force of the air resistance in the process of
throwing down is:

FZ = CρAv0v0z/2 (7)
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where v0z is the velocity in the vertical direction, m/s; and FZ is the air resistance in the
vertical direction, N. Substitute Equation (7) into Equation (5) to obtain:

t =
√

4mz/(CAρv0v0z − 2G) (8)

The air resistance in the horizontal direction is:{
FX = CAρv0v0x/2
0 =

(
md2x/dt2

)
− FX

(9)

where v0x is the velocity in the horizontal direction, m/s; and FX is the air resistance in the
horizontal direction, N. Substitute Equation (9) into Equation (8) to obtain:

x = CAρv0v0xz/(2G − CAρv0v0z) (10)

Through calculation of Equations (6)–(10), the time the bud seed group is in the air
and the throwing distance can be obtained. Through analysis, it becomes evident that the
primary factors influencing the state of the rice bud seed group during descent include the
initial speed at which the bud seed group leaves the duckbill unit, its initial height and
the throwing angle. According to the above analysis, these factors can be known about
the seed-metering device: the initial speed of the bud seed group is determined by the
rotation speed, the initial height is related to the installation height, and the throwing angle
depends on the installation angle of the contact pin. These analyses provide a theoretical
basis for further testing of the seeding performance and the hole-forming performance.

2.3. MBD–DEM Coupling Simulation Test

In this study, a coupling simulation methodology was used to investigate the operation
mechanism of the bud seeds in a seed-metering device at different rotation speeds using
EDEM (2020, Altair Engineering Inc., Troy, MI, USA) and ADAMS (2020, Mechanical
Dynamics Inc., Los Angeles, CA, USA) software. The simulation tests were conducted on a
high-performance workstation equipped with two Intel® Xeon® CPU E5-2680V4 @ 2.40
GHz CPUs and 128 GB of RAM. The velocities and positions of the key components were
controlled by calculating the equations of motion in ADAMS, and the data were transferred
into EDEM through the coupling interface software ADAMS Co-simulation to analyze the
motion process of particle collision, as is illustrated in Figure 3.

Agriculture 2024, 14, x FOR PEER REVIEW 8 of 24 
 

 

 
Figure 3. Schematic diagram of MBD-DEM coupling. 

2.3.1. Discrete Element Model Establishment 
(1) Rice bud seed discrete element model establishment 

A representative cold land rice from northern China, “Longjing 31”, has been recog-
nized by the Ministry of Agriculture of China as a major super rice variety and has been 
widely planted in Heilongjiang Province for many years. It has the advantages of neat 
field growth, fast fruiting speed, low rate of empty grain, strong resistance to inversion 
and cold tolerance. After sunlight drying, selecting, soaking and drying, experimental bud 
seeds with a bud length of 1–2 mm were obtained. In order to ensure that the discrete 
element model of rice bud seed was consistent with the actual model, 100 bud seeds were 
selected and measured using a vernier caliper, and the triaxial arithmetic mean values of 
the bud seed bodies and bud lengths were obtained through statistical calculations. 

Bud seeds that matched the average values were selected, and their 3D point cloud 
data were obtained by scanning the selected bud seeds with a 3D scanner. The 3D mesh 
geometry model of bud species was synthesized from 3D point cloud data by reverse-
engineering technology and were filled using a Her –Mindlin model with bonding par-
ticles as shown in Figure 4a. 
(2) Soil tank discrete element model establishment 

The paddy field soil during the seeding period of rice was taken as reference, and its 
soil characteristics were as follows: black soil with certain plasticity, strong adhesion, large 
water content and agglomeration phenomenon between particles. The soil particle model 
was established based on the relevant literature [30], and the radius of the soil particles 
was set to 4 mm. Due to its certain adhesion and large moisture content, the contact model 
chosen for soil particle interactions was Her –Mindlin with JKR, and the surface energy 
of JKR was set to 7.91 J/m2 [31]. The size of the established soil box model was 2000 mm × 
200 mm × 40 mm, as shown in Figure 4. 

Figure 3. Schematic diagram of MBD-DEM coupling.

2.3.1. Discrete Element Model Establishment

(1) Rice bud seed discrete element model establishment

A representative cold land rice from northern China, “Longjing 31”, has been recog-
nized by the Ministry of Agriculture of China as a major super rice variety and has been
widely planted in Heilongjiang Province for many years. It has the advantages of neat field
growth, fast fruiting speed, low rate of empty grain, strong resistance to inversion and cold



Agriculture 2024, 14, 184 8 of 23

tolerance. After sunlight drying, selecting, soaking and drying, experimental bud seeds
with a bud length of 1–2 mm were obtained. In order to ensure that the discrete element
model of rice bud seed was consistent with the actual model, 100 bud seeds were selected
and measured using a vernier caliper, and the triaxial arithmetic mean values of the bud
seed bodies and bud lengths were obtained through statistical calculations.

Bud seeds that matched the average values were selected, and their 3D point cloud data
were obtained by scanning the selected bud seeds with a 3D scanner. The 3D mesh geometry
model of bud species was synthesized from 3D point cloud data by reverse-engineering
technology and were filled using a Hertz–Mindlin model with bonding particles as shown
in Figure 4a.
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Figure 4. Coupled simulation diagrams. (a) The process of modeling the bud seed particles; (b) Schematic
diagram of the soil tank model; (c) Schematic diagram of the simulated seeding operation.

