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Abstract: In order to solve the problems of domestic and foreign vegetable precision metering devices
that easily damage seeds and have low seeding efficiency and poor qualification rate, this paper
designs a one-machine for two-row pneumatic combination seeder, which is mainly composed of a
pneumatic seeding mechanism and a honeycomb seeding mechanism. The mechanism and other
components and theoretical analysis of the working process of the combined seed metering device
clarifies the minimum negative pressure for adsorbing a seed during the suction stage, along with
the negative pressure required for the seed-carrying stage. It also establishes the seeding speed
and movement during planting with the trajectory parameter equation and uses ADAMS software
to conduct virtual experiments on the influence of the number of holes, diameters, and heights
of different types of honeycomb seeding disks on the success rate of seeding. Based on research
on previous pneumatic seeding mechanisms, single factor tests, orthogonal tests, and high-speed
photography tests of the honeycomb seeding disk of the combined seeder were carried out on the
number of holes, the diameter of holes, and the height of seeding. The results of tests conducted
on okra seeds showed that when the rotating speed of the pneumatic seeding disc was 18 r/min,
the diameter of the pneumatic seeding disc hole was 2.4 mm, the vacuum degree was 3.5 kPa, the
number of honeycomb seeding disc holes was 24, the hole diameter was 13 mm, and the seed height
was 60 mm, the working performance of the combined seed meter reached the optimal level, which
provides a reference for the development of a small seed vegetable precision seeder.

Keywords: small seeds; precision seeder; combined seed meter; virtual simulation; experiment

1. Introduction

With different operating principles, seeding apparatus can be mechanical or
pneumatic [1]. The former feeds and drops the seeds based on the mechanical struc-
ture, which can be inclined, vertical, or horizontal disc types; socket wheel type; or finger
clamp type [2,3]. However, mechanical structures may damage the seeds, lower their
germination rate, and reduce the qualification rate of seeding, so that mechanical apparatus
is not applicable for precision seeding. Pneumatic seeders can be divided into vacuum type,
blowing type, pressure type, or roller type. They all rely on the structure of the seed plate
and the action of the airflow to complete the process of seed collection and dropping [4,5].
However, the number and diameter of seed holes are prone to seeding failure, significantly
affecting the seeding performance. It is worth noting that both pneumatic and mechanical
seeding apparatuses have a low qualification rate of seeding.

Research on vegetable sowing technology and equipment began earlier in foreign
countries than in China, and the level of automation and intelligence is higher [6]. For
example, Maschio developed a multifunctional pneumatic vegetable sowing machine to
improve the versatility of the sowing unit and enable the sowing of seeds with different
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diameters. In Japan and South Korea, small and medium-sized mechanical seeders with
power support are mainly used, and their overall structure is compact and lightweight.
They are mostly suitable for sowing seed pellets, such as the YAZAKI SYV-M600W veg-
etable sowing machine, but the small holes of the nest wheel sower are prone to clogging
with dust and impurities [7]. Seeders in foreign countries are expensive and the cost of
sowing is high, and they have not been widely promoted and applied in China. China’s
research in vegetable sowing technology and equipment started relatively late. Based on
the introduction and digestion of advanced foreign technology, various types of small
and medium-sized vegetable sowing equipment have been developed, but the theory
and technology of sowing are not mature enough, and the performance and efficiency of
sowing equipment both still need to be improved [8]. The DB series vegetable sowing
machine produced by Deere Play Agricultural Machinery Company has good versatility
but has problems with high seed breakage rate and has serious sowing leakage. Tian
et al. [9] developed a rapeseed joint sowing machine to improve sowing efficiency, using
a combination of positive and negative pressure sowing, with a qualified sowing rate of
90%. Wang et al. [10] developed a circumferential groove seam air suction precision sowing
machine for seeding grains, with a replanting index of less than 15% and a sowing leakage
index of less than 8%.

The above analysis reveals that seeding apparatus is the core component of a vegetable
precision planter. Many foreign and domestic studies have analyzed precision seeding
apparatuses by focusing on pneumatic or mechanical seeding alone in single-row precision
seeding. However, combined seeding apparatus that can seed in two rows has rarely been
looked at. Considering the advantages and disadvantages of mechanical and pneumatic
seeders at home and abroad, this paper designs a pneumatic combination precision seeder
for small vegetable seeds based on the analysis of the sowing mechanism. It can simultane-
ously sow two rows, thereby reducing operating costs and improving sowing efficiency.
Therefore, precision seeders that can sow multiple rows at the same time have broad
market prospects.

