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Introduction: To improve the mechanization level of rice planting, a new type of

direct seeding device for rice was designed. The device's structural properties will

be crucial in determining its seeding performance. Structure optimization in the

current seed metering device design process focuses on a single or few indexes,

resulting in improved individual performance but imbalanced overall

performance. Therefore, a structure optimization method of the direct seeding

device based on a multi-index orthogonal experiment was proposed in

this study.

Methods: First, the DEM-MBD coupling method observed the factors and levels

that affected the performance overall. Second, a test platform based on the

electric drive control model was constructed, and a multi-index orthogonal test

was devised. Finally, the structural parameters of the seedmetering devices were

optimized based on matrix analysis.

Results: From the results, the primary and secondary levels of significance of

factors were just as follows: hole diameter > hole number > adjustment angle.

The following are the optimal parameters found by optimization analysis: the

diameter of the hole was 12mm, the number of holes was 10, and the adjustment

angle was 80°. Validation tests were carried out and analyzed based on the

optimal structural parameter combination. The qualification rate of seeds per

hole, empty hole rate, average seed number, coefficient of variation of seed

number, average hole spacing, and the variance coefficient of hole spacing are

93.07%, 0%, 9.39,14.04%, 22.84 cm, and 9.14%, respectively.

Discussion: In comparison to traditional design and structural parameter

optimization methods for rice precision seed metering device, this study not

just to provides an optimization scheme for improving the overall performance

of rice precision seed metering device, but also serves as a technical reference

for the development and design of new rice precision seed metering device.

KEYWORDS

rice, precision seed metering device, structural parameters, comprehensive
optimization, matrix analysis
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1 Introduction

Rice is the second largest food crop in the world, and about 50%

of the world’s population lives on rice as a staple food (Jianbo et al.,

2016). Increasing rice production is of far-reaching significance in

solving the world food crisis (Xing et al., 2015a). Rice cultivation

requires more labor and material resources than other crops

(Farooq et al., 2011; Xing et al., 2015a). However, rice direct

seeding technology can sow seeds directly into fields and cultivate

them (Karayel, 2009; Gao et al., 2022; Kumar et al., 2022). This

technology does not need traditional seedling raising and

transplanting and is an important research direction of rice

planting at present (Zhang et al., 2017; Pitoyo and Idkham, 2021;

Xia et al., 2023).

The seed-metering device is an essential component for

planting (Tang et al., 2022a; Tang et al., 2022b; Tang et al., 2023).

The performance of the seed metering device has a direct impact on

seeding quality (Gao et al., 2023). Singh et al. (2005) found that the

shape and size of the pneumatic seed metering device can affect the

qualified rate of seeding, which was verified by experiments. Karayel

et al. (2006) discovered that the interaction of rotational speed and

pressure might impact the qualification rate and miss-seeding index

of sowing, as shown by an experiment and analysis of two factors

and three indexes. Karayel et al. (2004) and Özmerzi et al. (2002)

studied the vacuum degree of sowing different crops with the seed-

metering device. They established the relationship equation

between seed characteristics with four factors and a single

index and determined the best structural parameters through

experiments. Based on the response surface methodology, Yazgi

et al. (2017) determined the influence of structural parameters such

as suction hole diameter, suction hole number and rotational speed

of the seed metering device on the working performance. At

present, the seed metering device research technology seems

reasonably developed, and it has been extensively employed in the

real production of crops such as soybean, maize, wheat, and rape

(Zhang et al., 2013).

Scholars have studied rice direct seed metering devices, but

most optimized the structure based on a single or a few indexes.

Xing et al. (2015b) designed a pneumatic seed metering device with

an adjustable rice sowing rate. The number of holes, negative

suction pressure, and rotating speed were shown to have a

substantial influence on the pass rate and coefficient of variation

of the seed-metering device. Zhang et al. (2018b) designed a

combined hole seed metering device for the rice direct seeding

machine. He found that the hole diameter, hole size, and rotating

speed greatly affected the seed metering device’s qualified rate and

coefficient of variation. Zhu et al. (2018) developed a slide hole-

wheel precision seed metering device. He simulated and analyzed

the seed metering device’s sowing performance at rotating speeds.

The simulation method is unidirectional, and coupling simulation

analysis is not used to study the device’s performance. At the same

time, he assessed the performance using the qualification rate,

missed sowing rate, and reseeding rate. Shun et al. (2020)

designed a U-shaped cavity rice precision hole sowing seed

metering device and found that the number and diameter of

holes in the seed metering device can affect the qualified rate.
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To conclude, the available study uses less than three indices to

measure the performance of the seed metering device in the existing

research (Guozhong et al., 2015; Liquan et al., 2017). Additionally,

they all used single simulation approaches, resulting in a

discrepancy between the experimental results and the empirical

data. This situation should be attributed to the lack of multi-factor

and multi-index research and the application of coupled simulation

methods (Liquan et al., 2021; Wang et al., 2022). Because of the

complexity of the working state of the seed metering device, the

sowing performance is determined by multiple indexes and factors.

Coupling simulation studies allow for the observation of device

motion and provide a comprehensive understanding of mechanical

changes within the device. As a result, device performance can be

simulated and predicted with greater accuracy and thoroughness

than with single-discipline simulation. Coupling simulation

technology has already found wide application in the field of

agricultural equipment (Zhu et al., 2018; Gao et al., 2021; LAI

et al., 2022).

The structural parameters of the seed metering devices will

influence their working quality, which in turn will influence the

emergence and yield of rice seeds (Wei et al., 2017; Xing et al.,

2021). Therefore, a structure optimization method of rice direct

seed metering device based on a multi-index orthogonal test was

proposed in this paper. Firstly, we determined the factors that affect

the comprehensive performance of rice direct seed metering devices

and their level through the coupling simulation analysis method.

Secondly, we devised an orthogonal test based on several indices

and constructed a test platform depending on the electric drive

control model. Finally, we established a theoretical model of multi-

index comprehensive optimization based on matrix analysis. The

optimum structural parameters of the seed metering device were

determined through the model, and the accuracy of the structural

optimization method of the seed metering device based on a multi-

index orthogonal test was verified qualitatively.
2 Materials and methods

2.1 Configuration and working principle of
rice direct seed-metering device

The seed metering device designed in this study is shown in

Figure 1, and it is primarily composed of a shell, seeding wheel,

seeding shaft, brush, seed tube, forced seeding mechanism, seeding

rate adjustment mechanism, and so on. The forced seeding

mechanism is composed of a push shaft and a spring. The inner

track of the sowing rate adjustment mechanism is composed of arc

segments with different radii. The two tracks work together to drive

the forced seeding mechanism up and down the sliding groove in

the hole, changing the adjustable depth and completing the

adjustment of varied seeding rates

The sowing rate adjustment mechanism should be adjusted to

the theoretical sowing rate position before the seed metering device

may function. Rice seeds complete the seed-filling process by virtue

of gravity, seed pressure, and the rotation of the seed metering

wheel. The seeds with an irregular posture that fall into the hole are
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cleaned by the brush and subsequently enter the retaining area,

which is point E in Figure 1B. The adjusting depth of the hole is

changed by the combined effect of the forced seeding mechanism

and the seeding rate adjusting mechanism, allowing for varying
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amounts of seeds to be accommodated. When the seeding wheel

passes through the retaining area and turns to a 15° angle directly

below the seeding area, that is, at point F in Figure 1B, the forced

seeding mechanism acts immediately under the action of double
A

B

FIGURE 1

Diagram of structure and working principle of seed-metering device. (A) Axonometric drawing of seed metering device. (B) Adjusting mechanism
and seeding process. 1. shell 2. supporting bearing; 3. inner track; 4. seeding wheel; 5. sliding groove; 6. hole; 7. guiding socket; 8. fixed track; 9.
seed tube; 10. seedbox; 11. brush; 12. forced seeding mechanism; 13. push shaft; 14. rolling bearing; 15. Spring; 16. fixing bolt; 17. Seeding shaft; 18.
seeding rate adjusting mechanism; 19. adjusting track; 20. adjusting handle.
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tracks, ejecting the seeds in the hole into the sowing ditch to

complete sowing. The steering direction of the seeding wheel

during the sowing process is opposed to the adjustment direction

of the sowing rate from small to large, as shown in Figure 1B.

