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Abstract: In present-day mechanized garlic seeding, high missing rates and low qualified percentages
of single seeds are common problems; thus, a finger clip plate garlic seed-metering device was
designed in this study. First, the structure and working principle of the seed-metering device
were studied. Subsequently, the critical component parameters of the seed-metering device were
determined using theoretical calculations; then, EDEM software was used in single-factor simulation
experiments to analyze the effects of opening the diameter of the seed-collecting spoon, the operating
speed of the seeding tray, and the population number on the seed-filling performance. Finally, a Box—
Behnken center combination experiment was conducted with the population, opening the diameter
of the seed-collecting spoon, and rotating the speed of the seeding tray as experiment factors, with
the single-seed filling rate, qualified percent, and missing rate as evaluation indicators. A three-factor
and three-level orthogonal test was conducted to establish the mathematic regression model of the
experiment factors and evaluation indicators, as well as to realize the parameter optimization. After
rounding, the laboratory validation test was carried out with 240~280 seeds, a 26 mm seed scoop-
opening diameter, and a 28 r/min operating speed. The average qualified rate, missing rate, and
reply rate of single seeds were 91.86%, 2.71%, and 5.43%, respectively, which is basically consistent
with the forecast results of regression model.

Keywords: pickup finger precision seed-metering device; EDEM,; garlic; seeding performance

1. Introduction

Garlic, scientifically known as allium sativum, is an important seasoning and horticul-
ture plant, used as a spice in food and also used as a medicine due to its many human
health and wellbeing benefits [1-3].

As an industrial crop in China, garlic usually ranks at the top in terms of planting area,
due to its high output and export volume all over the world, which greatly enhances local
economic growth and farmers’ income [4]. The large-scale development of garlic planting
has promoted the transformation from manual sowing to mechanical sowing, effectively
saving on labor force and improving production efficiency. Nevertheless, current research
on the mechanical sowing of garlic is still far from advanced, and the existing seed-metering
devices have a backward mechanization in the working process, so problems associated
with a high reply rate and missing rate are common [5]. The accuracy of single-seed
seed-metering devices is an important indicator of the performance of garlic seed-metering
devices, which can effectively address the existing problem and improve the mechanization
effect of garlic seeding [6]. The current garlic seeding modes mainly include mechanical
and air suction, among which the mechanical type is the most commonly applied. This
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involves the cell feed wheel, spoon belt, spoon chain, clamping-type, rotary spoon, and
vibrating-type seeders. Most European and American countries prefer spoon chain seed-
metering devices [7], while China typically uses rotary spoon, vibrating-type, and spoon
belt seeders [8].

On the basis of the traditional seed-metering method, scholars have carried out a series
of studies on the bottleneck problem of improving the qualified rate of single seeds, and
reducing the replay rate and missing rate. They have designed seed-metering devices of
different forms, which effectively promote the development of precise garlic selection and
sending. Hou et al. [9] adopted the design concept of “select one from many” to develop a
claw-type, circulating, single-seed, seed-metering device, with a single-seed rate of 92.52%,
but this has a high missing rate, and may cause seed damage in the seed-cleaning process
and blockage when grasping. Hou et al. [10] designed a double-filled garlic single-seed
seed-metering chamber device, which used the first- and second-level seed-picking scoops
in a series arrangement, with a single-seed seeding rate of 95.38%; however, the problems
included its complex structure, high mechanical costs, and difficult maintenance. Geng
etal. [11] developed a pneumatic-controlled garlic single-seed seed-feeding spoon-chain
device with a seeding rate of 93.50%, but the phenomenon of seed leakage was serious
during operation, and it required manual reseeding. Li et al. [12] designed a garlic single-
seed spoon-type seed-metering device with a laser sensor, taking the seed box as the core.
This had excellent overall performance, but the equipment cost was high. Li et al. [13]
developed a spoon-type garlic seed-metering device that used the cavity formed by the
seed-harvesting spoon and the seed-metering wheel to conduct single-seed seeding, with a
single-seed rate of 91.10%. However, garlic was not screened and graded before sowing,
resulting in a high rate of missed sowing and reseeding. Li et al. [14] made a kind of
automatic garlic seed box seed-metering device, which can accurately realize the single-
seed placement of garlic seeds; however, the garlic seeds need to be manually placed in the
seed box, which has a low degree of automation. Liang et al. [15] developed a seed-metering
air suction device, but the suction plate could not adapt to the complex appearance of garlic
seeds, resulting in a high missing rate.

