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Design and experiment of air-
suction drum-type seedling seeder
for irregular-shaped vegetable
seeds

Yanjun Li?, Yungiang Liu%3, Yichao Ning%3", Hongxin Wu3 & Yagian Zhao?

In order to meet the requirements of hole tray seedling transplanting operation for tomato, pepper
and other irreqular-shaped vegetable seeds, and to solve the problems of poor seeding performance
of irregular-shaped vegetable seeder, this study designed an Air-suction Drum-type Precision Seeder.
The basic structure and working principle of the seeder were elaborated, the key components were
designed, and the distribution of the airflow field in the flow paths of the suction nozzles of three
different hole types was simulated and analyzed by Fluent software; the relationship between the
main influencing factors of the seeder’s operational performance (suction air pressure, clearing air
pressure, and vibration frequency of the seed cassette) and the sowing indexes (replanting rate, cavity
rate, and qualification rate) was investigated and the relationship between the factors and the sowing
indexes (reseeding rate, cavity rate, and qualification rate) was analyzed by the quadratic orthogonal
combination experiment method. The relationship between the main factors (suction air pressure,
clearing air pressure and vibration frequency of seed supply box) and the seeding indexes (reseeding
rate, empty hole rate and pass rate) was studied, and the effects of the factors and their interactions
on the indexes were analyzed and the parameters were optimized by multi-objective optimization
method. The results show that: the factors affecting the seeding qualification rate in the order of
suction air pressure, clearing air pressure and vibration frequency, the optimal parameter combination
of suction air pressure 16.0 kPa, clearing air pressure 3.4 kPa, vibration frequency of 50 Hz, in the
optimal parameter combination of the sowing test, to get the replanting rate, the rate of empty
holes, the qualification rate of the time were 1.4%, 1.7% and 96.9%, respectively.It shows that the
performance of this seeder is better adapted, accurate and efficient, and can meet the requirements of
irregular-shaped vegetable seeding operation. The results of the study can provide a reference for the
research and development of the irregular-shaped vegetable seedling seeding machine.
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There are two main types of vegetable planting methods: seedling transplanting and direct seeding®. Seedling
transplanting is a kind of agricultural production work that separates vegetable field production from seedling
production. This method has the advantages of high seed survival rate, saving seeds and reducing production
cost compared with field direct seeding?~>. The seeding performance is poor, labor costs, investment costs,
time costs and other aspects of the cost is huge and low seeding efficiency, when vegetable seeding machine
in the sowing of irregular-shaped seeds®8. At present, the comprehensive mechanization level of vegetables is
only about 20%, much lower than food crops, in the face of the expanding scale of vegetable cultivation, the
realization of vegetable seeding mechanization is imperative’.

Due to the advantages of air-suction seeder such as less stringent requirements on seed size, hard to injure the
seed, and high sowing accuracy'®"', it has been vigorously developed and widely used in domestic and foreign
seeding machines!>!*. Air-suction seeder sucks seeds through negative pressure, the pressure plate isolates the
negative pressure, and then relies on the seed’s own gravity for seed casting, which is mainly applied to large-size
and medium-size seeds'>!® and so on. For the shaped seeds with lighter quality, if only rely on its own gravity
to cast seeds. The casting speed and position fluctuations cannot meet the synchronization of seed casting and
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affect the quality of single grain precision seeding!”!8. The realization of single-grain precision sowing for typical
shaped vegetable seeds such as tomato, pepper and eggplant has solid theoretical and practical application value
for solving the technical problems of seedling transplantation of vegetables and enriching the application field
of air-suction seeder.

Around the vegetable air-suction seeder technology, Xia Hongmei'*?° team of South China Agricultural
University has developed air-suction drum-type seeder and air-suction plate-type seeder. And the seed transport
law in the process of seed suction and discharge was analyzed by the kinetic method. The seed transport law of
cabbage in the stage of seed suction and discharge was analyzed by the kinetic model. Through the one-factor
test, the key factors affecting the rate of single grain, multi-grain rate, cavity rate was confirmed. the seeder can
be used for pneumatic hole plate seeder for vegetable sowing; Qingxi Liao?"?? team of Huazhong Agricultural
University has designed and developed a pneumatic set row type small grain size crop seed precision seeder,
single set rower to achieve 9 rows of seeding. It can achieve the small grain size vegetable seed single grain
precision seeding through the use of negative pressure seed suction, positive pressure seed casting working
principle. Seed has no breakage in the process of seed rowing. It can save seed, greatly reduce the rear period
during the seeding and reduce the cost of production.