The seed metering device designed in this paper adopts the form

of a gradual change in hole depth to realize sowing rate adjustment

and adopts double tracks to realize the dynamic adjustment of the

sowing rate. The adjustment method has the benefits of being easy

to modify and having high accuracy. At the same time, the forced

seeding mechanism effectively overcomes the issue of rice seed hole

creation under card seed and multicast rates. Compared to existing

rice direct seeding devices, this device has several advantages,

including continuous adjustment of the sowing rate, a simple

adjustment process, a more comprehensive adjustment range, and

higher precision.
2.2 Optimization method of structural
parameters of the seed-metering
device based on multi-index
orthogonal experiment

2.2.1 Index selection and analysis of influencing
factors of the seed-metering device performance

According to the results of related research (Yoo et al., 2005;

Zhang et al., 2015; Wang et al., 2018), the qualification rate of seeds

per hole y1, empty hole rate y2, average seeds per hole y3, coefficient

of variation of seed number y4, average hole spacing y5, and the

coefficient of variation of hole spacing y6 were selected as

performance evaluation indexes in this study. Moreover, the

empty hole rate is the ratio of the number of holes when the seed

per hole is zero to the number of experimental groups. The seed

metering device must meet the agronomic requirements, which

include a qualification rate of seeds per hole of ≥ 85.0%, an empty

hole rate not exceeding 5.0%, a coefficient of variation of seed

number of ≤ 40.0%, a coefficient of variation of hole spacing of ≤

30.0%, and an adjustable average hole spacing of 10~25 cm. The

average seeds per hole is generally 3~8, but for cold areas in

the north, the number of seeds in holes needs to be 8~10. The

performance evaluation index is calculated as shown in Equation (1).

y1 =
n1
N � 100%

y2 =
n2
N � 100%

y3 = oN
i=1

Ni

N � 100%

y4 =
Sd
y3
� 100%

y5 = oN
i=1

si
N � 100%

y6 =
S
0
d
y5
� 100%

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

(1)

Where N is the theoretical number of seed metering; n1 is the

number of qualified holes for seed metering; n2 is the number of the

empty hole; Ni is the seeds per hole in the i-th hole; sd is

the standard deviation of the seeds per hole; si is the hole spacing

in the i-th hole; Sd’ is the standard deviation of the hole spacing.
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For the hole-type rice direct seed metering device, the

probability of two seeds lying flat and one seed lying sideways

entering the hole is the highest when the seeds are filled. However,

the increasing hole diameter resulted in a difference in seed-filling

number in every layer (Zhang et al., 2018a). So, the hole diameter

can directly affect the seeds per hole, qualification rate, and

coefficient of variation of the seed metering device. For different

rice varieties and planting areas, the hole spacing must be 10 ~ 25

cm (adjustable) in direct seeding technology, and the optimum

linear velocity of the seed metering plate is 0.2 ~ 0.35 m/s (Zhang

et al., 2017; Xing et al., 2021). When the hole spacing is constant,

increasing the number of holes reduces the rotating speed of the

seed metering device. Therefore, the number of holes can directly

affect the hole spacing and its coefficient of variation of the seed

metering device. When the rotation angle of the seeding amount

adjusting mechanism is different, the pre-filling seed area is different

(Li et al., 2022). As the rotation angle of the seeding rate adjustment

mechanism varies, so does the pre-filling seed area. If the pre-filling

area is too small, it will lead to the inability to fill seeds, and then the

empty hole rate of the seed metering device be increased.

This study conducted single-factor experiments based on the

co-simulation approach to examine the impact of the structure

parameters of the seed metering device on the performance index

and identify the particular value range of the structure parameters.

The effect of hole diameter, number, and adjustment angle on seed

separator performance was investigated, and the range of variables

was selected for orthogonal testing.

2.2.2 Design of multi-index
orthogonal experiment

The seed metering device’s single index test can only represent

the main and secondary order of the structural characteristics, as

well as the level’s importance (Xiaoling et al., 2010). The multi-

index orthogonal test is based on the method of the orthogonal test.

Based on single index optimization, the matrix analysis method is

used to solve the comprehensive selection of the optimal

configuration scheme of parameters (Li et al., 2021). Currently,

the experimental indexes are less than three in most studies on

the structural parameters of rice seed metering devices. The

performance of the seed metering device can only be reflected

from a broadening or local viewpoint, leading to a difference

between the test results and the actual numbers. Therefore, the

evaluation index in this paper can not only can meet the

requirements of rice precision seeding from the qualified rate, but

also demonstrate that the seed metering device has a broad seeding

adjustment range and high accuracy based on the average number

of holes and coefficient of variation, and that it meets the agronomic

criteria for rice precision seeding based on the hole spacing and

coefficient of variation. In this study, we plan to carry out the multi-

index orthogonal test, which is shown in Table 1, and then obtain

orthogonal test results through experiments.

Optimization of structural parameters based on matrix analysis

The matrix analysis approach was utilized in this work to

further evaluate and deal with the orthogonal test findings in

order to thoroughly improve the structural parameters of the seed
frontiersin.org
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metering device under different indices. The method can solve the

unreasonable configuration and selection of structural parameters

of the seed metering devices under multiple indexes (Ruan et al.,

2011). According to the data of the orthogonal test, a hierarchical

data structure model composed of indexes, factors, and levels

was constructed. The evaluation indexes, influencing factors, and

factor levels of the seed metering device were regarded as the first,

second, and third layers, respectively. In order to unify the

evaluation indexes of the seed metering device, when ensuring the

comparability of comprehensive optimization weights, we assume

that there are m factors, each factor has n levels, and the average

value of test indexes of factor Fi at the j level is kij. When the

evaluation index is large or small, Kij equals kij or 1/kij, respectively.

The index evaluation matrix M is shown in Equation (2).

M =

K11 ⋯ 0

⋮ ⋱ ⋮

0 ⋯ Kmn

2
664

3
775 (2)

Secondly, we defined the factor layer matrix of the structural

parameters of the seed metering device. When Ti equals 1=on
i=1Kij,

the factor layer matrix T is established, as shown in equation (3).

T =

T1 ⋯ 0

⋮ ⋱ ⋮

0 ⋯ Tm

2
664

3
775 (3)

Finally, we defined the horizontal layer matrix of structural

parameters of the seed metering device. The range of factor Fi in the

orthogonal test is Si. When Si equals si=om
i=1si, the horizontal layer

matrix N is established, as shown in equation (4).

N =

S1

S2

…

Sm

2
666664

3
777775

(4)
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To sum up, the weight matrix g of defining the structural

parameters of the seed metering device is the product of the

above three matrices, so the weight matrix g is shown in equation

(5).

g = ½ g1 g2 ⋯ gn �T (5)

The specific steps for multi-index structure parameter

optimization based on matrix analysis is shown in Figure 2. Firstly,

a hierarchical data structure model is constructed. Secondly, the

matrix model of evaluation and analysis at each level is established.

Finally, the weight matrix of the evaluation index is constructed.

According to the theoretical analysis, we know the influence weight of

the structural parameters of the seed metering device on each index.

According to the weight, we can get the optimal structural parameters

combination of the seed metering device and the primary and

secondary order of the factors. Finally, after completing the multi-

index parameter optimization, the effectiveness of the optimal

parameter combination selected by the model was verified

by experiments.
2.3 Experimental materials

Longken 58 rice seeds from Northeast China were selected as

experimental materials. The mean values of the long axis, short axis,

thickness, 1000-grain weight, moisture content, and sphericity of

rice seeds were 6.98 mm, 3.29 mm, 2.35 mm, 24.84 g, 23.63%, and

54.14%, respectively. The rice seeds were washed and prepped

before the experiment so that they could meet the direct planting

criterion. According to the results of related research (Li et al.,

2022), the comprehensive performance of the seed metering device

decreased rapidly after the rotational speed exceeded 30r/min, and

the field operating speed of the rice direct seeding machine was

lower than 1.2 m/s. Therefore, the speed of the seed-metering wheel

was set to 30 r/min, and the machine’s operating speed was set to

4 km/h.
3 Experiment

3.1 Simulation experiment

To ensure the accuracy of the test results and the simplicity of

seeing the assessment index, the Discrete element method (DEM)

and multi-body dynamics (MBD) software were used to build a

simulation platform in this paper (Lai et al., 2022). The coupling

simulation method was used to explore the influence of structural

parameters on the performance index of the seed metering device.