2. The Structure and Operating Principle of the Combined Seeding Apparatus

The combination seeder is mainly composed of a pneumatic seed separation mech-
anism and a honeycomb seed separation mechanism, while the most commonly used
precision vegetable seeders mainly use pneumatic or mechanical seed separation mecha-
nisms. The pneumatic seed separation mechanism designed in this paper mainly uses the
pressure difference to adsorb the seeds on a pneumatic seed plate, while the honeycomb
seed separation mechanism mainly uses the gravity of the seeds to complete the sowing
operation. The combined use of the two mechanisms can achieve one-machine for two-row
precision sowing, as shown in Figure 1.

2.1. Design of Critical Components
2.1.1. Pneumatic Seeding Mechanism

The pneumatic seeding mechanism consists of a left-end cover, a right-end cover, a
seed storage box, a seed scraping plate, a seed stirring wheel, a fixed frame for the seed
stirring wheel, a seed blocking plate, a seed dropping plate, a pneumatic seeding plate, a
sealing ring, a sealing plate, and a fixing piece for the sealing plate (Figure 2).

(1) Pneumatic seeding disc

The structure of the pneumatic seeding disc is illustrated in Figure 3. As demonstrated,
its major parameters include the diameter of the seeding disc and the shape, diameter,
number, and position of the holes. The diameter of the seeding disc is closely related to
the overall size of the seeding apparatus, the linear speed of the seeding disc, and the
centripetal force required by the seed. Therefore, an equation set was established to analyze
the influence of the seeding disc on seed performance.
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where: t—time of pneumatic seeding disc turning through the seeding area, s; l.—arc length
of the seeding area, mm; v—linear speed of the pneumatic seeding disc, m/s; D—diameter
of the seeding disc, mm; 6—radius of the seeding area, rad; n—rotational speed of the
pneumatic seeding disc, r/min.
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Figure 1. Combined seed metering device. 1. Pneumatic seeding mechanism; 2. Honeycomb
seeding mechanism.

12 11 10

Figure 2. Pneumatic seeding mechanism. 1. seed storage box; 2. seed stopper; 3. seed scraper; 4.
seed row disc; 5. seal ring; 6. seal disc; 7. negative pressure inlet; 8. gasket; 9. positive pressure hole;
10. seed stirring wheel; 11. seed paddle; 12. seed stirring wheel bracket.
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Figure 3. Pneumatic seed discs.

The diameter of the seeding disc ranges from 140 mm to 260 mm [11]. An excessively
large or small diameter of the pneumatic seeding disc negatively affects the performance of
the pneumatic seeding mechanism. Specifically, when the plant spacing and the marching
speed are constant, an excessively small diameter speeds up the rotation of the pneumatic
seeding disc. Such condition is unfavorable for the suction of the pneumatic seeding disc,
increasing the missing rate. On the contrary, an increased diameter of the seeding disc
enables more processing holes, which slows down the pneumatic seeding disc, increases the
seed suction rate, and reduces the missing rate [12]. In addition, it will increase the negative
pressure cavity and the load of the fan. In this paper, the diameter of the pneumatic seeding
disc is designed as 220 mm. The position of the holes should be away from the center
of the pneumatic seeding disc maximally, because a closer position will lead to excessive
vegetable seeds remaining. In this paper, the diameter of the circle where the holes are
located is designed as 188 mm, and the thickness of the pneumatic seeding disc is 1 mm.
In the center, there is a regular hexagon with a side length of 16 mm, which cooperates
with the regular hexagon on the transmission shaft of the pneumatic seeding mechanism to
drive the rotation of the seeding disc.

The holes of the pneumatic seeding disc and the diameter of the seed suction holes are
designed based on the average width of the seed according to the Agricultural Machinery
Manual [13]:

d = (0.64 —0.66)b (©)]

where: d—diameter of suction hole, mm; b—average width of seed, mm. The seed rower
designed in this paper mainly sows spherical-like seeds with an average width between
3.5 mm and 4.3 mm, so the diameter of this type of hole is 2.2~2.8 mm.

2.1.2. Honeycomb Seeding Mechanism
(1) Honeycomb seeding disc

The structure of the honeycomb seeding disc is shown in Figure 4. It is key to achieving
the seeding in two rows. Its main body is a cylinder, with cylindrical holes of the same
diameter punched at a certain angle from the two bottom surfaces of the cylinder. An ex-
cessively large diameter of seeding disc may result in missed seeding under the centrifugal
force. Currently, the available diameter is generally 140-260 mm. The motion trajectory of
seeds dropping from the pneumatic seeding mechanism is influenced by external factors,
including wind force and mechanical vibration. Thus, holes with a large diameter increase
the difficulty for the seed to drop into. Therefore, in this paper, based on the above analysis,
the diameter of the holes for the honeycomb seeding disc is designed as 150 mm.
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Figure 4. Honeycomb seeding trays.