(2) Soil tank discrete element model establishment

The paddy field soil during the seeding period of rice was taken as reference, and
its soil characteristics were as follows: black soil with certain plasticity, strong adhesion,
large water content and agglomeration phenomenon between particles. The soil particle
model was established based on the relevant literature [30], and the radius of the soil
particles was set to 4 mm. Due to its certain adhesion and large moisture content, the
contact model chosen for soil particle interactions was Hertz–Mindlin with JKR, and the
surface energy of JKR was set to 7.91 J/m2 [31]. The size of the established soil box model
was 2000 mm × 200 mm × 40 mm, as shown in Figure 4.

2.3.2. Boundary Conditions and Parameter Settings

In the EDEM 2020 software, the particle factory was set to generate a quantity of
3000 bud seeds, and the overlap check was set to the contact radius. Under the influence of
gravity, the bud seed particles fell freely into the interior of the seed filling chamber until
the bud seed particles were stabilized. The EDEM file was regenerated with 0 moments
after the stable generation of bud seeds and soil particles. In the ADAMS 2020 software,
setting the motion trajectory of the seed dispenser included: accelerating the rotation to the
specified rotation speed in 0–0.5 s, maintaining uniform rotation and completing the filling
process of bud seed particles in 0.5–2 s, starting the horizontally accelerated motion in
2–2.5 s, and after 2.5 s, the seed-metering device maintained uniform horizontal motion and
uniform rotational motion to complete the seeding operation. In the EDEM 2020 software,
the time step was set to 2 × 10−6 s. In the ADAMS coupled simulation file, the time step
was set to 5 × 10−5 s. In order to economize the occupied memory, the saving time interval
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was set to 0.01 s. The bud and seed bodies of rice bud seed were separated prior to testing,
and the two materials were subjected to compression and shear tests, respectively, by means
of an electronic texture analyzer. By comparing the viability of the treated bud seeds, it was
determined that the limiting force value for damage to the seed body was approximately
20 N, and the limiting force for the bud body was approximately 0.1 N. By checking related
references [32–35], other important simulation parameters used in this study were finally
obtained, as shown in Table 1.

Table 1. Simulation parameters.

Type Parameter Value Unit

Bud particle

Particle physical radius 0.2 mm
Particle contact radius 0.22 mm
Poisson’s ratio 0.25
Solids density 231 Kg/m3

Shear modulus 1 × 107 Pa

Seed particle

Particle physical radius 0.38 mm
Particle contact radius 0.42 mm
Poisson’s ratio 0.4
Solids density 1163 Kg/m3

Shear modulus 1.15 × 108 Pa

Soil particle

Particle physical radius 4 mm
Poisson’s ratio 0.38
Solids density 2060 Kg/m3

Shear modulus 1.05 × 1010 Pa

Interactions between
different particles

Coefficient of restitution between seed and soil 0.15
Coefficient of static friction between seed and soil 0.1
Coefficient of rolling friction between seed and soil 0.2
Coefficient of restitution between bud and soil 0.1
Coefficient of static friction between bud and soil 0.1
Coefficient of rolling friction between bud and soil 0.2

Bonding

Normal stiffness per unit area between buds 3.6 × 108 N/m3

Shear stiffness per unit area between buds 2.3 × 108 N/m3

Critical normal stress between buds 3.6 × 106 Pa
Critical shear stress between buds 2.3 × 106 Pa
Normal stiffness per unit area between seeds 6.3 × 108 N/m3

Shear stiffness per unit area between seeds 5.2 × 108 N/m3

Critical normal stress between seeds 6.3 × 106 Pa
Critical shear stress between seeds 5.2 × 106 Pa
Normal stiffness per unit area between bud and seed 9.3 × 109 N/m3

Shear stiffness per unit area between bud and seed 7.6 × 109 N/m3

Critical normal stress between bud and seed 9.3 × 107 Pa
Critical shear stress between bud and seed 7.6 × 107 Pa

2.3.3. Test Content

During the bench test of the seed-metering device, it was impossible to precisely
investigate the seed filling effect and the bud seed-breakage mechanism, while the coupled
simulation technology of the EDEM and ADAMS software can visualize and analyze
the motion state and force effect of the bud seed in the seeding process. The degree of
bud damage is closely connected to the rotation speed of the seed-metering device and is
independent of the seeding height and angle [36]. In summary, a single-factor test needs
to be conducted, with rotation speed as the test factor. To reduce the simulation time, the
single-factor test was divided into two parts: the test part of seeding performance and the
test part of hole-forming performance. The rotation speeds of the simulation test were 30,
40, 50, 60 and 70 r/min.
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2.4. Bench Test
2.4.1. Test Environment

The test was conducted on “Longjing 31”, which has a thousand-grain weight of
362.5 g, a moisture content of 16.24%, and is a conventional rice variety from the cold
northern region of China. The key device parts were produced by 3D printing technology
(precision of 0.1 mm; resin material). The indoor seeding performance test of the device
was carried out by relying on a JPS 12-type computer vision seed-metering device seeding
performance test bench, as shown in Figure 5. The single-factor test was a high-speed
testing process, and the seeding process was analyzed using a pco.dimax cs1 high-speed
camera (PCO Company, Kelheim, Germany).

Agriculture 2024, 14, x FOR PEER REVIEW 11 of 24 
 

 

 
Figure 5. Seed-metering device test bench. 1. Oil port; 2. Integrated test bench; 3. Filler light; 4. Mo-
tor; 5. Side-filled rice precision hole direct seed-metering device; 6. Drive pulley; 7. High-speed cam-
era; 8. Tape measure; 9. Data acquisition terminal; and 10. Testing bench console. 