Finally, the factor level of critical structural parameters can be

obtained by analyzing the simulation test results.

3.1.1 Experimental design
The design processes are as follows, based on the DEM-MBD

coupling simulation test: (1) the number of fixed holes is

determined to be 12, the adjustment angle is determined to be 80,

and the hole diameters are changed to 10, 12, 14 and 16 mm,
TABLE 1 Schedule of multi-index orthogonal test.

Experimental number
Factors

Fa Fb Fc Fd

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1
Fa, Fb, Fc, and Fd are different factors.
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respectively, and the simulation analysis were carried out; (2) Take

the result of higher qualified rate in the first step as the typical value

of analyzing the diameter of the hole. Based on typical values of

fixed hole diameters and adjustment angles, the variables for the
Frontiers in Plant Science 06
number of holes are set to 8, 10, 12, and 14, respectively. (3) The

higher qualified rate and lower coefficient of variation in the first

and second steps are taken as typical values for analyzing fixed

adjustment angles. Based on the typical values of the fixed hole

diameter and the number of holes, the experiments were carried out

by changing the adjustment angles to 50, 60, 70, and 80°,

respectively. According to the relevant research, results of the pre-

test and rice varieties used in the test, when the diameter of the hole

is 10, 12, 14, and 16, the number of seeds per hole is 5 ~ 7, 8 ~ 10, 15

~ 17 and 22 ~ 24, respectively, which are regarded as qualified. The

number of seeds per hole discharged by the seed metering device

should be recorded, and every 250 holes should be divided into one

group. Each group should be repeated three times, and the average

value should be taken. The design of the test factor level is shown

in Table 2.

3.1.2 Model construction based on DEM-MBD
The 3D model of the rice direct seed metering device was

constructed by Solidworks 3D software, and the assembly model

after the simplified structure was imported into RecurDyn, as

shown in Figure 3. The simulation material property parameters

are set as follows: The shell and seed metering wheel was made of

ABS, and the Density of materials was set to 1.25 × 103 kg/m3 by

Density module (Ma et al., 2013; Jianbo et al., 2014). In order to

improve the simulation efficiency and simplify the model, the

ground running speed was set as the simulated running speed of

agricultural machinery. Based on the working process of the seed

metering device, IF (time-0.5: 0, 0, pi) was used as the driving

function of the seed metering wheel (Lai et al., 2022). In other

words, the rotational speed of the seed metering wheel is zero before

0.5 s, and the rotational speed of the seed metering wheel is 30r/min

after 0.5 s. IF (time-0. 5: 0, 0, 1112) is used as the driving function of

the simulated ground. In other words, the tool is stationary before

0.5 s and moves at 4 km/h after 0.5 s.

The discrete element model required for simulation is shown in

Figure 4, and the EDEM model imported by the seed metering

device is shown in Figure 4A. A three-dimensional model of rice

seeds was established according to the shape of the rice seeds

selected in the experiment. Then the model was imported into

EDEM software, and the multi-spherical polymerized particle

model of seeds was obtained through the fast-filling function of

particles (Gao et al., 2021), as shown in Figure 4B.

Hertz-Mindlin’s non-slip model was used as the particle contact

model in this research. The shell of the seed metering device and

forced seeding mechanism were ABS injection molded parts, and
TABLE 2 Levels of test factors.

Levels
Factors

Diameter of hole/mm Number of holes Adjust the angle/°

1 10 8 50

2 12 10 60

3 14 12 70

4 16 14 80
FIGURE 2

Parameter optimization flowchart.
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the material of the brush was plastic. According to the relevant

research results (Zhu et al., 2018), the contact parameters between

particles and components are shown in Table 3.

In the simulation, the EDEM particle plant was set to generate

5000 seeds at a rate of 10000 seeds/s, and the total time to generate

seed particles was set to 0.5 s. To maintain simulation continuity, a

fixed time step of 1×10-6 s was established, which is about 25% of

the Rayleith time step. To increase simulation efficiency, the entire

simulation duration was set to 11s, with the rice seed generation

time being less than 0.5 s.
3.2 Bench experiment

In the bench experiment, the motor drive was utilized to

precisely adjust the working speed, simulating field sowing

(Zhang et al., 2017). The rotating speed and working speed of the

seed metering device are mathematically represented as shown in

Equation (6).

vt
3:6

=
Rsnsdt
60

=
Rmnsdt
60i

(6)

Where v is the running speed of the planter in km/h; T is the

working time in s; Rs is the rotational speed of the seed metering device

in r/min; Rm is the motor speed in r/min; ns is the number of molded

holes; d is the hole spacing in m; i is motor deceleration group.

Since the model is constructed at the same time, Equation (7)

may be found by sorting the formula (6).

d =
50vi
3Rmns

(7)

According to equation (7), when the rotational and working

speeds are constant, the hole spacing is only related to the number

of holes. In other words, when the number of holes is 8, 10, 12

and 14, the theoretical hole spacing is 27.78, 22.22, 18.52, and

15.87 cm, respectively.
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In this paper, the sowing test platform was set up as shown in

Figure 5. The experimental site is the Agricultural Machinery

Equipment Laboratory of the National Research Center for

Intelligent Agricultural Equipment (Beijing, China). The test

platform mainly comprises a rack, seed metering device,

computer terminal, data acquisition device, camera acquisition

device, and other components. The seed metering device is fixed

on the frame, and the output shaft of the driving motor is connected

to the seeding shaft. The data is transferred to the controller

through the computer terminal’s rotational speed control

interface, and the rotational speed of the seed metering device is

precisely regulated using the control model specified by equation

(7). The detailed parameters of the experimental platform are in

Section 2.3 of this paper. The image acquisition device can record

the seed-dropping process of the seed tube, and the number of rice

seeds per hole can be recorded through data processing after the

experiment. For the convenience of later data processing and the

authenticity of data, the performance parameters of the image

acquisition device are adjusted to 7680 f/s for data acquisition.

The optical fiber sensor was installed under the seed tube to

detect the time between seeds in each hole. A fiber amplifier was

used to amplify the sensor’s signal and convert the optical signal

into the electrical signal. The data acquisition system was used to

collect the sensor’s output data, transmit the data to the computer

terminal through the communication interface, and then obtain the

corresponding evaluation index after post-processing. The sensor

detection principle is shown in Figure 5B. The time when the first

seed in the first hole enters the sensor is recorded as t1, and when the

last seed leaves, the sensor is recorded as t2. Therefore, we can make

the following definition: the time T1 of the first hole is (t2+t1)/2, the

time T2 of the second hole is (t4+t3)/2, and the interval time between

the first point and the second hole is the difference between T2 and

T1. The response speed of the sensor selected in this test is 2 ms, and
the detection accuracy of the sensor meets the requirements

through the pre-test. Combined with the derivation of relevant

theoretical models and the pre-test results (Zhang et al., 2016; Li
FIGURE 3

Model of the Seed-Metering Device in RecurDyn. 1. Seed-metering device; 2. Simulated ground.
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A

B

FIGURE 4

Discrete Element Model of Simulation. (A) Model of seed metering device in EDEM software. (B) Rice Seeds. 1. seeds per hole; 2. hole spacing; 3.
short axis of rice seeds; 4. thickness of rice seeds; 5. The long axis of rice seed; 6. simulation model; 7. three-dimensional model; 8. real rice seed.
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et al., 2022), the interval between rice seeds in each hole is far less

than between holes. Therefore, the influence of the interval time

between rice seeds in each hole on the results of this study can

be ignored.

As the sensor collects excessive data in each group of tests, the

data processing procedure will be briefly described by considering

the original data of one hole distance collected by the sensor, as

shown in Table 4. When a seed enters the sensor, it triggers the

sensor to a low level. Conversely, when no seed enters the sensor, it

triggers the sensor to a high level. Based on the sensor’s working

principle, the data acquisition system records the time when the rice

seed triggers the high and low levels. The intermediate time T1 of

the first hole and T2 of the second hole can be calculated, and the

time interval between the two holes can be further determined.