Taking white garlic from Pizhou in the Jiangsu Province of China as the experimental
material and drawing on the design concept of previous studies, this work studied a finger
clip garlic disc seed-metering device. In this design, with the seed-metering device as the
research object, a three-dimensional model was established, followed by the theory analysis
of important component parameters; then, a discrete element simulation experiment and
bench test were carried out to analyze the single factors” implications for the filling effect.
The optimal parameter combination was determined using the response surface method,
which was compared with the bench test for validation purposes, providing significant
data support for the optimization of garlic seed-metering device designs.

2. Materials and Methods
2.1. Structure and Working Principle of the Seed-Metering Device
Structure of the Seed-Metering Device

The finger clip garlic disc seed-metering device is composed of a seed discharger
side plate, an intermediate partition, a falling seed guide, a seed-collecting spoon, a seed
extraction splint-fixing box, a seeding tray, a seed press plate, a rotating shaft of seed
pressers, a control execution board, a fine adjustment spring, a seed-opening and -closing
control board, etc., as shown in Figure 1.
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Figure 1. Schematic diagram of the seed-metering device: 1. the seed discharger side plate; 2. the
intermediate partition; 3. the falling seed guide; 4. the seed-collecting spoon; 5. the seed extraction
splint-fixing box; 6. the seeding tray; 7. the seed press plate; 8. the rotating shaft of seed pressers;
9. the control execution board; 10. the fine adjustment spring; 11. the seed-opening and -closing
control board.

2.2. Working Principle of the Seed-Metering Device

This seed-metering device is designed with three working areas, namely a seed-filling
area, a seed-carrying area, and a seed-dropping area, which are represented by I, II, and
III, respectively [16], as shown in Figure 2. When the seed-metering device is in operation,
the seed-opening and -closing control board is fixed and is jointly controlled with the fine
adjustment spring. The clockwise rotation of the seeding tray drives the seed-collecting
spoon to rotate into seed-dropping area III, and the control board contacts with the seed-
opening and -closing control board. The closed seed press plate gradually overcomes the
spring tension and synchronously rotates around the rotating axis of the seed-pressing
plate, so that the seed-pressing plate is opened to the maximum space and rotates towards
the seed-filling area I. In filling area I, garlic seeds are scooped into the seed-taking spoon
and rotated towards seed-carrying area II. When entering seed-carrying area II, the control
board is gradually separated from the seed-taking control board. Under the action of the
resilience force of the fine adjustment spring, the seed-pressing plate is pulled close, and the
garlic seeds are held before transportation through seed-carrying zone II to seed-dropping
zone III. In seed-dropping area III, the control board contacts the seed-taking control board
again, so that the closed seed press board is opened to the maximum space, and the garlic is
planted using its own gravity and centrifugal force, and falls into the seed-dropping falling
seed guide to complete the seeding process.

Il Seed-carrying area

Seed-filling area |
—1i Falling-seed area

Figure 2. Zone I: seed-filling zone; Zone II: seed-carrying zone; Zone III: seed-dropping zone.

2.3. The Design of Critical Components
Parameters of the Seed-Collecting Scoop
Seed-collecting scoop is the key component of the seed-metering device. To achieve

an excellent performance, two factors should be taken into consideration in the size design:
the size of garlic seed and garlic stance in the scoop. The garlic stance in the seed-taking
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spoon can be divided into three states: the “lying posture”, the “side-lying posture”, and
the “standing posture”, as shown in Figure 3.

o D
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Figure 3. Seed-picking spoon size and garlic stance: (a) structure of the seed scoop; (b) garlic stance

and vertical projection.

Oxyz is the coordinate system: 1 is the lying posture of garlic seeds; 2 is the side-lying
posture of garlic seeds; 3 is the standing posture of garlic seeds; L is the length of garlic seeds
in mm; T is the thickness of garlic seeds in mm; and W is the width of garlic seeds in mm.

Based on theoretical analysis [17], the distribution probability of garlic seeds in the
scoop is positively correlated with the cross-sectional area of the “lying posture”, the “side-
lying posture”, and the “standing posture”, and the probability sum is 1. Under normal
circumstances, the projection of garlic in the three postures is approximately fan-shaped,
elliptic, and triangular, respectively, and its area complies with the following equation:

S1 = %W%arctan‘}v—oo
S; = 7LoTo @
S; = WoTo

where Sy is the horizontal cross-sectional area of garlic seeds in the lying position, mm?;
S, is the horizontal cross-sectional area of garlic seeds in the lateral lying position, mm?;
S is the horizontal cross-sectional area of garlic seeds in the standing position, mm?; the
subscript 0 indicates the average value of each dimension.