2.4.2. Test Content 
(1) Single-factor test 

High-speed camera equipment was employed to track the rice bud seeds during the 
seed-metering device seeding process, to analyze the changes in the rice bud seed group 
shape, and to examine the effects of different test factors on seeding performance and hole-
forming performance during the seeding process. The rotation speed X1, seeding angle X2, 
and seeding height X3 were taken as the test factors, and the seeding qualified index Y1, 
the leakage index Y2, the multiple index Y3, the breakage index Y4, the hole diameter qual-
ified index Y5, and the hole distance variation index Y6 were taken as the test indexes. Each 
set of trials was replicated three times, each test measured and recorded 150 bud seed 
holes, and the resultant data were averaged. The test coding table is shown as Table 2. 

Table 2. Single-factor test horizontal coding table. 

Level 
Test Factor 

Rotation Speed 
X1 (r/min) 

Seeding Angle 
X2 (°) 

Seeding Height 
X3 (mm) 

1 30 10 100 
2 40 15 150 
3 50 20 200 
4 60 25 250 
5 70 30 300 

(2) Multi-factor test 
Based on the single-factor test results for optimizing the design parameters of the 

seed-metering device, the study used rotation speed (X1), seeding angle (X2), and seeding 
height (X3) as test factors and hole diameter qualification index (Y1) and hole distance var-
iation index (Y2) as test criteria. A three-factor and five-level quadratic regression orthog-
onal rotation center combination test method was designed, and the test coding table is 
presented as Table 3. 

  

Figure 5. Seed-metering device test bench. 1. Oil port; 2. Integrated test bench; 3. Filler light;
4. Motor; 5. Side-filled rice precision hole direct seed-metering device; 6. Drive pulley; 7. High-speed
camera; 8. Tape measure; 9. Data acquisition terminal; and 10. Testing bench console.

2.4.2. Test Content

(1) Single-factor test

High-speed camera equipment was employed to track the rice bud seeds during the
seed-metering device seeding process, to analyze the changes in the rice bud seed group
shape, and to examine the effects of different test factors on seeding performance and
hole-forming performance during the seeding process. The rotation speed X1, seeding
angle X2, and seeding height X3 were taken as the test factors, and the seeding qualified
index Y1, the leakage index Y2, the multiple index Y3, the breakage index Y4, the hole
diameter qualified index Y5, and the hole distance variation index Y6 were taken as the
test indexes. Each set of trials was replicated three times, each test measured and recorded
150 bud seed holes, and the resultant data were averaged. The test coding table is shown
as Table 2.

Table 2. Single-factor test horizontal coding table.

Level
Test Factor

Rotation Speed
X1 (r/min)

Seeding Angle
X2 (◦)

Seeding Height
X3 (mm)

1 30 10 100
2 40 15 150
3 50 20 200
4 60 25 250
5 70 30 300
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(2) Multi-factor test

Based on the single-factor test results for optimizing the design parameters of the
seed-metering device, the study used rotation speed (X1), seeding angle (X2), and seeding
height (X3) as test factors and hole diameter qualification index (Y1) and hole distance
variation index (Y2) as test criteria. A three-factor and five-level quadratic regression
orthogonal rotation center combination test method was designed, and the test coding table
is presented as Table 3.

Table 3. Multi-factor test level coding table.

Level
Test Factor

Rotation Speed
X1 (r/min)

Seeding Angle
X2 (◦)

Seeding Height
X3 (mm)

−1.68 40 15 150
−1 44 17 170
0 50 20 200

+1 56 23 230
+1.68 60 25 250

2.4.3. Data Processing

Through the field investigation, it is known that the seeding number of bud seeds
is generally 12–16 seeds per hole, which will be used as the evaluation index to verify
the seeding qualified rate of the seed-metering device. Referring to ISO standard 7256/
1-1984(E) [37], the evaluation index equation is:

Yi = (ni/N)× 100%, i = 1 ∼ 5

Y6 =

√[
∑ (L − L)2

]
/(N′ − 1)L2 × 100%

(11)

where n1 is the number of total holes with fewer than 12 seeds in each group; n2 is the
number of total holes with 12–16 seeds in each group; n3 is the number of total holes with
more than 16 seeds in each group; n4 is the number of total seeds with epidermal damage,
bud breakage or seed body breakage in each group; n5 is the number of total holes with
diameters less than 50 mm in each group; N is the number of total holes in each group; L is
the sample hole distance, mm; L is the average sample hole distance, mm; and N′ is the
number of total holes in each sample group.

3. Results and Discussion
3.1. Stress Analysis and Motion State of Seeds during Seeding Process

In this part, by simulating the seeding process under different rotation speeds, the bud
seed flow states of the filling chamber and the effects of the key components on the bud
seeds were investigated. The rotation speed of the seed-metering device was 30–70 r/min
at five levels.

The coupled simulation process includes the rolling stage of bud seeds in the seed
filling chamber and the seeding stage. In order to investigate the motion of and forces on
the bud seeds in the seeding operation, after the movement of the device was stabilized,
one of the bud seed holes that completed the seeding operation was selected and marked,
and the combined force that the bud seed suffered during different stages of motion was
extracted. As shown in Figure 6, the red line is the trajectory of bud seed movement, and
the yellow arrow represents the direction of bud seed flow. By observing the changes in
the posture of the bud seed group, the seeding process was divided into different stages: I
is the seed filling stage and has a seed angle of 90◦; II is the seed cleaning stage and has a
seed angle of 110◦; III is the seed carrying stage and has a seed angle of 140◦; IV is the seed
throwing stage and has a seed angle of 20◦.