Utilizing the time interval and simulated speed in the test, the value

of the first hole distance can be calculated. Similarly, all the hole

distance values in the experiment can be obtained using

this method.
4 Results and analysis

4.1 Results of single factor
simulation analysis

The influence of hole diameter, number, and adjusting angle on

the performance of the seed metering device was evaluated by a

single factor in section 2.2.1, and the analysis results may determine

the value range of factors for the orthogonal test. The following are

the particular research and analysis.

4.1.1 Influence of hole diameter on seed
metering device performance

Different hole diameters lead to a different number of seeds

filled in each layer, affecting the seed metering device’s performance

index. The analysis of specific influence degrees is as follows.

According to the results of single factor analysis, the hole

diameter range can be accurately determined, and the factor level

can be determined for the orthogonal test. The influence of different
Frontiers in Plant Science 09
hole diameters on the performance of the seed metering device is

shown in Figure 6.

As shown in Figure 6, with the increase of hole diameter, the

qualification rate of seeds per hole y1 first increases and then

decreases, the coefficient of variation of seed number y4 first

decreases and then increases, the coefficient of variation of hole

spacing y6 first decreases and then increases, the average seeds per

hole y3 shows an increasing trend, the empty hole rate y2 is zero,

and the average hole spacing y5 is almost unchanged. When the hole

diameter was 14 mm, the qualification rate of seeds per hole was

94.12%, the coefficient of variation of seed number was 16.09%, and

the coefficient of variation of hole spacing was 10.59%. When the

hole diameter was 10 mm, the qualification rate of seeds per hole

was 82.35 (the lowest), the coefficient of variation of seed number

was 27.98% (the highest), and the coefficient of variation of hole

spacing was 13.71% (the highest). Therefore, the hole diameters of

12, 14, and 16 mm were selected as the orthogonal test factor levels

in the following experiments. According to section 3.1.1, the hole

diameter with the higher qualification rate is the typical value for

subsequent single-factor analysis. The diameter of the hole was

fixed at 14 mm in the subsequent single-factor test.

4.1.2 Influence of the number of the hole on the
seed metering device performance

When the seed metering device’s rotational speed is constant,

the performance of the seed metering device can be improved by

changing the number of holes. The specific influence of the number

of holes on the performance of the seed metering device is as

follows. From the analysis results, we can determine the factor level

value of the orthogonal test, and the influence of different hole

numbers on the performance of the seed metering device is shown

in Figure 7.

The results show that with the increase of the number of holes,

the qualification rate of seeds per hole y1 first increases and then

decreases, the coefficient of variation of seed number y4 first

decreases and then increases, the coefficient of variation of hole

spacing y6 first decreases and then increases, the average seeds per

hole y3 and the average hole spacing y5 gradually decrease, and the

empty hole rate y2 is zero. When the number of holes was 10, the

qualification rate of seeds per hole was 94.11%, and the coefficient of

variation of seed number was 17.95%. When the number of holes

was 12, the qualification rate of seeds per hole was 88.23%, slightly

lower than that when the number of holes was 10 (94.11%).

However, the coefficient of variation of seed number (16.21%) is

better than that when the number of holes was 10. According to

section 3.1.1, the number of holes with the higher qualification rate

and lower coefficient of variation of seed number was regarded as

the typical value of subsequent single-factor analysis. Therefore, in

the subsequent single-factor test, the number of holes was

determined to be 12. When the number of holes was 8, the

qualification rate of seeds per hole was 82.35% (the lowest). For

precision direct seeding technology of rice, the qualification rate of

seeds per hole can directly reflect whether the seed metering device

meets the requirements of precision direct seeding. Therefore, the

number of holes 10, 12, and 14 was selected as the orthogonal test

factor level in the subsequent test.
TABLE 3 Parameters of discrete element simulation.

Parameters

Materials

Rice
seeds ABS Brush

Poisson’s ratio 0.3 0.34 0.4

Shear modulus/Pa 1.82×108 3×109 1×108

Density/(kg.m-3) 1239 1250 1150

Recovery coefficient(With rice seed
particles)

0.30 0.32 0.45

Static friction coefficient(With rice seed
particles)

0.56 0.46 0.61

Coefficient of rolling friction(With rice seed
particles)

0.01 0.01 0.02
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TABLE 4 Original sensor data (One hole spacing).

Number Record time Level state Intermediate time Time between holes Hole spacing/m

1 18:32:33.911 (t1) Low
18:32:33.928 (T1)

0.204 0.227
2 18:32:33.944 (t2) High

3 18:32:34.121 (t3) Low
18:32:34.132 (T2)

4 18:32:34.143 (t4) High
F
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B

FIGURE 5

Test device and schematic diagram. (A) Experiment device. (B) Detection principle. 1. Computer terminal; 2. Sensor data acquisition interface;
3. Controller; 4. Image acquisition device; 5. Drive motor; 6. Seedbox; 7. Frame; 8. Seed metering device; 9. Optical fiber amplifier; 10. Optical fiber
sensor; 11. Collecting device; 12. Data acquisition system; 13. Communication interface; 14. Speed control interface; The first seed in the first hole
enters the sensor at t1, the last seed at t2; The first seed in the second hole at t3, and the last seed at t4.
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4.1.3 Influence of adjusting angle on seed
metering device performance

Different adjustment angles indicate different pre-filling seed

areas. Too small pre-filling seed areas can affect the filling seeds of

the seed metering device, and then affect the sowing performance

of the seed metering device. The specific effects are explained as
Frontiers in Plant Science 11
follows. The influence of different adjustment angles on the

performance of the seed metering device is shown in Figure 8.

Through the analysis of Figure 8, it can be seen that with the

increase of adjustment angle, the qualification rate of seeds per hole

y1 shows an upward trend, the coefficient of variation of seed

number y4 and the hole spacing y6 shows a downward trend, the
FIGURE 7

Influence of different holes number on the seed-metering device performance.
FIGURE 6

Effect of different hole diameters on the seed-metering device performance.
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average seeds per hole y3 and the average hole spacing y5 show an

increasing trend, and the empty hole rate y2 is zero. When the

adjustment angle was 50, the qualification rate of seeds per hole

(76.47%) was lower than 80%. According to the results of related

research, if the qualification rate of seeds per hole is less than 80%, it

will not meet the requirements of precision sowing. Therefore, the

adjustment angles of 60°, 70°, and 80° were selected as the factor

levels of the orthogonal test in the subsequent test.
4.2 Analysis results of
orthogonal experiment

According to Section 2.2, it is necessary to carry out the

orthogonal test based on the single-factor test results after

completing it. The orthogonal test results of structural parameter

optimization of the seed metering device are shown in Table 5.
4.2.1 Range analysis
The range analysis of the orthogonal test results of the seed-

metering device is shown in Figure 9. From the order of primary and

secondary factors, the main parameters affecting the qualification rate

of seeds per hole were hole diameter and adjustment angle. The main
Frontiers in Plant Science 12
parameters affecting the empty hole rate are the number of holes and

the adjustment angle. The hole diameter was the main parameter

affecting the average number of seeds per hole. The main parameters

affecting the coefficient of variation of seed number were hole

diameter and adjustment angle. The main parameter affecting the

average hole spacing was the number of holes. The adjustment angle

was the main factor affecting the coefficient of variation of the hole

spacing. Parameters were selected based on the higher qualified rate

of hole number. The optimized horizontal combination of structural

parameters of the seed metering device is A2B1C3. That is, the

diameter of the hole was 14 mm, the number of the hole was 10,

and the adjustment angle was 80°.

Similarly, the optimum level combinations of the empty hole

rate, coefficient of variation of seed number, and hole spacing were

A2B1C3, A1B1C3, and A2B1C3, respectively. The average seeds per

hole and hole spacing should be selected under the premise of a

small coefficient of variation. The optimal level combination of

average seeds per hole is A1B1C3, and the optimal level combination

of average hole spacing is A2B1C3.