In the research and development of vegetable seeder, the American Blackmore and SEEDERMAN company,
the British Hamilton, the Italian MOSA, the Dutch VISSER, the Australian Williames, South Korea’s Daito
Electro-Mechanics, etc?®. and other designs of the precision seeder are using the principle of negative pressure
adsorption?*, with the air needle, the cover and the air suction roller type. Jiangsu Yunma Agricultural Machinery
Manufacturing Co., Ltd. have introduced foreign advanced technology and reformed a number of cavity tray
seeding precision seeders through the research of cavity tray seeding technology, whose principles are similar to
those of foreign countries. In general, foreign vegetable seeding technology and equipment is relatively perfect,
the degree of intelligence and productivity is relatively high, but the products are expensive. The adaptability of
domestic vegetable seeder to different specifications of cavity trays and different types of seeds is poor, and the
sowing precision is low, which restricts the popularization and use of related equipment®.

For the current hole tray seeder exists in the irregular-shaped seed single seed sowing difficulty, different
seed adaptability, adjustment difficulty and other issues. This study uses the principle of negative pressure seed
suction and positive pressure seed casting combination, designs an irregular-shaped vegetable seed air suction
drum type precision seed discharger, elaborates the basic structure of the seed discharger and the principle of
work, analyzes the irregular-shaped seed in the precision seeding system in the movement characteristics and
internal airflow field distribution and other working mechanisms, carries out seeding technology research and
equipment development, focusing on the breakthrough of the seeding technology to improve the efficiency and
adaptability of the work of seeders.

Materials and methods

Seeder mechanism and principle of operation

The drum type precision seeder developed in this study mainly consists of drum, left and right side end caps,
suction nozzles, compression springs, compression nuts, pulleys, and center drive shafts, etc., and its structure
is shown in Fig. 1:

The left and right end caps are tightly attached to both sides of the drum under the action of the pressure
spring, and there are three areas on the left end cap, which are the negative pressure seed suction area connected
to the negative pressure air source, the positive pressure seed discharge area and the positive pressure hole
clearing area connected to the positive pressure air source, as shown in Fig. 2.

Since the left end cover is connected with the drum suction nozzle through hole, the seeding drum is divided
into negative pressure seed suction area, positive pressure seed discharge area and positive pressure hole clearing
area. When working, the motor drives the drum to rotate through the belt, and at this time the left and right
end caps do not rotate with the drum, so the position of the seed suction area, seed discharge area and hole
clearing area is fixed, and does not change with the rotation of the drum. There are many rows of suction nozzles
distributed along the direction of the busbar outside the drum, the suction nozzles rotate with the drum, and
each row of suction nozzles passes through the seed suction area, seed discharge area and hole-clearing area in
turn, completing a complete seed discharge process. When the suction nozzle move to the suction area, and the
negative pressure air source connected to the suction area for the suction nozzle to provide negative pressure,
so that the suction nozzle produces negative pressure airflow, suction nozzle through the seed supply plate, the
seed in the suction nozzle under the action of the negative pressure airflow is adsorbed in the suction nozzle;
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Fig. 1. Structure of drum type precision seeder. (1) Pulley (2) Compression nut (3) Pressure spring (4) Left
end cap (5) Drum (6) Suction nozzle (7) Center drive shaft (8) Right end cap.
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Fig. 2. Left view of drum left end cap and drum. (1) Negative pressure seed suction area (2) Positive pressure
hole clearing area (3) Positive pressure seed discharge area (4) Suction nozzle through hole.
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Fig. 3. Sketch of air-absorbing drum structure.

adsorption of the seed adsorption nozzle arrived at the drum above the row of seed area, the suction nozzle
and the row of seed area connected to the positive air pressure, the seed by the suction nozzle of the positive
airflow falls into the lower part of the hole plate; Finally, the suction nozzle moves to the hole clearing area,
which provides a stronger positive pressure airflow for the suction nozzle to clean out any impurities that may be
present in the nozzle holes and prepare for the next cycle of seeding.

The adsorption site of the suction head is the ventral surface of the leaflet on the cucumber stem. In order to
achieve good adsorption effect, it is necessary to perform a mimic design of the suction head of the cucumber
stem. By photographing the image of the cucumber stem leaflet and using MATLAB software for processing?!,
the ventral curve trajectory of the leaflet under natural state was fitted to provide a theoretical basis for the
rational design of the suction head structure of the cucumber stem.