Agriculture 2024, 14, 184 12 of 23
Agriculture 2024, 14, x FOR PEER REVIEW 13 of 24 
 

 

  
(a) (b) 

Figure 6. Seeding process analysis of bud seed group. (a) Trajectory diagram; (b) Force change curve 
schematic diagram. I: Filling area; II: Cleaning area; III: Carrying area; and IV: Throwing area. 

As depicted in Figure 6, during stages I, II, and III, it can be observed that the force 
exerted by other rice bud seeds and device components on the target rice bud seed group 
remained relatively uniform and below 0.06 N. This suggests the absence of any forced 
shear effects from the key components on the rice bud seeds, and there is no occurrence 
of seed damage caused by the internal components of the seed-metering device during its 
operation. At 4.2 s, the bud seed group passed through the throwing stage IV and success-
fully fell on the soil box with an impact force of 0.13 N. Through observation of the bud 
seeds falling stably on the soil box, there were no seed breakages, which indicated that the 
bud seeds can complete the seeding operation stably and safely. 

The effect of seed-metering device with different rotation speeds on single bud seeds 
is shown in Figure 7. As illustrated in Figure 7a, it is evident that the forces acting on the 
rice bud seeds remain consistent at various speeds, indicating that the damage to the rice 
bud seeds caused by the key components of the seed-metering device was independent of 
the rotation speed. When the rotation speed was 70 r/min, the maximum force on the bud 
seeds was about 0.025 N, which is far less than the ultimate force of the bud seed impact. 
As illustrated in Figure 7b, rotation speed had no significant effect on the velocity of bud 
seeds in the filling chamber but had a significant effect on the frequency of bud seed speed 
changes. This indicates that within the same time, with the increase in rotation speed, the 
force magnitude and direction change speed of bud seeds were intensified, which was 
more likely to cause wear and damage to bud seeds. 

  
(a) (b) 

Figure 7. Seeding process analysis of a single bud seed at different rotation speeds. (a) Force dia-
gram; (b) Velocity diagram. 

Figure 6. Seeding process analysis of bud seed group. (a) Trajectory diagram; (b) Force change curve
schematic diagram. I: Filling area; II: Cleaning area; III: Carrying area; and IV: Throwing area.

As depicted in Figure 6, during stages I, II, and III, it can be observed that the force
exerted by other rice bud seeds and device components on the target rice bud seed group
remained relatively uniform and below 0.06 N. This suggests the absence of any forced
shear effects from the key components on the rice bud seeds, and there is no occurrence
of seed damage caused by the internal components of the seed-metering device during
its operation. At 4.2 s, the bud seed group passed through the throwing stage IV and
successfully fell on the soil box with an impact force of 0.13 N. Through observation of the
bud seeds falling stably on the soil box, there were no seed breakages, which indicated that
the bud seeds can complete the seeding operation stably and safely.

The effect of seed-metering device with different rotation speeds on single bud seeds
is shown in Figure 7. As illustrated in Figure 7a, it is evident that the forces acting on the
rice bud seeds remain consistent at various speeds, indicating that the damage to the rice
bud seeds caused by the key components of the seed-metering device was independent of
the rotation speed. When the rotation speed was 70 r/min, the maximum force on the bud
seeds was about 0.025 N, which is far less than the ultimate force of the bud seed impact.
As illustrated in Figure 7b, rotation speed had no significant effect on the velocity of bud
seeds in the filling chamber but had a significant effect on the frequency of bud seed speed
changes. This indicates that within the same time, with the increase in rotation speed, the
force magnitude and direction change speed of bud seeds were intensified, which was
more likely to cause wear and damage to bud seeds.

Agriculture 2024, 14, x FOR PEER REVIEW 13 of 24 
 

 

  
(a) (b) 

Figure 6. Seeding process analysis of bud seed group. (a) Trajectory diagram; (b) Force change curve 
schematic diagram. I: Filling area; II: Cleaning area; III: Carrying area; and IV: Throwing area. 

As depicted in Figure 6, during stages I, II, and III, it can be observed that the force 
exerted by other rice bud seeds and device components on the target rice bud seed group 
remained relatively uniform and below 0.06 N. This suggests the absence of any forced 
shear effects from the key components on the rice bud seeds, and there is no occurrence 
of seed damage caused by the internal components of the seed-metering device during its 
operation. At 4.2 s, the bud seed group passed through the throwing stage IV and success-
fully fell on the soil box with an impact force of 0.13 N. Through observation of the bud 
seeds falling stably on the soil box, there were no seed breakages, which indicated that the 
bud seeds can complete the seeding operation stably and safely. 

The effect of seed-metering device with different rotation speeds on single bud seeds 
is shown in Figure 7. As illustrated in Figure 7a, it is evident that the forces acting on the 
rice bud seeds remain consistent at various speeds, indicating that the damage to the rice 
bud seeds caused by the key components of the seed-metering device was independent of 
the rotation speed. When the rotation speed was 70 r/min, the maximum force on the bud 
seeds was about 0.025 N, which is far less than the ultimate force of the bud seed impact. 
As illustrated in Figure 7b, rotation speed had no significant effect on the velocity of bud 
seeds in the filling chamber but had a significant effect on the frequency of bud seed speed 
changes. This indicates that within the same time, with the increase in rotation speed, the 
force magnitude and direction change speed of bud seeds were intensified, which was 
more likely to cause wear and damage to bud seeds. 