(2) Seed sorting bin

Based on the diameter of the honeycomb seeding disc, the maximum diameter and
width of the seed sorting bin are set to 200 mm and 22.5 mm, respectively. There is a
quarter ring in the seed sorting bin, and the difference in the radii of the ring is equal to
the diameter of the hole. A quarter of the circle is placed in the first half of the honeycomb
seeding disc, as shown in Figure 5. The seed sorting bin is fixed and does not rotate with
the rotation of the honeycomb seeding disc, during which the seeds continuously drop into
the seeding cavity through the connection of the inclined holes and the quarter ring.

1 2

¥

Figure 5. Composition of sub-bin structure. 1. quarter circle; 2. seeding holes.

2.2. Operating Principle

During the operation, a plastic hose is connected to the negative-pressure air inlet of
the pneumatic seeding mechanism and the high-pressure vortex fan. The negative-pressure
air inlet is connected to the negative-pressure cavity of the right end cover, with sealing
rings between them to reduce the missing air. When the seeds are delivered to the seeding
area, the negative pressure disappears instantly so that the seeds drop into the inoculation
hopper and then pass through the holes under the action of gravity. The holes of the
honeycomb seeding disc are connected to the seed sorting bin with a trencher below. In
this combined way, the seeding operation is completed. There is a distance between the
two rows of seeds, so they are arranged alternately.

2.3. Operating Process
2.3.1. Seeding

Under the effects of negative pressure, the seeds are sucked iton the holes of the
pneumatic seeding disc and rotate to the seeding area. They then fall into the inoculation
hopper and the holes of the honeycomb seeding mechanism, and then pass through the
seed sorting bin. In this paper, a seed is regarded as a particle, and the point where the seed
leaves the feeding hole is set as the origin. Meanwhile, the marching direction of the planter
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is undertaken as the positive X-axis direction, and the vertically downward direction is the
positive Y-axis direction [14]. The honeycomb and the pneumatic seeding mechanisms are
installed on the planter without relative movement, so they are stationary relative to the
planter. Thus, influence from the speed of the planter is not considered herein. Furthermore,
the air resistance can be ignored because there is a plastic shell coverage when the seeds
drop into the honeycomb seeding mechanism. The seed dropping trajectory is shown
in Figure 6.

Figure 6. Falling trajectory analysis.

When the seed leaves the seeding area, the velocities in the X and Y directions are
as follows: 5
_ 47n 4
{Vx = £t Dysinty )

Vy = %chos"y
The resultant velocity of the seed in contacting with the honeycomb seeding disc is
expressed as follows:

©)

V] = 28 Dysiney
V, = 2 Docosy + gt

where: n—rotational speed of the pneumatic seed disc, r/min; Dy—diameter of the index
circle where the seed disc hole is located, mm; g—acceleration of gravity, m/s?; y—angle
of the seed with the vertical direction when it is first thrown, rad; t—time of seed drop, s;
Vx—seed velocity in x-direction when leaving the seed drop, m/s; Viy—seed velocity in
y-direction when leaving the seed drop, m/s; V'x—the partial velocity in the x-direction
when the seed touches the honeycomb seed tray, m/s; V'y—the partial velocity in the
y-direction when the seed touches the honeycomb seed tray, m/s.
Hopping speed when seeds touch the honeycomb seed discharge tray:

2 2
V=\/VZ+Vi= \/(%DSMW) + <267;nDc05'y+ ;gt> (6)

The angle between the resultant velocity and the vertical direction when the seeds
contacts with the honeycomb seeding disc is given as follows:

V/
é = arctan (Vf) 7)
Y
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The below expression shows the motion trajectory of the seed when it leaves the
pneumatic seeding mechanism and contacts with the honeycomb seeding disc:
Sy = 22 Dsinyt
{eZapmm ®)
Sy = %5 Dcosyt + 58t

where: V—the combined velocity of the seeds when contacting the honeycomb seeding
disc, m/s; 6—the angle between the combined velocity and the vertical direction when the
seeds are in contact with the honeycomb seeding disc, °; Sy—the displacement from the
seeds leaving the pneumatic seeding mechanism to contacting the honeycomb seeding disc
in the x direction, m; S,—displacement from the seed leaving the pneumatic seed releasing
mechanism to the contacting honeycomb seed releasing disc in the y direction, m.

When contacting with the honeycomb seeding disc, the seeds will collide and bounce,
which greatly lowers the success rate of precision seeding. The speed of the seed when
contacting the honeycomb seeding disc is affected by the rotational speed of the pneumatic
seeding disc and the distance between the honeycomb and the pneumatic seeding mecha-
nisms. The faster the rotation of the pneumatic seeding disc, the greater the initial velocity
of the seed when it leaves the pneumatic seeding mechanism. The larger the installation
distance between the pneumatic and honeycomb seeding mechanisms, the faster the seed
falls under gravity. These two factors increase the chances of seeds contacting the honey-
comb seeding apparatus. Therefore, it is recommended to minimize the rotating speed of
the pneumatic seeding mechanism and the distance between it and the honeycomb seeding
mechanism if possible.