Design of key components
Air suction drum
Air-suction drum is one of the core components of the seeder, and the size design of other components depends
on the external dimensions of the air-suction drum. The air suction drum structure sketch is shown by Fig. 3.
Relationship between air suction drum diameter and seed filling time:
t=1
l=a -
7T n

U= "60

(1)

Clo

Where: ¢ is the seed filling time, s; [ is the arc length of the seed filling area, mm; v is the linear speed of the gas
suction drum, mm/s; n is the rotational speed of the gas suction drum, r/min.
Obtained from Eq. (1):

30«
T mn

t (2)

From Eq. (2), t is inversely proportional to n, directly proportional to a, and independent of the diameter D.At
present, the diameter of commonly used air-suction drum-type seeder is range of 140-260 mm?, in order to
meet the conditions of the filling arc length, the larger the diameter D, the greater the number of holes that can
be set in the circumferential direction, the lower the speed of the air-suction drum is conducive to improving
the performance of the filling of the seed, but the structure of the entire machine increases, and the negative-
pressure fan power is increase, and energy consumption increase further, and also make the negative pressure
chamber sealing requirements are too high; If the diameter of the air-suction drum is too small, the number of
holes that can be set in the circumferential direction is small, and the speed of the drum is high, which is not
conducive to seed filling, and the sowing qualification index is reduced. For comprehensive consideration, this
paper selects the air suction roller diameter D is 160 mm, the material is 5 mm thick aluminum alloy tube.

The standard specification of the existing vegetable seeding hole tray is 72 holes (6 holes/rowx12 rows) of
plastic tray, with the size of 540 x 280 x 45 mm and the hole spacing of 42 mm. According to the specification of
the seeding hole tray, the number of axial suction holes of air suction roller is determined to be 6, with the hole
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spacing of 42 mm, and the two ends symmetrically reserved for the fixing position of the end cover of 50 mm,
and the length of the air suction roller L is 310 mm.

When designing the number of holes in the circumferential direction of the pneumatic suction drum,
theoretically, the minimum number of holes can be designed as 1, and the maximum number of holes can
be filled with the whole drum according to the size of the seeds. However, in practice, the arc length between
adjacent holes should be at least 2 times larger than the maximum size of the seeds, and the linear velocity of
the pneumatic suction drum should be v<350 mm/s?’. Considering that in practice, it is difficult to seamlessly
connect two consecutive seeding trays, and the distance between the last hole of the previous tray and the first
hole of the next tray is different from the distance between two holes in the same tray, each tray needs to be
sown with a tray position sensor to detect the position of the holes to achieve the precise seeding of the holes. In
this paper, the number of holes in each row of hole trays is 12, in order to facilitate the servo motor to regulate
the speed of the drum, to meet the air-suction drum speed and the coordination of the speed of the hole trays
under different productivity, the number of holes in the circumferential direction of the air-absorbing drum is
designed to be two times of the number of holes in each row of the seeding hole trays, i.e., Z=24. At this time,
the arc length between adjacent holes T =20.944 mm, which is more than twice the maximum size of Solanaceae
vegetable seeds (the maximum size of Solanaceae vegetable seeds is 3.3-3.8 mm), and when the production rate
is 800 trays/h, the linear speed of air-absorbing roller v=55.85 mm/s<350 mm/s.

Nozzle diameter
Suction nozzle as a direct contact with the seed working parts, its structural size selection will have a great impact
on the working performance of the seeder. Suction nozzle diameter empirical formula?®, as shown in Eq. 3.

k = (0.64 ~ 0.66) D., 3)

Where: k is nozzle diameter, mm; D, is seed thickness, mm.

The non-spherical seeds studied in this paper (tomato, pepper, eggplant) are flat, and reseeding is most likely
to occur when the edge of the non-spherical seed is adsorbed at the suction nozzle. Therefore, the selection of
the diameter of the suction nozzle needs to consider the size of the seed edge thickness. After measurement, the
three kinds of seed edge thickness range from 0.59 mm to 0.65 mm, as shown in Fig. 4. Referring to the empirical
formula for nozzle diameter, the range of nozzle diameter is 0.378 mm ~ 0.429 mm, and the nozzle diameter of
0.4 mm is selected.

The nozzle hole patterns are mainly categorized into straight holes, countersunk holes and tapered holes
according to different shapes. The Fig. 5 shows the schematic diagram of the three hole patterns of the suction
nozzle.

Simulation tests

In order to more intuitively understand the design of the three types of holes in the nozzle suction performance,
FLUENT fluid simulation software is used on the three types of holes in the nozzle internal flow field simulation,
according to the simulation results of the simulation results to analyze each type of holes in the nozzle suction
characteristics. SolidWorks is used to establish the internal flow channel model of the three types of nozzles,
and then the established internal flow channel model is meshed. The built model will be imported into the
ICEMCED software to create the inlet, outlet and wall, and then mesh, according to the diameter of the suction
nozzle to select the maximum mesh size of 0.001 mm. generated mesh is shown in Fig. 6.
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Fig. 4. Thickness distribution of non-spherical seed margins.