In the garlic material experiment, 500 plump garlic seeds were randomly selected; their
length L, width W, and thickness T were measured with a vernier caliper with a precision
of 0.01 mm; and the average values were calculated, which were represented by L, Wy,
and Ty, respectively. All garlic seeds can be divided into three grades according to their
size: grade 1 (small seeds), grade 2 (medium seeds), and grade 3 (large seeds). Table 1
showcases the statistical table of seed size at all levels.

Table 1. Three-dimensional sizes of seeds.

Size Levels Average Length/mm  Average Width/mm Average Thickness/mm
1 21.32 13.75 12.83
2 25.34 15.47 14.58
3 28.27 16.83 15.76

According to the three-dimensional sizes of garlic seeds in Table 1 and Formula (1),
the maximum horizontal cross-sectional area was obtained in the state of “lying posture”.
Combined with the principle of minimum potential energy, the size of the “lying posture”
was taken as the basis of the design.

Regarding the length, in order to ensure that the scoop could accommodate 1 garlic
seed in the state of the “lying posture”, and that the space is as large as possible to improve
the seed rate, the opening diameter of the seed scoop D should be greater than or equal to
the average length of garlic seed L. In order to prevent 2 “standing” garlic seeds from being
filled into the seed taking spoon at the same time, the opening diameter of the seed-taking
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spoon D should be less than or equal to the sum of the average width of 2 garlic seeds
W). In the depth direction, in order to ensure that the seed scoop does not slip after seed
collection, the depth H of the seed scoop should be greater than or equal to half of the
average thickness Ty of garlic seeds, and less than or equal to half of the average length
Ly. To ensure that more than 80% of seeds can be used, adjusting coefficients k; and kp
were introduced, and the structural dimension parameters of seed scoop should meet
Formula (2):

Lo <D <2Wj

D = kLo

ITo <H < 1L

H = Ik Ty

@

In the formula, k; refers to the adjustment coefficient of the opening diameter of the
seed scoop, which was set from 1 to 1.2. k; is the depth adjustment coefficient of seed scoop,
ranging from 1 to 1.3. The three-dimensional sizes of seeds in Table 1 were substituted
into Formula (2), and three groups of parameter ranges for seed-picking spoons were
obtained, as shown in Table 2. The depth range of the seed scoop shows little variation
and exerts little influence on seed filling. The opening diameters of the three models were
21.32-25.58 mm, 25.34-30.41 mm, and 28.27-31.66 mm, so we chose the medians of 22,
26, and 30 mm for the initial determination of the parameters, and the same formula for
the depth. Therefore, the value was set to 8§ mm. The opening diameter of the seed scoop
ranged from 22 mm to 30 mm.

Table 2. Seed extractor parameters.

Model Diameter of the Values Taken in Depth/mm Values Taken in
Opening/mm This Article/mm P This Article/mm

1 21.32~25.58 22 6.42~8.33 8

2 25.34~30.41 26 6.81~8.85 8

3 28.27~31.66 30 7.88~10.24 8

2.4. Determine Parameters of the Seed-Filling Control Mechanism

The seed-filling control mechanism of the finger clip plate seed-metering device
consisted of a seed-pressing plate, a control execution board, a rotating shaft of seed
pressers, and a seed-opening and -closing control board. The control board was in contact
with the open and close control board for seed taking. The movement of the seed-pressing
board was driven by the torque of the rotating shaft seed presser to realize the seed-filling,
seed-carrying, and seed-dropping potentials of garlic seeds, which has a direct impact on
the working performance of the seed-metering device.

The working state of the seed-filling control mechanism is represented by the seed-
filling duration angle, the finger-clamping closing angle, the finger clip seed-carrying angle,
and the finger clip opening angle, as shown in Figure 4. In order to effectively improve
seed-filling performance, the operation angle of the seed-filling area was designed to ensure
stability. To ensure that the garlic seeds are held and carried smoothly, and to prevent the
seed-pressing board from quickly closing and damaging the gatlic seeds, the closed angle
of the seed-taking control board was relatively flat. The control plate has a steep opening
angle for seed picking, allowing the garlic seeds to be accurately brought into the seed drop
area and the pressure plate to open quickly and accurately. According to the above design
principles, and combined with the specific position of the population in the seed-filling
area, the duration angle of seed filling was set as 135°, the finger clip closing angle was set
as 15°, the finger clip carrying angle was set to 200°, and the finger clip opening angle was
set as 10°, corresponding to the optimal working state of the seed-filling control mechanism,
which ensured the ease and flexibility of seed filling, seed carrying, and seed dropping
from the hardware design.
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Figure 4. Seeding control mechanism movement phase.
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According to Figure 4, when the angle of each working area is determined, the oper-
ating times of filling, carrying, and dropping were negatively correlated with the speed
of the seed-metering device, thus affecting the working performance. Combined with the
actual operating requirements of the seed-metering device, the initial value of speed is set
as 15~45 r/min [18].