  
(a) (b) 

Figure 7. Seeding process analysis of a single bud seed at different rotation speeds. (a) Force dia-
gram; (b) Velocity diagram. 

Figure 7. Seeding process analysis of a single bud seed at different rotation speeds. (a) Force diagram;
(b) Velocity diagram.



Agriculture 2024, 14, 184 13 of 23

Among the various stages of the seeding process, the seed filling stage is the most
critical period that significantly influences the seeding performance. During the seed filling
stage, the force and speed of the rice bud seeds directly impacts the extent of seed damage
and consequently affects the seed breakage index. Therefore, further studies and analyses
of the seed filling stage are essential.

As shown in Figure 8, the bud seeds in the bottom layer of the seed filling chamber
moved inside the seed-metering device with rotation of the seed-metering device and
flowed in the opposite direction to the bud seeds in the upper layer. The bud seeds in the
upper layer flow faster, and the maximum speed reached 1.5 m/s. However, when the
rotation speed was greater than 50 r/min, the speed of the bud seeds in the upper and
lower layers did not increase with the increase in the rotation speed and started to maintain
a limiting speed without large speed fluctuations.
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Figure 8. Distribution of bud seeds to be filled at different rotation speeds. Note: The yellow arrow
shows the direction of bud seed flow, the highlighted area A shows the distribution range of bud
seeds to be filled in a single hole, and area B shows the junction range between the seed filling area
and the seed cleaning area. (a–e) respectively represent the state of rice bud seeds movement at
rotational speeds of 30, 40, 50, 60, and 70 r/min.

The bud seeds that filled the seed filling compartment were the bottom layer bud
seeds. A comparison between the speed of the bud seeds and the speed of the seed filling
compartment revealed that the speed of the bottom layer bud seeds was less than the
tangential movement speed of the seed-metering plate, resulting in a certain degree of
relative sliding between the two. As a result, higher seed-metering plate rotational speed
do not change the flow speed of the bud seeds. According to Equation (2), it is known that
if the effective acceleration of the bud seeds remains unchanged, the seed filling effect of
the seed filling component of the bud seeds per unit time does not change. By comparing
the position of area B, it is clear that the rotation speed does not have a significant effect on
the rotation angle in the seed filling stage.

By marking and tracking the bud seed groups in each hole, it can be seen that the range
of area A where the seed filling component completes the filling of bud seeds is different
at different rotation speeds. According to the comparison of the pictures in Figure 8, it
is known that with increasing the rotation speed, the bud seeds waiting to be filled are
more and more dense, and the seed filling component can finish the filling operation
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within a smaller displacement. At 70 r/min, the device only requires 36◦ of rotation to
complete the seed filling process, which only takes 0.086 s. During the seed filling process,
the effect of key components and other buds on the buds waiting to be filled should be
minimized. Higher rotation speeds allow for faster seed filling and reduced bud stress
times but increase the force per unit of time that the seed filling component exerts on the
bud seed groups. Relatively, a lower rotation speed will reduce the force of the seed filling
component on the bud seeds per unit time but will increase the time of the force on the bud
seeds. To examine the influence of seed-filling components and other bud seeds on the
filled bud seeds, the EDEM post-processing function was utilized to extract the average
force exerted on an individual bud seed during the seed-filling process. The seed-filling
stage was subdivided into five sections, with the center of the seed-metering plate serving
as the reference point, as illustrated in Figure 9a.
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From Figure 9b, it is intuitively obvious that: when the filling parts are in areas I and
II, the greater the rotation speed, the greater the resultant force received by the seed group.
When the filling components were in areas III, IV and V, the smaller the rotation speed, the
greater the combined force received by the seed group. However, the impact of the former
on the bud seed group is significantly more pronounced than that of the latter. Therefore, it
is evident that the rotation speed should be minimized while still ensuring effective seed
filling by the device. When the rotation speed was 70 r/min and the filling area was I, the
maximum force exerted on the seed group was about 0.004 N, which is lower than the
limiting force of the seed, indicating that the seed-metering device will not directly damage
the seed during the filling process.

3.2. Analysis of Throwing Trajectory and Seeding Performance
3.2.1. Analysis of Throwing Trajectory

In order to further investigate the main factors that influence the hole-forming effect
during the throwing process, high-speed camera technology was utilized to statistically
analyze the seeding process, as shown in Figure 10. The working parameters of the
high-speed camera are set as throughput/photographic speed: the image resolution is
1600 × 1600; the instrument shoots at 500 fps.
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Figure 10. High-speed camera photographs of the bud seed groups falling.

By continuously tracking the seeding trajectory through high-speed camera technology,
we saw that different degrees of diffusion appeared in the falling process of bud seed groups.
Under the influence of internal slippage, the effect of the duckbill unit on the bud seed
group, and air resistance, the flat area of the bud seed group increased continuously, which
adversely affected the changes to the hole diameter and hole distance after seeding. With
the aim of investigating the causes of the unfavorable factors, it is necessary to analyze the
trajectory of bud seed groups. Taking the center of the seed-metering plate as the reference
coordinate point, the actual trajectory area of the falling bud seed group is counted, and
the theoretical trajectory area of the bud seed group is obtained through a theoretical
calculation. By processing and calculating the actual trajectory, the average curve and
fitting equation of the actual trajectory are obtained. The final obtained drop trajectory of
the bud seed groups is shown in Figure 11.