Scientific Reports | (2025) 15:4694 | https://doi.org/10.1038/s41598-024-83635-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

00.4 00.8

</120°\>

00.4 00.4

(a) Straight holes (b) Countersunk holes (c) Tapered holes

Fig. 5. Schematic diagrams of the 3 hole schemes.

(a)Straight holes  (b) Countersunk holes (c) Tapered holes

Fig. 6. Mesh model of the flow channel inside the nozzle.

Fig. 7. Bench experimental setup.

The divided mesh is imported into FLUENT simulation software, the k-¢ turbulence model is selected,
the solution type is selected as pressure-based solver, the fluid type is set as air and incompressible, and the
effect of gravity is not considered. Then the boundary conditions are set, the airflow inlet is set as pressure-inlet
boundary, and the airflow outlet is set as pressure-outlet boundary. Then the iterative computation is started
until the computation converges.

Bench experiments

Test materials and equipment

The test materials were aubergine seeds procured from Shouguang Fangcheng Agricultural Science and
Technology Co, with a lengthxwidthxthickness of 3.86x3.10x1.11 mm, a thousand-seed weight of 4.5 g,
an impurity content of <0.1%, and a moisture content of <5%.The test was carried out on an independently
designed vegetable seeding production line, the test bench was equipped with a vacuum pump with a maximum
power of 1.5 kW, a maximum negative pressure of 100 kPa, a working voltage of 380 V, a barometric pressure
detection device, a data acquisition device, etc. The test setup was shown in Fig. 7.
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Test indicators and test methods

The evaluation indexes of this test are based on the Technical Conditions of Greenhouse Vegetable Cavity Tray
Precision Seeder (NY/T 1823-2009)%° Y1 reseeding rate, Y2 cavitation rate and Y3 qualification rate are selected
as the indexes for evaluating the operational performance of nursery seeder.

Experimental design

According to the previous experimental research, in the case of a certain sowing efficiency, the factors that have
a greater impact on the sowing performance are mainly the suction air pressure, clearing air pressure and the
vibration frequency of the seed supply box. Therefore, when the sowing efficiency is 800 trays/h and the diameter
of suction nozzle is 0.4 mm, the suction air pressure x1, the seed cleaning air pressure x2 and the vibration
frequency of seed supply box x3 are selected as the test factors, and each factor is examined at 5 levels, and a
quadratic rotated orthogonal combination test is designed, and the factor coding levels are shown in Table 1.

Experiments results and discussion

Analysis of simulation experiment results

According to the above steps, the simulation analysis of the flow field in the flow channel inside the nozzle of
three types of holes was carried out respectively, and the airflow velocity vector diagram and airflow velocity
cloud diagram of three different types of nozzles were obtained through simulation analysis, as shown in Fig. 8.

The velocity vector diagrams of the flow field and the velocity cloud diagrams of the flow field of the three
types of hole-type nozzles are compared and analyzed. It can be seen that the internal flow field of the three types
of hole-type nozzles is relatively uniform, but there is uneven airflow velocity at the inlet of the sunken hole and
the conical hole, and the flow field is unstable. The flow field distribution at the inlet of the sink hole nozzle is the
most uneven, and the flow rate loss is the largest, which is not conducive to seed suction. Tapered hole compared
to the sink hole airflow transition is relatively smooth, but the flow rate loss is larger, also not conducive to seed
suction. Moreover, the sink hole and conical hole nozzle is characterized by large outside and small inside, the
seed will be adsorbed in the process of lateral pressure, especially in the sowing of small non-spherical seeds is
easy to cause reseeding or even blocking phenomenon. The straight hole nozzle inlet flow field is stable, the air
flow rate loss is minimized, easier to absorb seeds. Therefore, the comprehensive consideration of the selection
of straight nozzle.

At present, the commonly used straight-hole suction nozzles have flat holes and raised holes (Fig. 9), both
of which are better for round seeds, but for non-spherical seeds, raised holes are better for non-spherical seeds
due to the fact that their projections can penetrate deep into the seeds and the contact area is smaller. Moreover,
the raised hole suction nozzle prevents falling seeds from knocking down the seeds on the suction nozzle. The
raised hole type nozzle structure is the main nozzle type of the current vegetable seeders. Therefore, the raised
hole nozzle is selected in this paper.

Analysis of bench test results
The test was conducted according to the three-factor quadratic rotated orthogonal combination test table, five
trays were randomly selected as a group of tests during sowing, and each group of tests was repeated three times
to take the average value. The experimental program and results are shown in Table 2.