4.2.2 Variance analysis
The variance analysis of the orthogonal test results of the seed

metering device is shown in Figure 10. The analysis shows that the
FIGURE 8

Influence of different adjustment angles on the seed-metering device performance.
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hole diameter and adjustment angle can significantly influence the

qualification rate of seeds per hole. The hole diameter can highly

significantly affect the average number of seeds per hole. The hole

diameter and adjustment angle significantly influence the

coefficient of variation of a seed number. The number of holes

can highly significantly influence the average hole spacing. The

diameter and number of holes and the adjustment angle

significantly influence the coefficient of variation of the hole

spacing. However, the diameter, number of holes, and

adjustment angle have no significant influence on the empty

hole rate. The diameter of the hole has no significant influence

on the average hole spacing. The number of holes has no

significant influence on the qualification rate of seeds per hole,

the average seeds per hole, and the coefficient of variation of a

seed number.
4.3 Results of parameter optimization

The matrix analysis method was used to optimize the structure

parameters of the seed metering device, which solves the

unreasonable problem of multi-factor optimization under multi-

index. According to the theoretical analysis in section 2.3.3, the

weight matrix of each evaluation index of the seed metering device

can be calculated as shown in equations (8)–(13).

gy1 = ½ 0:1653 0:1807 0:1652 0:0224 0:0224 0:0241 0:1335 0:1387 0:1438 �T (8)

gy2 = ½ 0:0000 0:0000 0:1494 0:4252 0:0001 0:0000 0:0000 0:0001 0:4252 �T (9)

gy3 = ½ 0:4977 0:2821 0:2028 0:0007 0:0007 0:0007 0:0051 0:0051 0:0050 �T (10)

gy4 = ½ 0:1634 0:1491 0:1173 0:0452 0:0394 0:0386 0:1244 0:1474 0:1777 �T (11)

gy5 = ½ 0:0206 0:0202 0:0205 0:2628 0:3094 0:3562 0:0034 0:0034 0:0034 �T (12)
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gy6 = ½ 0:0942 0:1073 0:0779 0:1086 0:0810 0:0785 0:1093 0:1619 0:1812 �T (13)

The index of the qualification rate of seeds per hole should be

maximized to ensure the best overall performance of the seed

metering device. In contrast, the empty hole rate, the coefficients

of variation of the seed number, and the hole spacing should be as

low as possible. Combined with the structural parameters and

experimental conditions, the calculated theoretical seeds per hole

and hole spacing all meet the agronomic requirements. Therefore,

the average seeds per hole and the hole spacing should be the

parameters when the corresponding coefficient of variation is the

smallest. That is, the average seeds per hole and the hole spacing

should be the smallest. In summary, if the total weight matrix of

multi-index evaluation is the average of a single index matrix, then

there is a total weight matrix, as shown in Equation (14).

gT = ½ 0:1569 0:1233 0:1222 0:1440 0:0758 0:0830 0:0626 0:0761 0:1560 �T (14)

We can observe from the total weight matrix that A1 is the

highest weight of factor A, indicating that the first level of hole

diameter in the structural parameter of the seed metering device has

the most effect on the multi-index test results. Similarly, the first

level in factor B has the most significant influence on the results of

the multi-index test, and the third level in factor C has the most

significant influence on the results of the multi-index test.

Therefore, the optimal factor level combination of structural

parameters of the seed-metering device is A1B1C3. The hole

diameter, number of holes, and adjustment angle was 12 mm, 10,

and 80°, respectively. The primary and secondary order of structural

parameter effect on the complete assessment index is A > B > C.

4.4 Verification experiment

The verification experiment occurred under identical

test conditions using the ideal combination of structural

characteristics, the experiment was repeated three times, as well

as the average value was taken. The experimental results are shown
TABLE 5 Results of orthogonal test.

Number
Structural parameters Evaluation index

A B C D y1/(%) y2/(%) y3/(grain) y4/(%) y5/(cm) y6/(%)

1 1 (12) 1 (10) 1 (60°) 1 80.73±1.24 0.00±0.00 8.95±0.56 18.88±2.32 21.63±0.13 15.79±2.37

2 1 (12) 2 (12) 2 (70°) 2 81.41±1.12 0.13±0.00 8.97±0.71 17.47±2.01 18.23±0.17 12.37±1.97

3 1 (12) 3 (14) 3 (80°) 3 85.61±1.36 0.00±0.00 9.18±0.62 14.84±2.67 15.87±0.15 12.98±2.08

4 2 (14) 2 (12) 3 (80°) 1 94.47±1.78 0.00±0.00 16.09±0.87 14.93±2.07 18.67±0.23 10.62±1.86

5 2 (14) 3 (14) 1 (60°) 2 85.07±1.23 0.37±0.00 15.82±1.04 23.12±1.98 16.21±0.14 17.23±2.46

6 2 (14) 1 (10) 2 (70°) 3 91.27±1.38 0.00±0.00 15.91±0.82 17.91±1.56 21.98±0.47 8.28±2.12

7 3 (16) 3 (14) 2 (70°) 1 82.73±1.35 0.00±0.00 22.16±1.33 23.81±1.98 15.99±0.36 17.01±2.52

8 3 (16) 1 (10) 3 (80°) 2 84.73±1.42 0.00±0.00 22.23±1.51 19.35±1.56 21.55±0.24 10.04±2.22

9 3 (16) 2 (12) 1 (60°) 3 80.07±1.47 0.00±0.00 22.12±1.63 28.14±2.78 18.44±0.36 22.74±2.55
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in Figure 11. Based on the comprehensive optimization method

proposed in this paper, the specific research methods are described

in Section 2.2.2. The optimization objective is to improve the overall

performance of the seed metering device based on the premise of a
Frontiers in Plant Science 14
higher percentage of the qualification rate of seeds per hole and

smaller values of other evaluation indexes. The weight matrix of each

factor can be obtained through theoretical analysis, and the total

weight matrix can be calculated by using the weight matrix of each

factor. The greater the weight, the greater the influence of the factor

level on the index, that is, the better the performance of the seed

metering device. Based on the evaluation standard of the weight ratio,

the optimal combination of structural parameters of the seed

metering device can be obtained. The seed metering device under

the optimal combination of structural parameters, the qualification

rate of seeds per hole, empty hole rate, average seeds per hole,

coefficient of variation of seed number, average hole spacing, and

the coefficient of variation of hole spacing was 93.07%, 0%, 9.39,

14.04%, and 22.84 cm, 9.14%, respectively. According to the

condition of the verification test and the mathematical control

model designed in this paper, the theoretical hole spacing should

be 22.22 cm. Therefore, the error between the verification test results

and the theoretical values is 2.79%.
5 Discussion

The connection between the evaluation index and each

component was analyzed to determine the variables that impact

the performance index of the seed metering device. To begin, the

single-factor test serves to establish the value range of each

structural parameter. The orthogonal test would then be run to

determine the best combination of structural parameters. Finally,

the validity of the modified structural parameters was tested, and

the seed metering mechanism was fully evaluated. Following is a

discussion of the main test results of a comprehensive analysis:
1) The diameter of the hole affects the performance of the seed

metering device (Figure 6). The number of seeds entering

the hole rises as the diameter of the hole increases, resulting

in the probability of irregular movement of seeds in the

hole, impacting the qualification rate of seeds per hole and

the coefficient of variation of a seed number. The number of

holes has an effect on the performance of the seed metering

device (Figure 7). If the number of holes is too small, the

seed filling time will be too excessive, affecting the

qualifying rate and the coefficient of variation of the hole

spacing. The adjustment angle has an effect on the

performance of the seed metering device (Figure 8). If the

adjustment angle is too tiny, the time necessary for seeds to

enter the hole is insufficient, affecting sowing accuracy.

2) As shown in the range analysis (Figure 9), if the parameters

were selected from the perspective of a single factor and a

single index, the single performance evaluation index is not

optimal under the optimal structural parameters. As a result,

the sowing performance of seed metering devices should be

evaluated using a multi-factor and multi-index methodology.

3) As shown by the analysis of variance (Figure 10), the

coefficient of variation of seed number has a significant

effect(P< 0.001) when the diameter of the hole was 12 mm
D

A

B

C

FIGURE 9

Range analysis of single index. (A) The influence of hole diameter on
the performance index. (B) The influence of the hole number on the
performance index. (C) The influence of adjustment angle on a
performance index. (D) Range analysis of factors on a performance
index. y1 is the qualification rate of seeds per hole; y2 is the empty
hole rate; y3 is the Average seeds per hole; y4 is the coefficient of
variation of seed number; y5 is the average hole spacing; y6 is the
coefficient of variation of the hole spacing.
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and 16 mm. Different hole diameters have a significant

effect on the average number of holes (P< 0.001). There are

extremely significant differences in the number of holes and

average hole spacing among types (P< 0.001). The

adjustment angles were 60° and 80° degrees, and the

average hole spacing had a distinct effect (P< 0.001).