2.5. Determine the Garlic Parameters in the Seed-Filling Area

When the finger-clip-type garlic disc seed-metering device worked in the seed-filling
area, the seed-taking scoop supported most of the weight of garlic seeds, and the seed-
pressing plate maintained its relative stability. In the seed-filling area, a single garlic seed
filled into the seed scoop was taken as the research object, and the garlic centroid was taken
as the origin to establish a coordinate system: the x-axis direction was in the same direction
as the inertial centrifugal force, while the y-axis direction was perpendicular to the inertial
centrifugal force, as shown in Figure 5.

Figure 5. The diagram of force analysis of seeding process. Note: G is the gravity force of garlic
species, (N); Fy is the support force of the seed-taking spoon to the garlic seed, N; F is the friction
force between the garlic seed and the seed-taking scoop, N; F; is the longitudinal combined pressure
of the garlic seed, N; F, is the horizontal combined pressure of the garlic seeds, N; « is the angle
between the x axis and the direction of gravity, (°); 0 is the angle between F; and F, (°).

The acting force on garlic seeds is shown in the equation below:

{ F1 < Fg+Fpcos0 — (F1 + G) cos 3)

Fn — (F1 4+ G)sinax+ Fysin6 =0
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The inertia centrifugal force and friction between garlic seed and seed scoop correspond
to the equations below:

Fr = uFN
G =mg )
Fr="%

where 1 is the coefficient of friction between the garlic seed and the seed picker; m is the
weight of the garlic seeds in kg; v is the operating speed.

v < \/u(Flsinoc+Gsinochsin9) + Fycos6 — (F; + G) cos «
m

©)

According to Equation (5), there is a certain connection between the operating speed
of seeding discharger and the transverse and longitudinal pressure. The pressure is related
to the population size and flow pattern, which has an influence on the filling effect of
the seed-metering device. If the number of garlic seeds is too high, the lower garlic seeds
will be over-compacted, which will lead to multiple garlic seeds entering the seed taking
scoop and increasing the reply rate. If the number of garlic seeds is too low, the garlic
seeds will be unable to be backfilled in time. The next level of seed-taking spoon will have
inadequate seeds, so the missing rate will rise. Combined with the practical operation and
theoretical analysis of the seed-metering device, the population range was preliminarily set
as 120~360 seeds.

2.6. EDEM Discrete Element Simulation

Through the above analyses, it was determined that the opening diameter of the
scoop, the population number in the seed-filling area, and the operating speed were the
main factors affecting the seed-filling performance of the seed-metering device. To further
optimize the parameters, EDEM software was applied to analyze the discrete element
single-factor simulation test, which provided a theoretical basis for the optimal design of
the seed-metering device and its key components.

Simulation Model

The three-dimensional model of the seed-metering device was simplified and imported
into the EDEM in.stl format. Based on the external dimensions of garlic species in Table 1,
garlic seed particles were established through multi-sphere polymerization and filling [19].
We used 27 particles in this multi-sphere assembly, and the physical diameter of these
spheres was between 1.49028 and 6.45019 mmas, as shown in Figure 6a. The Hertz-Mindlin
non-sliding contact model was selected as a contact model between particles and the seed-
collecting device [20,21]. According to the application requirements of the seed-metering
device, the material of each component of the seed-metering device was set as 45 steel.
The basic simulation parameters are shown in Table 3. In order to meet the geometric size
differences in garlic species within the actual population, the particle factory and random
distribution functions were exerted to randomly generate garlic species, and the distribution
coefficient was 0.92~1.07 times the size of the garlic species model. The add linear rotation
instruction in the add kinematic module was mainly applied to the seed row circling and
the opening and closing of the seed-taking scoop. The fixed time-step was set to 20% of the
Rayleigh time-step, and the mesh size was determined to be twice that of the minimum
radius. The working state of the seed-metering device in the simulation process is shown
in Figure 6b.
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Figure 6. Simulation model and simulation working state diagram. (a) Multi-sphere representation
of the garlic seeds; (b) EDEM simulation of the seed rower operating state.