The time of seed dropping can be calculated based on the partial velocities in the x-axis
and y-axis directions and the distance between the pneumatic and honeycomb seeding
mechanisms. Thus, the falling trajectory of the seeds can be calculated with the trajectory
equation, based on which the relative installation position between the pneumatic and
honeycomb seeding mechanisms can be determined.

2.3.2. Seed Dropping

After dropping from the feeding hole of the pneumatic seeding mechanism, the
seed will pass through the inoculation hopper of the honeycomb seeding mechanism and
drop into the holes of the honeycomb seeding disc. To help the seed drop smoothly, the
seed dropping is analyzed theoretically, and the optimal inclination angle of the holes is
calculated. The force analysis is demonstrated in Figure 7. The static and dynamic friction
coefficients between particles and the wall are 0.43 and 0.03, respectively, and the recovery
coefficient between them is 0.56 [15].

f2=uN2
G > uN.
PR ©)

Ny = (G — J2) cos 6

where: u—friction factor between seed and honeycomb seeding disc; 6—slanting angle
of honeycomb seeding disc hole, °; N,—supporting force of seed by slanting cylindrical
hole, N; G—gravity of seed itself, N; J,—seed centrifugal force in honeycomb seeding disc,
N; f,—frictional force of seed in the hole, N; Note: ], is always the reverse of the radial
direction of the honeycomb seed tray. By calculating the angle of inclination of the type
hole to 2°, the seeds can fall from the type hole of the honeycomb seed tray.
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Figure 7. Stress analysis of seed in the hole of mechanical seeding disc.

3. Materials and Methods
3.1. Automatic Dynamic Analysis of Mechanical Systems (ADAMS) Virtual Experiment

For the pneumatic seeding mechanism, the experiment simulates the seeds being
adsorbed on the seeding disc, so the stirring wheel, black washer, seed blocking plate, and
seed scraping plate can be removed. That is, only the front cover, rear cover, seeding disc,
and seeding plate are kept [16,17]. The main part of the honeycomb seeding mechanism is
retained and a driving pair is equipped. The simplified pneumatic and honeycomb seeding
mechanisms are introduced into ADAMS [18,19]. After the three-dimensional (3D) model
of the combined seeding apparatus is imported into ADAMS, the material properties of the
honeycomb seeding apparatus are set. After that, the system will automatically calculate
the centroid position and rotational inertia of each component for solving dynamics. Each
component is renamed for easier identification [20]. After the addition of constraints to each
component, drivers were supplemented for the pneumatic and honeycomb seeding discs.
In this case, the rotating speeds of these two discs are subject to a proportional relationship.

3.2. Bench Experiments

To obtain the optimal parameter combination of the combined seeding apparatus,
performance tests were conducted on the speed of the pneumatic seeding disc, the diameter
of the holes, and the vacuum degree of the air cavity of the pneumatic seeding mechanism
in the early stage. In addition, single factor and orthogonal experiments were performed on
the number and diameter of holes and the seeding height of the honeycomb seeding disc.

In this paper, okra seeds were selected as experimental materials. To achieve better
experimental results, the okra seeds were screened based on a purity of >95% and moisture
of <8%.

The testing instruments include the combined seeding apparatus, a negative-pressure
fan, a speed tester, a high-precision digital pressure gauge, a U-shaped pressure gauge,
glass glue, a hose, a servo motor (130ST-M10015), a high-speed camera (FASTCAM MiNi
WX50 type675KM-16, HOTON, Tokyo, Japan), lighting devices, and a control cabinet. In
this paper, for the high-speed camera, the maximum recording speed is 67,500 frames per
second (FPS), the recording capacity is 16 G, and the recording speed is 125 FPS. The testing
instruments are shown in Figure 8.
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Figure 8. Test bench.

3.3. Test Indicators and Methods

Based on the GB/T6973-2005 “Test Methods for Single Grain (Precision) Planters”, the
successful seeding rate, missed seeding rate, and re-seeding rate were determined to verify
the performance of the precision seeding apparatus [21,22].

The formula for calculating the indicator is as follows:

m
U= le x 100% (10)

where: U—seed casting pass rate, %; m;—number of qualified seeds in the experiment;
M'—total number of samples.

m
V= M% x 100% (11)

where: V—missed cast rate, %; my—number of missed seeds in the test.
mo
W= i x 100% (12)

where: W—re-casting rate; m3—number of reabsorbed seeds in the experiment.