4) Although if the qualification rate of seeds per hole is lower than

that of the fourth group, the coefficient of variation of seed
tiers in Plant Science 15
number and hole spacing is better, according to the findings of

the verification test. The performance of a seed metering device

is often determined bymultiple indexes, and a single index does

not always indicate superior performance. Thus, this also

demonstrates the necessity and significance of this research.

5) The maximum number of seeds per hole under the optimal

parameter combination was 11, signifying that the seed

metering mechanism described in this research can plant 11
A

B

C

FIGURE 10

Variance analysis of single index. (A) Variance analysis of hole diameter. (B) Variance analysis of the hole number. (C) Variance analysis of adjustment
angle. y1 is the qualification rate of seeds per hole; y2 is the empty hole rate; y3 is the average seeds per hole; y4 is the coefficient of variation of
seed number; y5 is the average hole spacing; y6 is the coefficient of variation of hole spacing; * indicates that the difference is significant at 0.05
level; ** indicates that the difference is significant at 0.01 level; *** indicates that the difference is significant at 0.001 level.
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seeds with a sphericity of 54.14% per hole. According to the

agronomic requirements of rice direct seeding, the seed

metering device designed in this study can achieve an

accurate adjustment of 37~92 kg/hm2, and the

adjustment range is superior to the rice precision seed

metering device now on the market.

6) This experiment cannot accurately represent the

adaptability of the seed metering device, thus many other

types of spherical rice seeds will be chosen to explore

adaptation further forward. Moreover, the coupling

simulation method utilized in this experiment may

expedite the development cycle for seed metering device

research. Simultaneously, the multi-factor and multi-index

optimization approach that this study presents will be

helpful to future researchers studying other relevant

parameter optimization.

7) The existing research methods mainly have three evaluation

indexes, while this study selects six evaluation indexes.

The more evaluation indexes, the more complex the

optimization process becomes. The results obtained using

this research method are superior to the existing relevant

studies. This reflects the reliability of this research and

highlights the necessity and importance of this research.

The research methods and ideas are not limited to the rice

direct seeding device, but can also be applied to optimizing

parameters of other devices. Using this method has a

significant effect on improving device performance and

can improve intelligent plant protection.
6 Conclusion

Aiming at the problem of an unreasonable configuration of

structural parameters optimization method of rice precision direct
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seeding metering device, a structural optimization method of rice

direct seeding apparatus based on the multi-index orthogonal

experiment was proposed in this paper. Firstly, the influencing

factors and levels of the overall performance of the rice direct

seeding device were assessed using the coupling simulation analysis

method. Second, a test platform was constructed using the electric

drive control model, and orthogonal tests based on numerous

indices were created. Finally, a multi-index comprehensive

optimization theoretical model based on the matrix analysis

method was established, through which the optimal structural

parameters of the seed metering device were determined, and the

accuracy and qualitativeness of the optimization method of the seed

metering device structure based on the multi-index orthogonal test

was verified. The following are the main conclusions of this study.
1) On the basis of the multi-index orthogonal test, a thorough

optimization method for the structural parameters of the

seed metering device was proposed. Experiments have

confirmed the suggested method. The method combines

theory with co-simulation, designs the test platform using

the electric drive exact control theory model, and performs

the test while avoiding precise control of the speed of the

seeding device in the real operation by depending on the

mechanical drive.

2) The single-factor simulation test demonstrates that the seed

metering device construction parameters have an effect on

the performance evaluation index, and the orthogonal test

parameter range was identified. From the results of a multi-

index orthogonal test, the hole diameter has the most effect

on the complete assessment index, while the adjustment

angle has the lowest impact.

3) Following the multi-index comprehensive optimization

method, the optimal factor level combination of the seed

metering device’s structural parameters was A1B1C3. In

other words, the hole’s diameter was 12 mm, the number

of holes was 10, and the adjustment angle was 80°. The

verification tests showed that the qualification rate of seeds

per hole, empty hole rate, average seed number, coefficient

of variation of seed number, average hole spacing, and

variance coefficient of hole spacing are 93.07%, 0%,

9.39,14.04%, 22.84 cm, and 9.14%, respectively, under the

optimal structural parameters. These results have

confirmed the accuracy of the proposed method.

4) The existing research on rice direct seeding metering devices

shows that the seed qualification rate per hole is less than

90%, the empty hole rate is over 3%, and the coefficient of

variation of hole spacing is over 10%. The optimization

method used in these studies typically focuses on no more

than three evaluation indicators (Zhang et al., 2015; Zhang

et al., 2017; Zhang et al., 2018a; Zhang et al., 2018b; Shun

et al., 2020). However, in this study, a new method was

proposed that used six evaluation indexes to optimize the

parameters. The results showed a seed qualification rate per

hole of 93.07%, an empty hole rate of 0%, and a coefficient

of variation of hole spacing of 9.14%. These results were
FIGURE 11

Results of optimal combination test. y1 is the qualification rate of seeds
per hole; y2 is the empty hole rate; y3 is the average seeds per hole; y4
is the coefficient of variation of seed number; y5 is the average hole
spacing; y6 is the coefficient of variation of the hole spacing.
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better than those of previous studies, highlighting the

importance of this research.

5) Most of the seed metering devices currently available have 8

holes, while the device studied in this research has 10 holes.

The results indicate that when seeding with the same hole

spacing, the seed metering device with 10 holes has a

lower rotational speed. The lower the rotational speed,

the smaller the impact on the device, and the more stable

its performance.

6) At present, a comprehensive optimization method of

structural parameters based on a multi-index orthogonal

test has been provided, which has been validated in a rice

precision direct seeding metering system, and its

application must be confirmed. The test method needs

further improvement. For a more exact analysis, it is also

important to enhance the test conditions on the bench, a

challenge for future study. This approach enhances research

in the area of detailed optimization of the structural

parameters of a precision rice metering device under

multiple indexes. The concepts and findings of this study

provide techniques and references for optimizing the

parameters of a precision rice seed metering device.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

Conceptualization, HaL, LL, and BY. Methodology, HaL, CW,

and GW. Validation, HaL, ZM, and BY. Formal analysis, HaL, LL,

and BY. Investigation, HuL, ZM, XA, and BY. Resources, LL, HaL,

and GW. Writing—original draft preparation, HaL, CW, and BY.

Writing—review and editing, HaL, and BY. Supervision, HuL, XA,
tiers in Plant Science 17
and ZM. Funding acquisition, XA, ZM, and BY. All authors

contributed to the article and approved the submitted version.
Funding

This research was funded by the National Key Research and

Development Program of China (2021ZD0110902), Youth

Research Fund project of Beijing Academy of Agriculture and

Forestry Sciences (QNJJ202222), and the Key Research and

Development Program of Shandong Province (2022CXGC010608).
Acknowledgments

The authors gratefully acknowledge the funding’s support.