Table 3. Simulation parameters of garlic seed picking.

Parameters 45 Steel Garlics
Density / (kg-m~3) 7800 1080
Poisson ratio 0.250 0.230
Young’s modulus/Pa 2.5 x 10°
Coefficient of restitution 0.432 0.483
Static friction factor 0.466 0.502
Dynamic friction factor 0.214 0.108

2.7. Test Materials and Equipment

The test materials are shown in Figure 7a. The test was carried out in the Agricultural
Machinery Laboratory of Nanjing Agricultural University in China with self-made bench
test equipment. The seed-metering device was fixed on the mounting rack and connected
to the AC gear speed regulating motor (the speed was continuously adjustable from 0 to
54 r/min). The operating speed of the seed-metering device was controlled by the AC
governor, as shown in Figure 7b, alongside a certain quantity of seeds. The test method
refers to GB/T6973-2005 “Single Seed (Precision) Discharge Test Method”. Since the sum
of the missing rate, replay rate, and qualified rate is 100%, the core purpose of the seed-
metering device design is to improve the qualified rate of single garlic seeds and reduce
the missing rate. Therefore, the missing rate Y; and qualified rate Y, were selected as
evaluation indicators. After the seed-metering device was stable, the seed-metering device
was counted 200 times, and each group was repeated 3 times. The average value of the
results was taken to obtain the missing rate and qualified rate data.

2.8. Experimental Factors and Evaluation Indicators

Based on pre-experiments, the opening diameter of seed scoop Xj, the number of
seeds in the chamber population X;, and the operating speed X3 were selected as test
factors, and the missing rate Y; and qualified rate Y, were selected as response indicators.
According to the preliminary theoretical analysis and pre-experiment, the value range
of each factor was determined: the opening diameter R of the scoop was 24~28 mm, the
population was 160~320 seeds, and the operating speed of the seed-metering apparatus
was 25~35 r/min. Under the Box-Behnken experimental design method, three-factor and
three-level orthogonal tests were conducted [22]. The test factors and levels are shown in
Table 4.
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(b)

Figure 7. Test materials and bench. (a) Garlic of Pizhou; (b) 1. motor governor; 2. seed-filling chamber;
3. mounting rack; 4. seeding tray; 5. seed-taking device.

Table 4. Factors and levels of test.

Diameter of the Operating Speed
Levels Opening X;/mm Number of Seeds X, X3/(m-s1)
-1 24 160 25
0 26 240 30
1 28 320 35

According to the National Standard of P.R.C (GB/T 6973-2005 Testing Methods of
Single-Seed Dirills (Precision Drills)) [23], the qualified rate of single-seed Q, the reply rate
M, and the missing rate C were taken as evaluation indicators [24], and the specific formula
is shown in Equation (6).

= N % 100%
M = 3¢ x 100% ©)
C =1 x 100%

where N is the theoretical number of seeds sown; N is the number of single seeds; Ny is
the reseeding number; N3 is the number of missed seeds.

3. Results and Discussion
3.1. Single-Factor Simulation Analysis
3.1.1. Influence of Population Size on Seed-Filling Performance

According to the practical experience of garlic sowing, the opening diameter of the seed
scoop was set as 26 mm, and the operating speed was set as 30 r/min. A particle factory was
set in the EDEM pre-processing module to generate seven levels of 120, 160, 200, 240, 280,
320, and 360 seeds, respectively, and the simulation experiment was conducted. The effects
of different population numbers on seed-filling performance were analyzed to determine
the population range of high-quality seed filling. The dynamic particle plant generates
falling garlic seeds at a rate of 3 pcs/s to maintain the population number, as shown in
Figure 8. As demonstrated by the diagram, with an increase in the garlic population in the
seed-filling room, the missing rate gradually decreased, the reply rate gradually increased,
and the qualified rate of a single seed showed a tendency to first increase and then decrease.
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Figure 8. Relationship with evaluation indicators under different population numbers.
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When the population in the seed-filling area was below 160 seeds, only a few garlic
populations flowed to the edge of the area for backfilling due to the low garlic population
(as shown in Figure 9), and the next seed-taking scoop entered the seed-filling area. This
could not guarantee enough stable garlic species in the seed-filling area, leading to an
increase in the missing rate. When the population number in the seed-filling area was more
than 320 seeds, there were enough stable garlic seeds in the seed-filling area for seed-filling
(as shown in Figure 10), and the missed sowing rate decreased. When “floating” out of the

seed layer, they often carried extra garlic seeds, increasing the reply rate.