Using Design-Expert10.0 software, the multivariate nonlinear regression models of Y, reseeding rate, Y,
cavitation rate and Y, qualification rate on the suction barometric pressure x,, clearing barometric pressure
x, and vibration frequency of seed supply box x, were established respectively and the significance tests of the

2 3
models and coefficients were carried out, and the analyses and results were as follows.

Regression modeling of replay rate and significance test
The regression equation for the reseeding rate Y, is:

Y, = 1.95 + 1.36X1 — 1.10X2 — 0.53X5 + 0.89X% + 0.59X22 + 0.52X1X> (4)

The variance scores are as shown in Table 3.The fit of this model was highly significant (P<0.01). However, the
P-value of the interaction term of seed suction air pressure and vibration frequency (X, x ,), the P-value of the
interaction term of seed clearing air pressure and vibration frequency (X, x ,), and the P-value of the quadratic
term of vibration frequency (X,?) were all greater than 0.1, which indicated that the interaction term of seed
suction air pressure and vibration frequency, the interaction term of seed clearing air pressure and vibration
frequency, and the quadratic term of vibration frequency did not have any significant effect on the rate of

considerations
Encodings | Suction air pressure x, /kPa | Clear seed pressure x, /kPa | Vibration frequency x, /Hz
—-1.682 14.3 1.3 41.6
-1 15.0 2.0 45.0
0 16.0 3.0 50.0
1 17.0 4.0 55.0
1.682 17.7 4.7 58.4

Table 1. Factor coding levels.
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Fig. 8. Simulation of suction nozzle flow field.

T

NN

(a) Flat holes (b) Convex holes

Fig. 9. Nozzles with different hole types.

reseeding, and the F-tests of the rest of the items were all highly significant or significant. By observing the misfit
term P=0.9495, it can be judged that the misfit term is not significant, which indicates that there are no other

major factors affecting the performance index.

The test of the regression coeflicient of Eq. 4 can be obtained that the factors affecting the seeding re-seeding
rate are, from the largest to the smallest, the suction air pressure, the clearing air pressure and the vibration

frequency.

Null rate regression modeling and significance testing

The coded regression model for the effects of seed suction air pressure, seed clearing air pressure and vibration
frequency of the seed supply cassette on the null rate Y, can be obtained by fitting multiple regressions to the

experimental data, as shown in Eq. (5).

Y> = 1.28 = 0.63X;1 4 0.67X> + 0.37X3 + 0.68X:° + 0.48X3 + 0.38X5 + 0.15X1 X2 — 0.075X1 X3 + 0.075X2X;3
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Considerations Response value
Suction pressure | Clear seed pressure | Vibration frequency | Rebroadcast rate | Cavitation rate | Satisfactory rate
Test number | X X, X, Y, /% Y, /% Y, /%
1 -1 -1 -1 4.6 3 92.4
2 1 -1 -1 6.4 1.5 92.1
3 -1 1 -1 1.4 4 94.6
4 1 1 -1 5.6 3 91.4
5 -1 -1 1 3.7 4.2 92.1
6 1 -1 1 52 2.1 92.7
7 -1 1 1 0.6 52 94.2
8 1 1 1 4.3 3.7 92
9 —-1.682 0 0 2.4 4 93.6
10 1.682 0 0 7.1 2.7 90.2
11 0 -1.682 0 5.7 1.4 92.9
12 0 1.682 0 1.7 4.2 94.1
13 0 0 —-1.682 32 2.1 94.7
14 0 0 1.682 1.9 3.1 95
15 0 0 0 2.4 1.6 96
16 0 0 0 1.9 1.4 96.7
17 0 0 0 1.5 2.3 96.2
18 0 0 0 1.8 1.7 96.5
19 0 0 0 32 1.6 95.2
20 0 0 0 2.6 1.1 96.3
Table 2. Orthogonal test results.
Rebroadcast rate
Source of variance | Square sum (e.g. equation of squares) | (Number of) degrees of freedom (physics) | F-value | P-value
Mould 64.21 9 31.33 <0.0001**
X, 26.72 1 117.36 | <0.0001**
X, 15.88 1 69.74 <0.0001**
X, 2.99 1 13.12 0.0047
X %, 2.64 1 11.62 0.0067
XX, 0.08 1 0.3513 | 0.5665
X, %, 0.00 1 0 1
Xlz 12.64 1 55.51 <0.0001**
Xz2 4.60 1 20.22 0.0011
st 0.36 1 1.59 0.2355
Residual 2.28 10
Incoherent 0.34 5 0.18 0.9495
Inaccuracies 1.93 5
Aggregate 66.49 19

Table 3. Analysis of variance. P<0.01 (highly significant, **), P<0.05 (significant, *).