3.4. Experimental Design
3.4.1. Single Factor Experiments

The test reveals that the pneumatic seeding mechanism performs best when the speed
is 18 r/min, the vacuum degree of the air chamber is 3.5 kPa, and the diameter of the holes
is 2.4 mm. When the pneumatic seeding mechanism operates at the optimal level, it is
combined with the honeycomb seeding mechanism. To determine the optimal operating
state of the combined seeding apparatus for precision seeding in two rows, a single factor
experiment was conducted with a honeycomb seeding apparatus. During the experiment,
the numbers of holes were 12, 18, and 24; the diameters of the holes were 11 mm and
13 mm; and the seeding heights were 60 mm, 80 mm, and 100 mm. After the test bench ran
stably, 300 seeds were experimented on, and the experiment was repeated 10 times at each
level, based on which the average value was calculated.

3.4.2. Orthogonal Experiments

The results of the single factor experiment revealed that the number of holes, the
diameter of the holes, and the seeding height of the honeycomb seeding apparatus exert
crucial effects on the operating performance of the combined seeding apparatus. Thus,
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they were subjected to orthogonal experiments to determine their influencing order that
affects the operating parameters of the experimental indicators and to obtain the optimal
operating parameter combination for the combined seeding apparatus. It aims to give
a theoretical basis for the optimal running of the combined seeding apparatus [23]. The
levels of orthogonal experimental factors are shown in Table 1. Three hundred seeds were
experimented on, and the experiment was repeated 10 times at each level, based on which
the average value was calculated.

Table 1. Orthogonal test factor level.

Level Factors
eve
Number of Type Holes (A)/pc  Type Hole Diameter (B))mm Seeding Height (C)/mm
1 12 11 60
2 18 13 80
3 24 15 100

3.4.3. Double-Row Experiments

After obtaining the optimal parameter combination of the combined seeding apparatus,
a double-row experiment was performed on a single disc. Herein, the vertical distance
between the honeycomb seeding mechanism and the conveyor belt was set as 130 mm
for the experiment. In addition, the speed of the conveyor belt was 10 r/min, 20 r/min,
and 30 r/min, and the plant spacing and row spacing were selected as the experimental
indicators. The experiment was repeated 10 times, and the average value was calculated
and recorded.

3.4.4. High-Speed Photography Experiments

The purpose of the high-speed photography experiment is to observe the condition of
the seeds throughout the seeding. Due to the fast rotation of the apparatus, the suction and
seeding of seeds by the holes are difficult to observe. In this paper, a high-speed camera
was adopted to photograph the seeding process and observe the motion of the seeds in the
connection section between the pneumatic and honeycomb seeding mechanisms [24-28].

4. Experiments Results and Discussion
4.1. Results of ADAMS Virtual Simulation
4.1.1. Virtual Experiment of Seed Dropping Trajectory

The seed dropping trajectory is demonstrated in Figure 9. In the pneumatic seeding
mechanism, the seeds drop in sequence with the rotation of the seeding disc, and they
accurately drop into the holes in the honeycomb seeding disc that continuously rotates.
The holes in the honeycomb seeding disc correspond to those in the pneumatic seeding
disc, and no missed feeding occurred.

4.1.2. Virtual Experiments with Different Numbers of Holes

As long as a pneumatic seeding mechanism is designed, the number of holes on
the pneumatic seeding disc is fixed. Therefore, an excessively small number of holes
on the honeycomb seeding disc will cause missed feeding at a constant speed of the
pneumatic seeding mechanism. An excessively large number of holes may cause seeds
to drop into adjacent holes, resulting in re-seeding. Therefore, the number of holes in
the honeycomb seeding disc importantly affects the seeding success rate. Based on the
preliminary experimental results, the speed of the pneumatic seeding mechanism was
set to 18 r/min, and the number of holes in the honeycomb seeding disc was 12, 18, and
24. The simulation results show that all 24 seeds dropped into the holes, but 7, 5, and
4 seeds bounced out when the number of holes was 12, 18, and 24, respectively. Thus,
the corresponding seeding success rates are 70.1%, 79.2%, and 83.3%. The results indicate
that as the number of seeds increases, the seeding success rate increases, with the highest
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value achieved when there are 24 holes. Therefore, the optimal number of holes in the
honeycomb seeding disc is determined as 24.

-

Figure 9. Seed fall trajectory.

4.1.3. Virtual Experiments with Different Diameters of Holes

As mentioned above, the diameter of holes in the honeycomb seeding disc significantly
affects the seeding success rate. On the one hand, an excessively small diameter of holes
will increase the difficulty for seeds to drop into the holes, reducing the seeding success
rate. On the other hand, as the diameter of the hole increases, spacing among the holes
decreases, which can easily cause multiple seeds to drop into the same hole. Therefore,
virtual experiments were performed on different hole diameters (11 mm, 13 mm, and
15 mm) to determine the optimal diameter. The simulation results showed that all 24 seeds
dropped into the holes, but 5, 4, and 4 seeds bounced out at hole diameters of 11, 13, and
15 mm, respectively. Thus, the corresponding seeding success rates were 79.1%, 83.3%, and
83.3%, respectively. The seeding success rate increases with the increased diameter of holes
but is the same at the diameter of 13 and 15 mm. Therefore, the diameter of the hole was
determined in subsequent bench tests.