It is clear from Figure 11 that the rotation speed, seeding angle and seeding height of
the seed-metering device all have great influence on the trajectory of the seed group.

The falling trajectories of the bud seed groups at different rotation speeds are shown
in Figure 11a–e. As the rotation speed increases, the actual trajectory areas of the bud
seed groups show the trend of decreasing and then increasing. The main reason for this
phenomenon is that when the rotation speed is low, the individual bud seeds in the bud
seed group inside the duckbill unit and other bud seeds have a slip movement, resulting
in a small change in the direction and size of the initial speed. As a result, individual
rice bud seeds do not follow the theoretical trajectory during ejection. As the rotation
speed increases, due to the increase in centrifugal force on the bud seeds, the bud seeds are
pressed inside the duckbill unit, and the slip phenomenon is reduced. However, when the
end bud seeds of the bud seed group were detached from the duckbill unit, the duckbill
unit had already produced a small rotation, resulting in a change in the seeding angle of
the end bud seeds and an increase in the area of the seeding trajectory. The diameters of
the bud seed holes for five different rotation speeds are less than 50 mm, which meets the
agronomic requirements for rice hole direct seeding.

The falling trajectories of bud seed groups under different seeding angles are shown
in Figure 11f–j. With the increase in the seeding angle, the actual trajectory areas of the bud
seed groups exhibit a tendency of decreasing and then increasing. The main reason for this
phenomenon is that: when the seeding angle is larger, the internal slip phenomenon of
the bud seed group is serious, and the individual bud seeds do not move according to the
theoretical seeding trajectory, resulting in an increase in the actual trajectory area. When
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the angle of seed casting is small, the angle between the movement direction of the bud
seed group leaving the duckbill unit and the vertical direction is larger. The initial velocity
of the seed group in the z-axis direction decreases, the initial velocity in the x-axis direction
increases, and the throwing distance in the x-axis direction increases, which ultimately leads
to an increase in the actual trajectory area. Therefore, the seeding angle affects the actual
trajectory more, and the actual trajectory mean line differs from the theoretical trajectory
region. The diameters of the bud seed holes for five different seeding angles are less than
50 mm, which meets the agronomic requirements for rice hole direct seeding.
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trajectory diagrams of the bud seed groups at different seeding heights.

The falling trajectories of the bud seed groups at different seeding heights are shown
in Figure 11k–o. With the increase in seeding height, the actual trajectory area of bud seed
group increased. In theory, a lower seeding height should result in better hole-forming
performance. However, through observations of the seed distribution pattern on the
belt of the seeding test bench and comparisons with high-speed camera photos, it was
discovered that a lower seeding height can lead to secondary bouncing in the rice bud
seed group. Specifically, the bud seeds that landed after seeding were prone to collide
with those that had already landed first, resulting in bouncing. The bouncing phenomenon
not only enlarged the diameter of the rice bud seed hole but also posed challenges for
subsequent rice agronomic management. Therefore, the occurrence of bouncing should be
minimized as much as possible, and an appropriate seeding height can effectively reduce
the probability of occurrence.

3.2.2. Influence of Each Test Factor on Seeding

As shown in Figure 12a, with the increase in rotation speed, the seeding qualified index
shows a trend of stable increase and then decrease. When the rotation speed was 50 r/min,
the seeding qualified index reached the maximum. With the increase in rotation speed, the
multiple index gradually decreased, and the multiple index reached the maximum value
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when the rotation speed was 40 r/min. At this time, the rotation speed of the seed-metering
device was low, the bud seeds outside the type hole in the seed cleaning area were subjected
to poor seed cleaning, and the centrifugal force and the gravity of the bud seeds could not
completely remove the excess bud seeds. With the increase in rotation speed, the leakage
index showed a trend of first decreasing and then increasing. When the rotation speed was
70 r/min, the leakage index reached a maximum of 9.66%. Higher rotation speed affected
the seed guiding effectiveness of the seed guide plate: part of the hole into the throwing area
was not completely filled by the seed, resulting in a higher leakage index. With the increase
in rotation speed, the bud seed breakage index gradually increased. The phenomenon of
coat breakage on the surface of the bud seeds was aggravated, which affected the growth of
the bud seeds. When the rotation speed was 40–60 r/min, the seeding quality was higher.
The fitting equation for each index was obtained through the software as:

Y1 = −0.035X1
2 + 3.303X1 + 14.636, R2 = 0.951

Y2 = 0.004X1
2 − 0.423X1 + 15.914, R2 = 0.929

Y3 = 0.032X1
2 − 2.955X1 + 70.970, R2 = 0.970

Y4 = 0.005X1
2 − 0.377X1 + 8.218, R2 = 0.951

(12)
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Figure 12. Effect of each test factor on seed-metering device performance. Note: (a) The effect of
rotation speed on seeding performance; (b–d) The respective effects of rotation speed, seeding height
and seeding angle on hole-forming performance.