Velocity/(m-s™)
7.06-10"

5.64x10"
4.23<10"
2.82510"
1.41-10"

6.93x10°°

Figure 9. Garlic seed movement when the population was below 160 grains.

Velocity/(m-s™)
6.43x10"

5.14:10"
3.86<10"
2.57x10"
1.29:10"

1.0110"

Figure 10. Garlic seed movement when the population was above 320 grains.

oy,

The results show that the number of the high-quality population ranged from 160 to
320. When the population number was 240, the qualified rate of a single seed was more
than 90%, and seed filling reached optimal performance.
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3.1.2. Influence of Seed-Taking Scoop Opening Diameter on Seed-Filling Performance

According to the analysis results, 240 garlic seeds were selected; the operating speed
was set at 30 r/min; and the opening diameters of the seed scoop were set at 22 mm, 24 mm,
26 mm, 28 mm, and 30 mm. Simulation tests were conducted to analyze the influence
of seed scoop opening diameters on seed-filling performance, and then determine the
diameter range of its high-quality seed-filling; the results are shown in Figure 11. With the
rise in the opening diameter of the seed scoop, the missing rate decreased and the reply
rate increased, and the qualified rate of single seeds first increased and then decreased.

— o— - Missing rate
25 -+ -Replay rate 7%
—n— Single-seed qualified rate

Replay rate/%
Missing rate/%
z
Single seed-qualified rate/%

-
=

Diameter of the opening/mm

Figure 11. Relationship with evaluation indicators under different opening radii.

When the opening diameter of the seed-taking scoop was less than 24 mm, it could
not accommodate the larger garlic species. When it “surfaced” the seed layer, the garlic
species were taken out of the population by the seed scoop in the “standing” state (as
shown in Figure 12). The unstable stress state made the garlic population prone to falling in
the process, resulting in an increase in the missing rate. When the opening diameter of the
seed-taking scoop was larger than 28 mm, it could accommodate several small garlic seeds.
When the seed-taking scoop “surfaced” the seed layer, garlic seeds in the middle scoop had
both a “lying posture” and other relatively stable states (as shown in Figure 13), resulting
in an increase in the reply rate.

h

Figure 12. Vertical unstable state.

Figure 13. Replay status.
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From this experiment, it can be concluded that the opening diameter of the seed-taking
scoop ranged from 24 mm to 28 mm, and when the opening diameter was 26 mm, the

qualified rate of the single seed was more than 90%, and the seed-filling performance was
the best.

3.1.3. Influence of Operating Speed on Seed-Filling Performance

In the analysis results, 240 garlic seeds were selected; the diameter of the seed scoop
was set as 26 mm; and the operating speed was set as 15 r/min, 20 r/min, 25 r/min,
30 r/min, 35 r/min, 40 r/min, and 45 r/min. A simulation test was conducted to analyze
the influence of the operating speed of the seed tray on seed-filling performance and
determine the speed range of its high-quality seed-filling, as shown in Figure 14. As can
be seen from the diagram, with the rise in operating speed, the missing rate gradually
increased, the replay rate gradually decreased, and the qualified rate of single seed showed
a trend of first increasing and then decreasing. When the operating speed was less than
25 r/min, the filling time of single-seed scoops was longer, and the garlic seed was fully
backfilled, which made it easy to pick more than one seed per scoop. The replay rate
increased, and the missing rate decreased. When the operating speed was greater than
35 r/min, the number of high-speed garlic seeds obviously increased, the population
backfilling was not sufficient, and the garlic seeds were hard to scoop; as a result, the replay
rate decreased and the missing rate increased.
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Figure 14. Relationship with evaluation indicators under different operating speeds.

From this test, the quality range of operating speeds was 25~35 r/min. When the
operating speed was 30 r/min, the single-seed qualified rate was more than 90%, and the
seed-filling performance achieved the best effect.

3.2. Box—Behnken Design Experiment
Experimental Design and Results

The experiment design scheme and results are shown in Table 5. The Design Expert
13 data analysis software was applied to conduct a multiple regression fitting analysis on
the experimental data [25,26], and the regression equation of the missing rate y; and the
single-seed qualified rate y, was obtained as below.

y; = 3.24 — 1.72x1 — 1.44x; + 1.11x3 + 0.225x1 X2 + 0.025x1 X3

—0.35xx3 + 1.13x72 + 1.31xp% — 0.295x32 .
Yo = 92.40 — 0375X1 - 0.55X2 - 0.35X3 - 0.525X1X2 + 0.175X1X3 ( )
—0.075xpx3 — 2.04x72 — 1.19x,2 — 0.8875x32
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(a) y1(X1,X2,0)

Table 5. Experiment design and results.