4.1.4. Virtual Experiments at Different Seeding Heights

The installation distance between the pneumatic and honeycomb seeding mechanisms
is another key factor that affects the seeding success rate. An excessively large distance
between the pneumatic and honeycomb seeding mechanisms is not conductive to the
seeds dropping into the holes in the honeycomb seeding disc, while a too small distance
is not beneficial for installing the mechanisms. Therefore, simulation experiments were
conducted using a honeycomb seeding disc with 24 holes, a rotating speed of 18 r/min,
and installation distances of 60 mm, 80 mm, and 100 mm. The results indicate that the
seeding success rate is the same (83.3%) for the three different installation distances. Under
ideal conditions, a small height difference exerts a slight impact on the qualification rate
of seeding. However, the actual seeding results may be affected by several uncontrollable
factors, such as wind. Therefore, the distance between the two seeding mechanisms should
be minimized as much as possible to minimize the influence on seeding. In this paper, it is
selected as 60 mm.

4.2. Single Factor Experiments
(1) The Effect of the Number of Holes in Honeycomb Seeding Discs on Seeding

The experimental results in Figure 10 reveal that the seeding success rate increases
with the increasing number of holes in the honeycomb seeding disc, while the missed
seeding and re-seeding rates are reduced continuously. When the number of holes is 24,
the seeding success rate is 82.58%, the missed seeding rate is 8.21%, and the re-seeding
rate is 9.21%. These results suggest that the combined seeding apparatus is in the optimal
performance state.
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The success seeding rate
100 7 209

—— The missed seeding rate|

—— The re-seeding rate

The missed seeding rate (%)
/

12 14 16 18 20 22 24 . . . . . .
The number of holes 12 14 16 18 20 22 24

The number of holes

Figure 10. The relationship of the number of honeycomb seeding disc holes.

(2) The Influence of the Diameter of Holes in Honeycomb Seed Discs on Seeding

The experimental results in Figure 11 disclose that the seeding success rate increases
with the enlarged diameter of the holes in the honeycomb seeding disc. When the diameter
of hole is 15 mm, the seeding success rate is the highest (82.58%), and the re-seeding rate
(9.21%) and missed seeding rate (8.21%) are the lowest. The analysis indicates that the
increased diameter of holes in the honeycomb seeding disc enlarges the range of seeding,
which is beneficial for improving the seeding success rate.

The missed seeding rate
159 The re-seeding rate

83.0

T T T T
1 12 13 14 5
The Diameter of Holes (mm) 5

T T T T T
11 12 13 14 15
The Diameter of Holes (mm)

Figure 11. The relationship curve of the diameter of the honeycomb seeding disc hole.

(38) The Impact of Seeding Height on Seeding

As demonstrated in Figure 12, the seeding success rate decreases with the elevating
seeding height. When the seeding height is 60 mm, the seeding success rate is 82.58%,
which is the highest. When the seeding height is 100 mm, the minimum qualification
rate for seeding is 80.56% and the minimum missed seeding rate is 7.36%. Therefore,
with the continuously increased seeding height, the seeding qualification rate decreases
insignificantly. A comprehensive balance analysis of the above results demonstrates that
when the seeding height is 60 mm, the seeding success rate is the highest (82.58%), the
missed seeding rate is 8.21%, and the re-seeding rate is 9.21%.

[— The missed seeding rate

The success seeding rate

154 The re-seeding rate

The missed seeding rate (%)

60 70 80 90 100
The seeding height (mm)

60 70 80 90 100
The seeding height (mm)

Figure 12. Relationship curve planting height.
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4.3. Orthogonal Experiments

(1) The orthogonal experimental scheme and results are listed in Table 2.

Table 2. Orthogonal test scheme and test results.

A B C TheSeeding Success Rate/% The Missed Cast Rate/%  The Re-Injection Rate/%
1 1 1 78.78 10.67 13.55
1 2 2 78.62 11.89 12.49
1 3 3 78.53 12.86 10.61
2 1 2 80.33 6.32 6.35
2 2 3 86.98 5.51 5.51
2 3 1 88.33 6.83 2.84
3 1 3 89.67 416 417
3 2 1 92.63 3.63 274
3 3 2 92.27 2.81 3.92
(2) Results and Analysis