Figure 12b shows that the hole diameter qualified index decreases and the hole distance
variation index increases with the increase in rotation speed. When the rotation speed was
70 r/min, the hole diameter qualified index was 85.67%, and the hole distance variation
index was 10.64%. Under the premise of the same seeding angle and height, the initial
speed of bud seeds leaving the device increased with the increase in rotation speed. Based
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on Equation (10), it can be seen that the effect of air resistance on the bud seed group
increases, and the variability of the force on different bud seeds increases, resulting in a
more complicated seeding process and worse hole-forming performance.

Figure 12c shows that with the increase in seeding height, the hole diameter qualified
index shows a trend of slowly increasing and then rapidly decreasing, and the coefficient
of variation of the hole diameters increases with the increase in height. When the seeding
height was between 100–200 mm and the hole diameter was less than 22 mm, the bud
seed was prone to bouncing when contacting the oil belt. This led to changes in the hole
diameter of the bud seed: the hole diameter qualified index decreased, and the hole-forming
performance became worse. Therefore, the qualified hole diameter should be 22–50 mm.

Figure 12d shows that with the increase in the seeding angle, the hole diameter
qualified index showed a trend of increasing and then decreasing. When the seeding angle
was 20◦, the hole diameter qualified index reached the highest value of 90.97%. The hole
distance variation index shows a trend of slowly decreasing and then slowly increasing and
reached a minimum value of 8.46% when the seeding angle was 20◦. This is attributed to
variations in the seeding angle leading to differences in the initial velocity direction of the
rice bud seed group. Simultaneously, the contact modes of the duckbill unit with different
rice bud seeds have subtle variations that result in significant differences in hole-forming
performance efficiency.

3.3. Seed Placement Performance Optimization Test Analysis

The multi-factor test scheme and results are shown in Table 4.

Table 4. Results of the multi-factor test.

Level Experimental Factor Experimental Index
X1 (r/min) X2 (◦) X3 (mm) Y5 (%) Y6 (%)

1 44 17 170 91.17 7.98
2 56 17 170 88.17 7.82
3 44 23 170 87.33 10.23
4 56 23 170 81.87 10.06
5 44 17 230 85.47 9.79
6 56 17 230 84.33 13.25
7 44 23 230 85.26 14.68
8 56 23 230 82.13 18.4
9 40 20 200 92.33 8.34
10 60 20 200 86.13 10.28
11 50 15 200 87.56 10.84
12 50 25 200 81.27 14.88
13 50 20 150 87.33 7.45
14 50 20 250 83.27 15.26
15 50 20 200 88.97 8.9
16 50 20 200 89.27 8.43
17 50 20 200 89.67 9.19
18 50 20 200 91.6 8.4
19 50 20 200 88.13 9.06
20 50 20 200 88.75 7.17

To further explore the effects of different factors on the test parameters and explore
interactions among multiple factors, multiple regression analysis was performed using
Design-Expert 13. This allowed the establishment of a quadratic regression model relating
the test parameters to the test factors and the subsequent significance of the test results, as
illustrated in Table 5.
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Table 5. ANOVA table for quadratic model.

Source Hole Diameter Qualified Index Y5/% Hole Distance Variation Index Y6/%
Sum of Squares df F-Value p-Value Sum of Squares df F-Value p-Value

Model 191.02 9 25.33 <0.0001 ** 179.37 9 44.53 <0.0001 **
X1 39.27 1 46.86 <0.0001 ** 7.49 1 16.73 0.0022 **
X2 39.17 1 46.75 <0.0001 ** 33.30 1 74.37 <0.0001 **
X3 24.20 1 28.88 0.0003 ** 80.54 1 179.89 <0.0001 **

X1×2 2.48 1 2.95 0.1164 0.0078 1 0.0174 0.8975
X1×3 2.19 1 2.62 0.1367 7.05 1 15.75 0.0027 **
X2×3 7.47 1 8.91 0.0137 * 3.85 1 8.60 0.0150 *
X12 0.3094 1 0.368 0.5573 1.45 1 3.25 0.1016
X22 49.26 1 58.79 <0.0001 ** 35.65 1 79.63 <0.0001 **
X32 33.99 1 40.57 <0.0001 ** 15.61 1 34.87 0.0002 **

Residual 8.38 10 4.48 10
Lack of Fit 1.23 5 0.1719 0.9621 1.75 5 0.6401 0.6818
Pure Error 7.15 5 2.73 5
Cor Total 199.39 19 183.85 19

Note: (*) indicates a significant effect (0.01 < p < 0.05), and (**) indicates an extremely significant effect (p < 0.01).

As shown in Table 5, the regression model results were extremely significant, the
lack-of-fit test results were not significant, and the predicted R2 values were all greater than
0.9, proving that the regression equations can accurately respond to the actual situation.
For the hole diameter qualified index, X1×2, X1×3 and X12 were not significant; for the hole
distance variation index, X1×2 and X12 were not significant. After excluding non-significant
factors, the quadratic regression equations of each test factor and test index were obtained
using Design-Expert 13 software:{

Y5 = 2.186 − 0.210X2
2 − 0.002X3

2 + 0.011X2X3 + 0.166X1 + 7.196X2 + 0.284X3
Y6 = 202.735 + 0.178X2

2 + 0.001X3
2 + 0.005X1X3 + 0.008X2X3 − 1.871X1 − 8.268X2 − 0.813X3

(13)

The variance results show that for the regression equation for the hole diameter
qualified index, the influence of different factors on hole diameter qualified index is in the
following order from high to low: rotation speed, seeding angle and seeding height. For the
regression equation for the hole distance variation index, the influence of different factors
on hole distance variation index is in the following order from high to low: seeding height,
seeding angle and rotation speed.