We would like to thank “Intelligent Equipment Research

Center, Beijing Academy of Agriculture and Forestry Sciences”,

“School of Electrical and Information, Northeast Agricultural

University” and “State Key Laboratory of Intelligent Agricultural

Power Equipment”.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Farooq, M., Siddique, K. H., Rehman, H., Aziz, T., Lee, D.-J., and Wahid, A. (2011).
Rice direct seeding: experiences, challenges and opportunities. Soil Tillage Res. 111 (2),
87–98. doi: 10.1016/j.still.2010.10.008

Gao, X., Cui, T., Zhou, Z., Yu, Y., Xu, Y., Zhang, D., et al. (2021). DEM study of
particle motion in novel high-speed seed metering device. Adv. Powder Technol. 32 (5),
1438–1449. doi: 10.1016/j.apt.2021.03.002

Gao, P., Wang, H., Deng, S., Dong, E., and Dai, Q. (2022). Influence of organic rice
production mode on weed composition in the soil seed bank of paddy fields. Front.
Plant Science. 13. doi: 10.3389/fpls.2022.1056975

Gao, X., Xie, G., Li, J., Shi, G., Lai, Q., and Huang, Y. (2023). Design and validation of
a centrifugal variable-diameter pneumatic high-speed precision seed-metering device
for maize. Biosyst. Engineering. 227, 161–181. doi: 10.1016/j.biosystemseng.2023.02.004

Guozhong, Z., Ying, Z., Xiwen, L., Zaiman, W., Qiang, Z., and Shasha, Z. (2015).
Design and indoor simulated experiment of pneumatic rice seed metering device. Int. J.
Agric. Biol. Engineering. 8 (4), 10–18. doi: 10.3965/j.ijabe.20150804.1626

Jianbo, Z., Junfang, X., and Yong, Z. (2016). Design and experiment of pneumatic
precision hill-drop drilling seed metering device for hybrid rice. Nongye Jixie Xuebao/
Transact. Chin. Soc. Agric. Machinery. 47 (1), 75–82. doi: 10.6041/j.issn.1000-
1298.2016.01.011

Jianbo, Z., Junfang, X., Yong, Z., and Shun, Z. (2014). Design and experimental study
of the control system for precision seed-metering device. Int. J. Agric. Biol. Engineering.
7 (3), 13–18. doi: 10.3965/j.ijabe.20140703.002

Karayel, D. (2009). Performance of a modified precision vacuum seeder for no-till
sowing of maize and soybean. Soil Tillage Res. 104 (1), 121–125. doi: 10.1016/
j.still.2009.02.001

Karayel, D., Barut, Z., and Özmerzi, A. (2004). Mathematical modelling of vacuum
pressure on a precision seeder. Biosyst. Engineering. 87 (4), 437–444. doi: 10.1016/
j.biosystemseng.2004.01.011

Karayel, D., Wiesehoff, M., Özmerzi, A., and Müller, J. (2006). Laboratory
measurement of seed drill seed spacing and velocity of fall of seeds using high-speed
camera system. Comput. Electron. Agricul. 50 (2), 89–96. doi: 10.1016/
j.compag.2005.05.005

Kumar, S., Kumar, S., Krishnan, G. S., and Mohapatra, T. (2022). Molecular basis of
genetic plasticity to varying environmental conditions on growing rice by dry/direct-
frontiersin.org

https://doi.org/10.1016/j.still.2010.10.008
https://doi.org/10.1016/j.apt.2021.03.002
https://doi.org/10.3389/fpls.2022.1056975
https://doi.org/10.1016/j.biosystemseng.2023.02.004
https://doi.org/10.3965/j.ijabe.20150804.1626
https://doi.org/10.6041/j.issn.1000-1298.2016.01.011
https://doi.org/10.6041/j.issn.1000-1298.2016.01.011
https://doi.org/10.3965/j.ijabe.20140703.002
https://doi.org/10.1016/j.still.2009.02.001
https://doi.org/10.1016/j.still.2009.02.001
https://doi.org/10.1016/j.biosystemseng.2004.01.011
https://doi.org/10.1016/j.biosystemseng.2004.01.011
https://doi.org/10.1016/j.compag.2005.05.005
https://doi.org/10.1016/j.compag.2005.05.005
https://doi.org/10.3389/fpls.2023.1183624
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2023.1183624
sowing and exposure to drought stress: insights for DSR varietal development. Front.
Plant Science. 13. doi: 10.3389/fpls.2022.1013207

Lai, Q., Jia, G., Su, W., Zhao, L., Qiu, X., and LL, Q. (2022). Design and test of chain-
spoon type precision seed-metering device for ginseng based on DEM-MBD coupling.
Nongye Jixie Xuebao/Transact. Chin. Soc. Agric. Machinery. 53 (3), 91–104.
doi: 10.6041/j.issn.1000-1298.2022.03.009

Li, J., Lai, Q., Zhang, H., Zhang, Z., Zhao, J., and Wang, T. (2021). Suction force on
high-sphericity seeds in an air-suction seed-metering device. Biosyst. Engineering. 211,
125–140. doi: 10.1016/j.biosystemseng.2021.08.031

Li, H., Zhao, C., Yan, B., Ling, L., and Meng, Z. (2022). Design and verification of the
variable capacity roller-wheel precision rice direct seed-metering device. Agronomy 12
(8), 1798. doi: 10.3390/agronomy12081798

Liquan, T., Han, T., Jinwu, W., Shuwei, L., Wenqi, Z., and Dongwei, Y. (2017).
Design and experiment of rebound dipper hill-drop precision direct seed-metering
device for rice. Nongye Jixie Xuebao/Transact. Chin. Soc. Agric. Machinery. 48 (4). doi:
10.6041/j.issn.1000-1298.2017.04.008

Liquan, T., Yongsen, X., Zhao, D., and Zhan, S. (2021). Design and performance test
of direct seed metering device for rice hill. INMATEH-Agricul. Engineering. 64 (2),
257–268. doi: 10.35633/inmateh-64-25

Ma, J., Lei, X. L., and Ma, R. C. (2013). “Structural design and parameters
optimization of rice seed-metering device,” in Applied mechanics and materials
(Trans Tech Publ), 957–965. doi: 10.4028/www.scientific.net/AMM.397-400.957

Özmerzi, A., Karayel, D., and Topakci, M. (2002). PM–Power machinery: effect of
sowing depth on precision seeder uniformity. Biosyst. Engineering. 82 (2), 227–230.
doi: 10.1006/bioe.2002.0057

Pitoyo, J., and Idkham, M. (2021). “Review of rice transplanter and direct seeder to be
applied in Indonesia paddy field,” in IOP Conference Series: Earth and Environmental
Science, Vol. 012019 (IOP Publishing). doi: 10.1088/1755-1315/922/1/012019

Ruan, J., Xiang, G., and Cheng, X. (2011). Experiments and optimization of
performance parameters on rubber roll husker. Trans. Chin. Soc. Agric. Engineering.
27 (5), 353–357. doi: 10.3969/j.issn.1002-6819.2011.05.061

Shun, Z., Yong, L., Haoyu, W., Juan, L., Zhaodong, L., and Dequan, Z. (2020). Design
and experiment of U-shaped cavity type precision hill-drop seed-metering device for
rice. Nongye Jixie Xuebao/Transact. Chin. Soc. Agric. Machinery. 51 (10), 98–108.
doi: 10.6041/j.issn.1000-1298.2020.10.012

Singh, R., Singh, G., and Saraswat, D. (2005). Optimisation of design and operational
parameters of a pneumatic seed metering device for planting cottonseeds. Biosyst.
Engineer. 92 (4), 429–438. doi: 10.1016/j.biosystemseng.2005.07.002

Tang, H., Xu, C., Wang, Z., Wang, Q., and Wang, J. (2022a). Optimized design,
monitoring system development and experiment for a long-belt finger-clip precision
corn seed metering device. Front. Plant Science. 13. doi: 10.3389/fpls.2022.814747

Tang, H., Xu, C., Xu, W., Xu, Y., Xiang, Y., and Wang, J. (2022b). Method of straw
ditch-buried returning, development of supporting machine and analysis of influencing
factors. Front. Plant Science. 13. doi: 10.3389/fpls.2022.967838

Tang, H., Xu, F., Xu, C., Zhao, J., and Wang, Y.-J. (2023). The influence of a seed
drop tube of the inside-filling air-blowing precision seed-metering device on seeding
quality. Comput. Electron. Agricul. 204, 107555. doi: 10.1016/j.compag.2022.107555

Wang, B., Luo, X., Wang, Z., Zheng, L., Zhang, M., Dai, Y., et al. (2018). Design and
field evaluation of hill-drop pneumatic central cylinder direct-seeding machine for
hybrid rice. Int. J. Agric. Biol. Engineering. 11 (6), 33–40. doi: 10.25165/j.ijabe.
20181106.4175

Wang, B., Na, Y., Liu, J., and Wang, Z. (2022). Design and evaluation of vacuum
central drum seed metering device. Appl. Sci. 12 (4), 2159. doi: 10.3390/app12042159
Frontiers in Plant Science 18
Wei, F., Zhiyuan, Z., Ying, Z., Xiwen, L., Shan, Z., and Zaiman, W. (2017).
Development and experiment of rice hill-drop drilling machine for dry land based
on proportional speed regulation. Int. J. Agric. Biol. Engineering. 10 (4), 77–86.
doi: 10.25165/j.ijabe.20171004.3125