Table 3 shows the range analysis data of the seeding success rate. As shown, A3, B3,
and C1 are the optimal levels of factors A, B, and C at kpz > kpy > kpy, kgs > kgp > kg,
and kF1 > kF3 > kF2, respectively. The higher the qualification rate of seeding, the better
the operating performance of the combined seeding apparatus. Therefore, the optimal
level for seeding success rate is A3B3C1 and 16.88 > 1.78 > 1.17. The results indicated that
the number of holes exerts the greatest effect on the successful seeding, followed by the
diameter of holes and the seeding height in turn. Analysis of the range of missed seeding
rates reveal that A3, B2, and C2 are the optimal levels of factors A, B, and C at kp; > kpp >
kps, kgs > kg1 > kgo, and kgs > kpy > kg, respectively. The lower the missing rate, the better
the operating performance of the combined seeding apparatus. Therefore, the optimal
combination for the missed seeding rate is A3B2C2, with 8.27 > 0.50 > 0.49. This indicates
that the number of holes exhibits the greatest impact on the missed seeding rate, followed
by the seeding height and the diameter of holes in turn. In addition, analysis on the range
of re-seeding rates suggests that A3, B3, and C1 are the optimal levels of factors A, B, and C
at kpy > kpp > kps, kg1 > kgp > kgs, and kgp > kps > kg, respectively.

Table 3. Range analysis of orthogonal test results.

n1 12 13
A B C A B C A B C
K1 191.93 218.78 223.74 50.42 36.15 36.13 57.65 45.07 40.13
K2 230.64 222.23 220.22 33.66 36.03 36.02 35.70 41.74 43.76
K3 242.57 224.13 221.18 25.60 37.50 37.53 31.83 38.37 41.29
k1 63.98 72.93 74.58 16.81 12.05 12.04 19.22 15.02 13.38
k2 76.88 74.08 73.41 11.22 12.01 12.01 11.90 13.91 14.59
k3 80.86 74.71 73.73 8.53 12.50 12.51 10.61 12.79 13.76
R 16.88 1.78 117 8.27 0.49 0.50 8.61 2.23 1.21

Similarly, the lower the seeding rate, the better the operating performance of the
combined seeding apparatus. Thus, the optimal combination for a successful seeding rate
is A3B3C1, with 8.61 > 2.23 > 1.21. This means that the number of holes has the greatest
impact on the re-seeding rate, followed by the diameter of holes and the seeding height
in turn.

Table 4 displays the variance of results of the orthogonal experiments. According to
the table, Fy 1 (2, 6) = 3.46 is obtained. Comparison between it and the F-value in Table 4
demonstrates that all the above three factors can affect the seeding success rate, of which
the number of holes in the honeycomb seeding disc exhibits the most significant impact,
while the diameter of holes and seeding height show slight impacts. Furthermore, it is
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observed that all these three indicators affect the missed seeding rate and the re-seeding
rate, with the number of holes exerting the greatest effects.

Table 4. Analysis of variance of orthogonal experiment results.

Mutation SS df MS F-Value
Source
n1 12 n3 n1 12 n3 n n2 13 n1 12 13
A 467.2 106.88 129.27 2 2 2 233.62 53.43 64.63 195.66 75.98 31.48
B 4.90 0.44 7.48 2 2 2 2.45 0.22 3.74 0.03 0.012 0.17
C 2.20 0.47 2.29 2 2 2 1.10 0.24 1.14 0.01 0.013 0.05

The experimental indicators are required to achieve a higher seeding success rate while
minimizing the missed seeding and re-seeding rates maximally. Based on a joint analysis of
Tables 3 and 4, the optimal combination is determined as A3B2C1, with a seeding success
rate of 81.63%, a missed seeding rate of 8.63%, and a re-seeding rate of 9.74%.

4.4. High-Speed Photography Experiments

Figure 13 illustrates the results of the high-speed photography experiments for the
combined seeding apparatus. The figure demonstrates that re-seeding and missed seeding
are both observed during the seeding. The missed seeding is attributed to two aspects. On
the one hand, the matching between the rotating speed parameters of the pneumatic and
honeycomb seeding mechanisms results in a deviation of the seeds accurately dropping
into the honeycomb seeding mechanism. On the other hand, the seeds do not drop into
the hole in the honeycomb seeding mechanism exactly or even drop out of the mechanism.
Meanwhile, two major reasons are summarized for re-seeding. One is that the seeds are
stacked in the seed storage box of the pneumatic seeding mechanism and are subjected to
compression and friction. In this case, multiple seeds may be sucked by the pneumatic
seeding mechanism and then dropped into the honeycomb seeding mechanism. The other
is that the seeds may fall on the edge of holes in the honeycomb seeding mechanism and
then drop into the adjacent holes.

Figure 13. Pictures of high-speed photography test of combined seed metering device.
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5. Discussion

The results of the ADAMS virtual experiment suggest that the seeding success rate
also increases with an increasing number and diameter of holes in the honeycomb seeding
disc. Specifically, the seeding success rate is the highest, reaching 83.3%, when the number
of holes in the honeycomb seeding disc is 24 or the diameter of the hole is 13 mm and
15 mm. In addition, it is observed that when the seeding height changes, the seeding
success rate of the combined seeding apparatus is 83.3%, indicating that it is basically not
affected by the seeding height. Based on joint consideration of external factors, in this
paper, the seeding height is set to 60 mm.