The significance test of the regression model is shown in Table 4.

Bylooking at Table 4 it can be seen that the fit of this model is highly significant (P <0.01). However, the P-value
of the interaction term between seed suction air pressure and seed clearing air pressure (X, x ,), the P-value of
the interaction term between seed suction air pressure and vibration frequency (X, x ), and the P-value of the
interaction term between seed suction air pressure and vibration frequency (X, x ;) were all greater than 0.1, and
it could be judged that the effects of the interaction term between seed suction air pressure and seed clearing
air pressure, the interaction term between seed suction air pressure and vibration frequency, and the interaction
term between seed suction air pressure and vibration frequency on the rate of cavitation were not significant. and
the F-tests for the remaining terms were highly significant. By looking at the misfit term P=0.2547, it is known
to be insignificant, which indicates that there are no other major factors affecting the performance index. After
eliminating the insignificant factors, the resulting coded regression model is shown in Eq. (6).

Yy = 1.28 — 0.63X; + 0.67X2 + 0.37X3 + 0.68X7 + 0.48X5 + 0.38X?

Scientific Reports |

(2025) 15:4694

| https://doi.org/10.1038/s41598-024-83635-6

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cavitation rate

Source of variance | Square sum (e.g. equation of squares) | (Number of) degrees of freedom (physics) | F-value | P-value
Mould 253 9 15.21 0.0001
X, 5.03 1 27.21 0.0004
X, 7.05 1 38.13 0.0001
X, 2.12 1 11.48 0.0069
X, %, 0.1513 1 0.8185 | 0.3869
X, %, 0.1512 1 0.8185 | 0.3869
X, %4 0.0012 1 0.0068 | 0.9361
X? 6.76 1 36.59 | 0.0001
XZZ 3.47 1 18.77 0.0015
X32 2.54 1 13.75 0.0041
Residual 1.85 10

Incoherent 1.06 5 1.34 0.3767
Inaccuracies 0.7883 5

Aggregate 27.15 19

Table 4. Analysis of variance. P<0.01 (highly significant, **), P<0.05 (significant, *).

Satisfactory rate

Source of variance | Square sum (e.g. equation of squares) | (Number of) degrees of freedom (physics) | F-value | P-value
Mould 66.14 9 25.75 <0.0001**
X, 8.57 1 30.02 0.0028**
X, 1.77 1 6.21 0.0504
X, 0.0739 1 0.2589 0.4408
X, %, 4.06 1 1423 0.0214*
XX, 0.4512 1 1.58 0.5711
X, % 0.0012 1 0.0044 0.7047
X? 37.89 1 132.75 | <0.0001**
XZ2 16.06 1 56.28 <0.0001**
X32 4.82 1 16.9 0.0230*
Residual 2.85 10

Incoherent 1.48 5 1.08 0.4995
Inaccuracies 1.37 5

Aggregate 68.99 19

Table 5. Analysis of variance. P<0.01 (highly significant, **), P<0.05 (significant, *).

Examining the regression coefficients in Eq. 6, it can be obtained that the factors affecting the seeding null
rate, from largest to smallest, are the seed-clearing air pressure, the seed-sucking air pressure, and the vibration
frequency.

Establishment and significance test of the regression model of passing rate

By fitting multiple regression to the test data, the coded regression model of the effects of seed suction air
pressure, seed cleaning air pressure and vibration frequency of seed supply box on the pass rate Y3 can be
obtained, as shown in Eq. (7).

Ys = 96.83 — 0.73X; + 0.43X2 + 0.16X5 — 1.57X7 — 1.07X5 — 0.47X5 — 0.67X1 X2 + 0.15X1 X3 — 0.10X2X3  (7)

The significance test of the regression model is shown in Table 5.

The fit of this model is highly significant (P<0.01) as can be obtained by looking at Table 5. However, the
P-value of the vibration frequency (X, ), the P-value of the interaction term of suction air pressure and vibration
frequency (X, x,), the P-value of the interaction term of clearing air pressure and vibration frequency (X, x ,)
are all greater than 0.1, which indicates that the effect of vibration frequency, the interaction term of suction
air pressure and vibration frequency, and the interaction term of clearing air pressure and vibration frequency
on the pass rate is insignificant, and F-tests of the rest of the items are all highly significant or significant. By
looking at the misfit term P=0.49995, it can be known that it is not significant, which indicates that there are no
other major factors affecting the performance index. The coded regression model obtained after removing the
insignificant factors is shown in Eq. 8.
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Ys = 96.83 — 0.73X; + 0.43X5 — 1.57X3 — 10.07X3 — 0.47X3 — 0.67X1 X2 (8)

The regression coeflicients in Eq. 8 are examined, and it can be obtained that the factors affecting the seeding
pass rate from the largest to the smallest are the suction air pressure, the clearing air pressure and the vibration
frequency, respectively.