Diameter. of Number of Operating Missing Single.-S.eed
No. the Opening Seeds X Speed Rate v+/% Qualified
X7/mm 2 X3/(m-s—1) yalve Rate y»/%
1 -1 -1 0 9.2 89.6
2 1 -1 0 5.1 89.8
3 -1 1 0 5.8 89.6
4 1 1 0 2.6 87.7
5 -1 0 -1 4.6 90.3
6 1 0 -1 1.3 89.3
7 -1 0 1 6.8 89.3
8 1 0 1 3.6 89.0
9 0 -1 -1 42 91.2
10 0 1 -1 21 90.2
11 0 -1 1 7.1 90.6
12 0 1 1 3.6 89.3
13 0 0 0 3.4 92.0
14 0 0 0 3.1 92.6
15 0 0 0 3.4 924
16 0 0 0 3.3 924
17 0 0 0 3.0 92.6

The test results and variance analysis results of the regression equation are shown
in Table 6. It can be concluded that the fitting degree of the leakage charge rate and the
single-seed qualified rate in the regression model was extremely significant (p < 0.01), and
the missing items of each regression model were not significant (p > 0.05), indicating that
the fitting degree of the regression model was high. The determination coefficients were
0.9739 and 0.9759, respectively, indicating that the regression model complied with more
than 97% of the sample data. According to a variance analysis, the order of influence of
test factors on missing rate was X; > X > X3 and the order of influence on the single-seed
qualified rate was X > X; > Xs.

3.3. Response Surface Analysis

According to the regression model of the single-seed qualified rate and missing rate,
one of the test factors was set at 0, and the effects of other factors on the test indicator were
further discussed. The response diagram was drawn by using Design-Expert 13, as shown
in Figure 15.

g rate y,/%

Missing rate y,/%

Missin,

(b) y1 (X1,0,X3) (c) y1 (0,X2,X3)

Figure 15. Effect of test factors on the missing rate.
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Table 6. Variance analysis of regression model.
Size Levels Source Sum of Square df Mean Square F Value p Value
Model 64.28 9 7.14 222.69 <0.0001 **
X1 23.80 1 23.80 742.25 <0.0001 **
Xz 16.53 1 16.53 515.45 <0.0001 **
X3 9.90 1 9.90 308.72 <0.0001 **
X1Xp 0.2025 1 0.2025 6.31 0.0402 *
X1 X3 0.0025 1 0.0025 0.0780 0.7882
Missing rate y; XoX3 0.4900 1 0.4900 15.28 0.0058 **
X;?2 5.38 1 5.38 167.64 <0.0001 **
X2 717 1 717 223.58 <0.0001 **
X32 0.3664 1 0.3664 11.43 0.0118 *
Residual 0.2245 7 0.0321
Lack of fit 0.0925 3 00308 0.9343 0.5023
Pure error 0.1320 4 0.0330
Cor total 64.50 16
Model 35.15 9 391 101.25 <0.0001 **
X1 1.12 1 1.12 29.17 0.0010 **
X5 242 1 242 62.74 <0.0001 **
X3 0.9800 1 0.9800 25.41 0.0015 **
X1Xp 1.10 1 1.10 28.58 0.0011 **
X1X3 0.1225 1 0.1225 3.18 0.1179
Single-seed XoX3 0.0225 1 0.0225 0.5833 0.4700
qualified rate y; X2 17.48 1 17.48 453.17 <0.0001 **
Xp? 5.94 1 5.94 153.94 <0.0001 **
X532 3.32 1 3.32 85.98 <0.0001 **
Residual 0.2700 7 0.0386
Lack of fit 0.0300 3 00100 0.1667 0.9136
Pure error 0.2400 4 0.0600
Cor total 35.42 16

Note: * represents significant difference(p < 0.05); ** represents extremely significant difference (p < 0.01).

@

Influence of various test factors on missing rate

As shown in Figure 15a, when the operating speed was at level 0 (30 r/min) and the
opening diameter of the seed scoop was kept constant, the missing rate decreased with
an increase in the population in the seed-filling area. When the population in the filling
area was constant, the missing rate decreased with an increase in the opening diameter
of the scoop. Figure 15b shows that the population was at level 0 (240 seeds). When the
opening diameter of the seed scoop was the same, the missing rate rose with an increase in
the operating speed. When the operating speed was constant, the missing rate decreased
with a larger opening diameter. According to Figure 15¢, the opening diameter was set to
level 0 (26 mm). When the population number was constant, the missing rate ascended
with a rise in the operating speed. When the operating speed was the same, the missing
rate descended with an increase in the opening diameter.