The results of the single factor experiment reveal that as the number of holes increases,
the seeding success rate of the combined seeding apparatus continuously increases, while
the missed seeding and re-seeding rates decrease. When the number of holes is 24, the
seeding success rate is 82.58%, the missed feeding rate is 8.21%, and the re-feeding rate is
9.21%. In this case, the combined seeding apparatus reaches the best performance state.
As the diameter of the holes increases, the seeding success rate of the combined seeding
apparatus continuously increases. When the diameter is 15 mm, the seeding success rate is
82.58%, the missed seeding rate is 8.21%, and the re-seeding rate is 9.21%. The performance
of the combined seeding apparatus has reached its optimal state with the highest seeding
success rate and the lowest missed seeding and re-seeding rates. As the seeding height
increases, the seeding success rate continues to decrease. When the seeding height is
60 mm, the seeding success rate is the highest, reaching 82.58%, the missed seeding rate is
8.21%, and the re-seeding rate is 9.21%. The experimental results are consistent with those
of the virtual experiment. Therefore, the research results of the paper are a useful reference
for optimizing the operating parameters of the combined seeding apparatus, meeting the
operational requirements of vegetable seeding.

Furthermore, the results of the high-speed photography experiment disclose that,
during the seeding, the combined seeding apparatus experiences re-feeding and missed
feeding. When the speed parameters of the pneumatic and honeycomb seeding mech-
anisms are not accurately matched, the seeds will not accurately drop into the holes in
the honeycomb seeding mechanism and may even fall out of the mechanism, resulting
in missed seeding. When the seeds pass through the pneumatic seeding mechanism, ex-
cessive air pressure from the fan can cause re-suction of the seeds, resulting in multiple
seeds being sucked and dropping into the holes in the honeycomb seeding mechanism. In
addition, the seeds with missed seeding will drop on the edge of holes in the honeycomb
seeding mechanism and may drop into adjacent holes. These situations can all cause
re-seeding in the combined seeding apparatus. The experimental results herein can provide
a reference for analyzing the reasons for missed seeding and re-seeding of the combined
seeding apparatus.

6. Conclusions

Concerning the low seeding efficiency and poor qualification rate of the current
precision seeding apparatus for vegetable seeds, this paper designed a combined seeding
apparatus and elaborated its operating principle. On this basis, it theoretically analyzed the
operating process of combined seeding apparatus. Meanwhile, virtual experiments were
performed on the combined seeding apparatus using ADAMS to simulate the changes
in seed drop trajectory and seeding success rate under different structures and operating
parameters. Finally, the influences of the number and diameter of the holes and seeding
height of the honeycomb seeding mechanism on the operating performance of the combined
seeding apparatus were analyzed by taking the bench test. The following conclusions
are drawn:

(1) Parameter equations were established for the speed and trajectory of seeds during the
seeding for analysis to provide the theoretical foundation for installing the honeycomb
seeding mechanism. Accordingly, a parameter equation was offered for the seeds
during the seed dropping. It was then found that when the inclination angle of
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the holes in the honeycomb seeding disc is 2°, the seed can roll off the honeycomb
seeding disc. Therefore, the inclination angle of the hole should be 2° in designing the
honeycomb seeding mechanism.

(2) With ADAMS, virtual experiments were performed on the designed combined seeding
apparatus under different parameter conditions of the honeycomb seeding apparatus.
The results show that when the number and diameter of holes in the honeycomb
seeding disc are 24 and 13 mm, respectively, the seeding success rate is the highest,
both of which are 83.3%. Meanwhile, the results reveal that the seeding success rates
are the same when the installation distances between two seeding mechanisms are
different, suggesting that the seeding height presents a slight effect on the seeding
success rate. The seeds may be affected by some external factors during dropping, so
the distance between the two seeding mechanisms should be minimized as much as
possible to reduce the influence on the success seeding.

(3) Based on the single factor and orthogonal experiments on the parameters, the optimal
parameter combinations of the combined seeding apparatus were determined. That
is, the number and diameter of holes in the honeycomb seeding disc are 24 and
13 mm, respectively, and the seeding height is 60 mm. With these parameter settings,
the seeding success rate is 81.63%, while the missed seeding rate and the re-seeding
rate are 8.63% and 9.74%, respectively. The double-row seeding shows the best effect
when the speed of the conveyor belt is 20 r/min, the row spacing is 80 mm, and the
plant spacing is 51 mm. In addition, the high-speed camera shows that re-feeding and
missed feeding occur during the running of the combined seeding apparatus.
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