Discussion

In order to further explore the factors affecting the experimental results and the degree of influence, this paper
chooses to use the response surface method to analyze the influence of the suction air pressure X, clearing air
pressure X, and vibration frequency of the seed supply box X, on the sowing qualification rate, reseeding rate
and empty hole rate. And through the establishment of the objective function and constraint conditions, the
optimal parameter combination of the designed seed discharger is found.

Fixing the vibration frequency and plotting the response surface according to the experimental results, the
influence of seed-clearing air pressure and seed-absorbing air pressure on the reseeding rate is obtained as
shown in Fig. 10a. By analyzing the response surface, it can be seen that when the vibration frequency is fixed,
the reseeding rate will have a positive response to the seed suction air pressure and a negative response to the
seed clearing air pressure. By analyzing the extreme values of the response surface, it can be seen that when
the suction air pressure is 15KPa~ 16KPa and the clearing air pressure is 3KPa ~4KPa, the seeding reseeding
rate appears to be extremely small, below 1%. In the same way the response surface when the seed-clearing air
pressure is fixed and the response surface when the seed-absorbing air pressure is fixed can be plotted to obtain
the response surface when the seed-clearing air pressure is fixed, as shown in Fig. 10b and ¢, respectively.

When the seed-cleaning air pressure is fixed, the seed replanting rate will have a negative response to the
vibration frequency of the seed supply cassette and a positive response to the suction air pressure. Analyzing
the extreme value of this response surface, it can be seen that when the vibration frequency of the seed supply
cassette is 49 Hz ~ 55 Hz and the seed suction air pressure is 15KPa ~ 16KPa, the seeding reseeding rate appears
to be extremely small value, which is around 1%. And when the suction air pressure is fixed, the sowing
reseeding rate has a negative response to both the vibration frequency of the seed cassette and the seed clearing
air pressure. When the vibration frequency of the seed cassette is 49 Hz ~ 55 Hz and the seed clearing air pressure
is 3KPa ~ 4KPa, the seeding reseeding rate appears to be extremely small, below 1%.

Fixing the vibration frequency and plotting the response surface according to the experimental results, the
influence of seed-clearing air pressure and seed-absorbing air pressure on the reseeding rate is obtained as
shown in Fig. 11a. By analyzing the response surface, it can be seen that when the vibration frequency is fixed,
the seed re-seeding rate will have a negative response to the seed suction air pressure and a positive response to
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Fig. 12. Effect of interaction factors on pass rate.

the seed clearing air pressure. By analyzing the extreme values of the response surface, it can be seen that when
the seed suction air pressure is 16KPa~ 17KPa and the seed cleaning air pressure is 2KPa ~ 3KPa, the seeding
reseeding rate appears to be a very small value, which is below 1%. In the same way the response surface when
the seed-clearing air pressure is fixed and the response surface when the seed-absorbing air pressure is fixed can
be plotted to obtain the response surface when the seed-clearing air pressure is fixed, as shown in Fig. 11b and
¢, respectively. When the seed-cleaning air pressure is fixed, the cavitation rate will have a positive response to
the vibration frequency of the seed supply cassette and a negative response to the suction air pressure. Analyzing
the extreme value of this response surface, it can be seen that when the vibration frequency of the seed supply
cassette is 45 Hz ~ 53 Hz and the seed suction air pressure is 15.7KPa ~ 17KPa, the seeding reseeding rate appears
to have a very small value below 1%. And when the suction air pressure is fixed, the response of the cavitation
rate to the vibration frequency of the seed cassette is first negative and then positive, while the response to the
seed-clearing air pressure is negative. When the vibration frequency of the seed supply cassette is 45 Hz~ 53 Hz
and the seed-cleaning air pressure is 2KPa ~ 3.4KPa, the sowing reseeding rate appears to be extremely small,
below 1%.