In order to observe more intuitively the impacts of the test factor interactions on
the hole diameter qualified index and the hole distance variation index, response surface
diagrams were drawn based on the significant terms of the interactions in Table 5, as shown
in Figure 13.
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The effect of X2×3 interaction on the hole diameter qualified index is significant.
According to Figure 13a, when the rotation speed is constant, the hole diameter qualified
index shows a trend of increasing and then decreasing. With the decrease in the seeding
height, the diffusion effect of the bud seed groups in the process of falling decreases. In
addition, as the seeding angle decreases, the initial velocity direction of the bud seed
group is closer to the running direction of the conveyor belt, which is conducive to the
realization of zero-speed seeding. Therefore, a reasonable reduction in these two variables
can effectively improve the hole diameter qualified index of the seed-metering device.
However, when the seeding angle was less than 16◦ and the seeding height was less than
160 mm, the bouncing phenomenon easily occurred, resulting in reduction in the hole
diameter qualified index. As can be seen from the response surface diagram, when the
seeding angle was 16–20◦ and the seeding height was 160–200 mm, the seeding qualified
index stayed above 90%, which meets seeding requirements.

The effect of X1×3 interaction on the hole distance variation index is particularly
significant. According to Figure 13b, the hole distance variation index decreased with the
increase in the rotation speed and decreased with the decrease in the seeding height when
the seeding angle was constant. When the seeding height was reduced, the effect of air
resistance on the seed group was reduced, resulting in an increase in the uniformity of the
distance from each individual bud seed to the center of the seed group when it fell on the
conveyor belt and an increase in the uniformity of the distance between the centers of each
of the two neighboring bud seed groups and thus a reduction in the hole distance variation
index. As can be seen from the response surface diagram, when the rotation speed was
51–60 r/min and the seeding height was 150–170 mm, the hole distance variation index
stayed below 8%, which meets the requirements of seeding.

The effect of X2×3 interaction on the hole distance variation index is significant. Accord-
ing to Figure 13c, when the rotation speed was constant, the hole distance variation index
decreased and then increased with the increase in seeding angle and seeding height. As
can be seen from the response surface diagram, when the seeding height was 150–190 mm
and the seeding angle was 18–21◦, the hole distance variation index was kept below 8%,
which meets the seeding requirements.

For the purpose of accurately obtaining the optimal combination of test factors, a
mathematical model was established with the boundary conditions of the test factors. With
the objective of finally obtaining the highest seeding qualified index, the highest hole
diameter qualified index and the lowest hole distance variation index, the optimization
model was established as: 

maxY5(X1, X2, X3)
minY6(X1, X2, X3)
45 r/min ≤ X1 ≤ 55 r/min
15◦ ≤ X2 ≤ 25◦

150 mm ≤ X3 ≤ 250 mm

(14)

After optimization, the seed-metering device achieved its best performance parameters
when the rotation speed was 47.030 r/min, the seeding angle was 18.592◦ and the seeding
height was 178.67 mm: the seeding qualified index, hole diameter qualified index and
hole distance variation index were 92.08%, 91.16% and 7.21%, respectively. The rotation
speed of the seed-metering device was set to 47 r/min, the seeding angle was set to
19◦, and the seeding height was set to 180 mm, and a bench test was carried out to
verify the performance. The test was carried out five times, and the mean values of the
seeding qualified index, the hole diameter qualified index and the hole distance variation
index were 92.03%, 91.62% and 7.17%, respectively, and are basically in line with the
optimization results.
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4. Conclusions

In order to verify the performance of a side-filled rice precision hole direct seed-
metering device, the seeding operation mechanism was analyzed, and the main factors
affecting the seeding performance were identified: rotation speed, seeding angle and
seeding height. The MBD-DEM coupling method was used to analyze the seeding process
at different rotation speeds. A single-factor bench test was used to analyze the effects
of different test factors on seeding performance. Three-factor and five-level quadratic
regression orthogonal rotation center combination test methods were adopted to optimize
and analyze the target parameters using the response surface method to obtain the optimal
working parameter combination.

(1) The factors affecting the seeding performance and hole-forming performance of
the side-filled rice precision hole direct seed-metering device are rotation speed, seeding
height and seeding angle.

(2) The maximum value of the force on the bud seeds in each period is 0.025 N, and
the maximum speed is less than 2 m/s. During the seed filling process, the maximum force
on the bud seeds is about 0.008 N. The components of the side-filled rice precision hole
direct seed-metering device do not have any damaging effect on the bud seeds.

(3) A high-speed camera test revealed that when the seed-metering device operates
at a low rotation speed with an appropriate seeding angle, it can effectively mitigate the
internal slipping of the rice bud seed group and reduce the throwing distance during
the seed-throwing stage. Consequently, this diminishes the impact of the seed-throwing
components on the seeding performance of the seed-metering device and ensure that the
actual seeding trajectory of the rice bud seed group aligns with the theoretical seeding
trajectory. Secondly, the appropriate seeding height can effectively avoid the occurrence of
secondary bouncing and reduce its impact on the seeding performance of the seed-metering
device.

(4) The optimal working parameters obtained from the multi-factor test were: a
rotation speed of 47 r/min, seeding angle of 19◦ and seeding height of 180 mm, which
led to a seeding qualified index of the seed-metering device of 92.03%, a hole diameter
qualified index of 91.62% and a hole distance variation index of 7.17%.
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