(2) The influence of various experimental factors on the qualified rate

Figure 16a indicates that when the operating speed was at level 0 (30 r/min) and
the opening diameter of seed scoop was constant, the qualified rate of single seeds first
increased and then decreased with an increase in the population. When the population was
constant, the single-seed qualified rate first increased and then decreased with a rise in the
scoop opening diameter. It can be seen from Figure 16b that, when the population was at
level 0 (240 grains) and the opening diameter of the seed-taking scoop remained the same,
the single-seed qualified rate first increased and then decreased with an increase in the
operating speed. When the operating speed was constant, the qualified rate of the single
seed first increased and then decreased with an increase in the opening diameter. Figure 16¢
shows that when the opening diameter of the seed scoop was at level 0 (26 mm) and the
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Missing rate/

qualified rate y,/%

Single seed

(a) y2(X1,X2,0)

200

population number was constant, the qualified rate of single seeds first increased and then
decreased with a larger operating speed. When the operating speed was constant, the single-
seed qualified rate first increased and then decreased with an increase in the population.

d qualified rate y./%

Single seed qualified rate y,/%

Single seet

(b) y2 (X1,0,X5) (c) y2 (0,X2,X5)
Figure 16. Effect of test factors on qualified rate.

3.4. Parameter Optimization and Experiment Verification

To achieve the optimal performance of the test bench, the influencing factors in the
test were optimized. The objective function and constraint conditions were as follows:

miny,
max y,

22 <X; <28 ®)
s.t.q 160 < Xp <320

25 < X3 <35

Optimization numerical strategies were applied to find the optimal parameter combi-
nation; the results obtained were as follows. The opening diameter of the seed-taking scoop
was 26.14 mm, the population was 261.5 grains, and the operating speed was 27.95 r/min.
The model predicted that the single-seed qualified rate, missing rate, and replay rate
were 92.12%, 2.37%, and 5.52%, respectively. After rounding, the opening diameter of the
seed-taking scoop was set at 26 mm and the operating speed was set at 28 r/min. The
test method was carried out with 260 seeds at the center and 20 garlic seeds as a level,
and the population number ranged from 200 to 320 seeds. When the seed layer number
was 240~280, the operation effect reached the optimal effect, and the average single-seed
qualified rate, missing rate, and replay rate were 91.86%, 2.71%, and 5.43%, respectively, as
seen in Figure 17.
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Figure 17. Simulation and experiment variation tendency of seeding process. (a) Missing rate;
(b) replay rate; (c) single-seed qualified rate.
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4. Conclusions

The finger clip disc garlic seed-metering device adopts the fine adjustment spring and
seed-opening and -closing control board to achieve seed taking and seed dropping. Using
a theoretical design, the range of key structural parameters was determined, and the key
parameters affecting the performance of the seed-metering device were found.

A single factor simulation test was carried out by discrete element simulation software
EDEM. The effects of the population number, seed-taking scoop-opening diameter, and
operating speed on seed-filling performance were analyzed; the specific reasons explaining
the replies and missing seed were clarified; and the reasonable range of each parameter
was preliminarily determined. The dosing coefficients of garlic seeds depended on the
population ranges, the opening diameter, and the operating speed. Therefore, it is necessary
to conduct single-factor tests. The single-factor simulation analysis shows that seeding
performance was better when high-quality population ranged from 160 to 320, the opening
diameter of the seed-taking scoop ranged from 24 mm to 28 mm, and the quality range of
the operating speed was 25~35 r/min.

The Box-Behnken center combination method was used to carry out three-factor
and three-level regression orthogonal tests. Response surface regression models were
established as evaluation indicators for the missing rate and single-seed qualified rate,
respectively, and the effects of the opening diameter, operating speed, and population
number on evaluation indicators were obtained. The combination of optimized param-
eters after rounding was as follows: the opening diameter of the scoop was 26 mm, the
operating speed was 28 r/min, and the population range was 240~280. Under the optimal
combination of parameters, the bench test was carried out. As a result, the missing rate
reached 2.71%, and the qualified rate of single seeds was 91.86%. The indicators are basi-
cally consistent with the experimental prediction, which demonstrates the reliability of the
optimized model.
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