Fixing the vibration frequency and plotting the response surface according to the experimental results, the
influence of seed-cleaning air pressure and seed-absorbing air pressure on the pass rate is obtained as shown in
Fig. 12a. By analyzing the response surface, it can be seen that when the vibration frequency is fixed, the seeding
reseeding rate will respond to both the suction air pressure and the seed-cleaning air pressure in a positive
direction and then in a negative direction. By analyzing the extreme values of the response surface, it can be seen
that when the seed suction air pressure is 15.5KPa ~ 16KPa and the seed cleaning air pressure is 3KPa ~ 3.5KPa,
the pass rate appears to be a great value, between 96% and 97%. In the same way, the response surface when the
seed-cleaning air pressure is fixed and the response surface when the seed-absorbing air pressure is fixed can
be plotted as shown in Fig. 12b and c, respectively. When the seed-cleaning air pressure is fixed, the response
of the pass rate to the vibration frequency of the seed supply box and the suction air pressure are both positive
and then negative. Analyzing the extreme values of this response surface, it can be seen that when the vibration
frequency of seed supply cassette is 48 Hz ~ 53 Hz and the seed suction air pressure is 15.5KPa ~ 16KPa, the pass
rate appears to be a great value, between 96% and 97%. And when the suction air pressure is fixed, the response
of the qualified rate to the vibration frequency of the seed cassette and the seed-cleaning air pressure are both
positive and then negative. When the vibration frequency of seed cassette is 48 Hz ~ 54 Hz, and the seed cleaning
air pressure is 2.7KPa ~ 3.7KPa, the pass rate appears to be a great value, between 96%~97%.

After obtaining the trend of the influence of the interaction factors on the sowing effect, according to the
regression model established from the experimental results, the optimal parameter combinations of the factors
were solved using the optimization solution module of the Design-Expert 8.0.6 software in order to achieve the
best sowing effect. Where the objective function is:

Y1 <5%
Y2 < 5% (9

mazYs (z1, T2, T3)

~

The constraints are:

15kPa < x1 < 17kPa
2kPa < z2 < 4kPa (10)
45Hz < x3 < b5Hz

The optimal parameter combination of seed suction air pressure 16.0 kPa, seed cleaning air pressure 3.4 kPa,
vibration frequency 50 Hz was obtained in Design-Expert software, and the reseeding rate under the optimal
parameter combination was 1.5%, the cavity rate was 1.6%, and the qualification rate was 96.4%. According to
the optimal working parameters, in the same test environment with the same test method for the planter test,
get the reseeding rate of 1.4%, empty hole rate of 1.7%, qualified rate of 96.9%, and the optimization results
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are basically consistent, indicating that the seed discharger can better meet the agronomic requirements of
heterogeneous vegetable seeding and has good adaptability.

Conclusion

In this paper, a irregular-shaped vegetable seed precision seed discharger was designed according to the principle
of negative pressure adsorption, the nozzle structure was analysed by fluid simulation, and orthogonal tests were
carried out according to the obtained nozzle structure, which led to the following main conclusions:

1. Inorder to solve the problem of poor seeding performance of irregular-shaped vegetable seed nursery plant-
er seeder, a kind of air suction drum type hole tray seeder was designed. Through fluent simulation ex-
periments, the performance of three different hole types of nozzles was compared, and the results of the
simulation experiments show that the straight hole nozzle inlet flow field is stable, the airflow flow rate loss
is minimized, it is easier to suck the seeds, and the raised hole nozzle in the straight hole nozzle can prevent
the falling seeds from knocking down the seeds on the nozzle, therefore, the device selects the straight hole
nozzle with raised holes in order to achieve the uniform seed discharging of the irregular-shaped seeds.The
seeding effect of the seed metering device is better than that of similar studies at home and abroad ( such
as the pneumatic drum vegetable plug seeder and the pneumatic plate vegetable seeder developed by Xia
Hongmei ‘s team ), which can meet the requirements of seedling seeding.

2. Inorder to obtain the optimal structural parameters and working parameters of the seed displacing device, a
quadratic rotating orthogonal combination test method was adopted to analyze the relationship between the
main influencing factors of the seed displacing device performance (seed clearing air pressure, seed suction
air pressure and vibration frequency of the seed supply box) and the sowing indexes (leakage seeding rate,
cavity index and pass rate), and a bench test scheme was designed by applying the methods of regression
analysis, response surface and optimization of multi-objective variables. The results of the bench test showed
that the optimal parameter combinations of the designed seed discharger were: suction air pressure 16.0 kPa,
clearing air pressure 3.4 kPa, and vibration frequency 50 Hz, and the reseeding rate under the optimal pa-
rameter combinations was 1.5%, the empty hole rate was 1.6%, and the pass rate was 96.4%. According to the
optimal working parameters, in the same test environment with the same test method for the seeder test, get
the reseeding rate of 1.4%, empty hole rate of 1.7%, qualified rate of 96.9%, and the optimization results are
basically consistent.
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