Xia, Q., Zhang, W., Qi, B., and Wang, Y. (2023). Design and experimental study on a
new horizontal rotary precision seed metering device for hybrid rice. Agriculture 13 (1),
158. doi: 10.3390/agriculture13010158

Xiaoling, W., Bingjun, X., and Qiang, Z. (2010). Optimization design of the stability
for the plunger assembly of oil pumps based on multi-target orthogonal test design.
J. Hebei Univ. Engineering. 27 (3), 95–99. doi: 10.3969/j.issn.1673-9469.2010.03.024

Xing, H., Wang, Z., Luo, X., Zang, Y., He, S., Xu, P., et al. (2021). Design and
experimental analysis of rice pneumatic seeder with adjustable seeding rate. Int. J.
Agric. Biol. Engineering. 14 (4), 113–122. doi: 10.25165/j.ijabe.20211404.5658

Xing, H., Zang, Y., Cao, X., Wang, Z., Luo, X., Zeng, S., et al. (2015a). Experiment
and analysis of dropping trajectory on rice pneumatic metering device. Trans. Chin.
Soc. Agric. Engineering. 31 (12), 23–30. doi: 10.11975/j.issn.1002-6819.2015.12.004

Xing, H., Zang, Y., Wang, Z., Luo, X., Zhang, G., Cao, X., et al. (2015b). Design and
experiment of stratified seed-filling room on rice pneumatic metering device. Trans.
Chin. Soc. Agric. Engineering. 31 (4), 42–48. doi: 10.3969/j.issn.1002-6819.2015.04.006

Yazgi, A., Taylor, R. K., Navid, H., and Weckler, P. (2017). Performance modeling
and seed releasing characteristics of a corn planter metering unit using response surface
methodology. Appl. Eng. Agricul. 33 (2), 181–189. doi: 10.13031/aea.11681

Yoo, S., Choi, Y., and Suh, S. (2005). Development of a precision seed metering
device for direct seeding of rice. J. Biosyst. Engineering. 30 (5), 261–267. doi: 10.5307/
JBE.2005.30.5.261

Zhang, M., Wang, Z., Luo, X., Jiang, E., Xing, H., and Wang, B. (2018a). Effect of
double seed-filling chamber structure of combined type-hole metering device on filling
properties. Trans. Chin. Soc. Agric. Engineering. 34 (12), 8–15. doi: 10.11975/
j.issn.1002-6819.2018.12.002

Zhang, M., Wang, Z., Luo, X., Zang, Y., Yang, W., Xing, H., et al. (2018b). Review of
precision rice hill-drop drilling technology and machine for paddy. Int. J. Agric. Biol.
Engineering. 11 (3), 1–11. doi: 10.25165/j.ijabe.20181103.4249

Zhang, S., Xia, J., Zhou, Y., Wu, D., Cao, C., and Xia, P. (2017). Field experiment and
seeding performance analysis of pneumatic cylinder-type precision direct seed-
metering device for rice. Trans. Chin. Soc. Agric. Engineering. 33 (3), 14–23.
doi: 10.11975/j.issn.1002-6819.2017.03.003

Zhang, S., Xia, J., Zhou, Y., Zhai, J., Guo, Y., Zhang, X., et al. (2015). Design and
experiment of pneumatic cylinder-type precision direct seed-metering device for rice.
Trans. Chin. Soc. Agric. Engineering. 31 (1), 11–19. doi: 10.3969/j.issn.1002-6819.
2015.01.002

Zhang, G., Zang, Y., Luo, X., Wang, Z., Zeng, S., and Zhou, Z. (2013). Design and
experiment of oriented seed churning device on pneumatic seed metering device for
rice. Trans. Chin. Soc. Agric. Engineering. 29 (12), 1–8. doi: 10.3969/j.issn.1002-
6819.2013.12.001

Zhang, G., Zhang, S., Yang, W., Lu, K., Lei, Z., and Yang, M. (2016). Design and
experiment of double cavity side-filled precision hole seed metering device for rice.
Trans. Chin. Soc. Agric. Engineering. 32 (8), 9–17. doi: 10.11975/j.issn.1002-6819.
2016.08.00

Zhu, D., Li, L., Wen, S., Zhang, S., Jiang, R., andWu, L. (2018). Numerical simulation
and experiment on seeding performance of slide hole-wheel precision seed-metering
device for rice. Nongye Gongcheng Xuebao/Transact. Chin. Soc. Agric. Engineering. 34
(21), 17–26. doi: 10.11975/j.issn.1002-6819.2018.21.003
frontiersin.org

https://doi.org/10.3389/fpls.2022.1013207
https://doi.org/10.6041/j.issn.1000-1298.2022.03.009
https://doi.org/10.1016/j.biosystemseng.2021.08.031
https://doi.org/10.3390/agronomy12081798
https://doi.org/10.6041/j.issn.1000-1298.2017.04.008
https://doi.org/10.35633/inmateh-64-25
https://doi.org/10.4028/www.scientific.net/AMM.397-400.957
https://doi.org/10.1006/bioe.2002.0057
https://doi.org/10.1088/1755-1315/922/1/012019
https://doi.org/10.3969/j.issn.1002-6819.2011.05.061
https://doi.org/10.6041/j.issn.1000-1298.2020.10.012
https://doi.org/10.1016/j.biosystemseng.2005.07.002
https://doi.org/10.3389/fpls.2022.814747
https://doi.org/10.3389/fpls.2022.967838
https://doi.org/10.1016/j.compag.2022.107555
https://doi.org/10.25165/j.ijabe.20181106.4175
https://doi.org/10.25165/j.ijabe.20181106.4175
https://doi.org/10.3390/app12042159
https://doi.org/10.25165/j.ijabe.20171004.3125
https://doi.org/10.3390/agriculture13010158
https://doi.org/10.3969/j.issn.1673-9469.2010.03.024
https://doi.org/10.25165/j.ijabe.20211404.5658
https://doi.org/10.11975/j.issn.1002-6819.2015.12.004
https://doi.org/10.3969/j.issn.1002-6819.2015.04.006
https://doi.org/10.13031/aea.11681
https://doi.org/10.5307/JBE.2005.30.5.261
https://doi.org/10.5307/JBE.2005.30.5.261
https://doi.org/10.11975/j.issn.1002-6819.2018.12.002
https://doi.org/10.11975/j.issn.1002-6819.2018.12.002
https://doi.org/10.25165/j.ijabe.20181103.4249
https://doi.org/10.11975/j.issn.1002-6819.2017.03.003
https://doi.org/10.3969/j.issn.1002-6819.2015.01.002
https://doi.org/10.3969/j.issn.1002-6819.2015.01.002
https://doi.org/10.3969/j.issn.1002-6819.2013.12.001
https://doi.org/10.3969/j.issn.1002-6819.2013.12.001
https://doi.org/10.11975/j.issn.1002-6819.2016.08.00
https://doi.org/10.11975/j.issn.1002-6819.2016.08.00
https://doi.org/10.11975/j.issn.1002-6819.2018.21.003
https://doi.org/10.3389/fpls.2023.1183624
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Structural optimization method of rice precision direct seed-metering device based on multi-index orthogonal experimental
	1 Introduction
	2 Materials and methods
	2.1 Configuration and working principle of rice direct seed-metering device
	2.2 Optimization method of structural parameters of the seed-metering device based on multi-index orthogonal experiment
	2.2.1 Index selection and analysis of influencing factors of the seed-metering device performance
	2.2.2 Design of multi-index orthogonal experiment

	2.3 Experimental materials

	3 Experiment
	3.1 Simulation experiment
	3.1.1 Experimental design
	3.1.2 Model construction based on DEM-MBD

	3.2 Bench experiment

	4 Results and analysis
	4.1 Results of single factor simulation analysis
	4.1.1 Influence of hole diameter on seed metering device performance
	4.1.2 Influence of the number of the hole on the seed metering device performance
	4.1.3 Influence of adjusting angle on seed metering device performance

	4.2 Analysis results of orthogonal experiment
	4.2.1 Range analysis
	4.2.2 Variance analysis

	4.3 Results of parameter optimization
	4.4 Verification experiment

	5 Discussion
	6 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


