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ABSTRACT

The core equipment of rice dry direct-seeding with film mulching devices shows poor adaptability to rice
varieties, struggling to accommodate diverse seeding quantity for both hybrid and conventional rice varieties.
A seed-filling component with unilateral and bilateral seed-filling function was designed to solve this challenge.
Through theoretical analysis the key structural parameters of the seed-filling component were determined.
Then Discrete Element Method (DEM) simulations were conducted to analyze the seeding performance,
leading to the identification of optimal parameters for orifice width and orifice deflection angle of the seed-filling
component, which are 7.7 to 8.6 mm and 1.71 to 2.41 degrees, respectively. Bench experiments using the
central composite design indicates that the optimal parameters for the seed-filling component's orifice width
and orifice deflection angle are 8.1 mm and 1.99 degrees, respectively. In the optimal combination of orifice
parameters, for unilateral seed-filling in hybrid rice, the miss-seeding rate is 4%, the qualified rate is 84.8%,
and the reseeding rate is 11.2%. For bilateral seed-filling in conventional rice, the miss-seeding rate is 4.2%,
the qualified rate is 85.2%, and the reseeding rate is 10.6%. The result of field hole-seeding with film mulching is
consistent with the result of indoor bench experiments, demonstrating that the seed-filling component of the hole
seeder can meet the seeding requirements for rice precision direct-seeding with film mulching. This paper provides
theoretical reference for the design and optimization of the seed-filling component for rice hole-seeding equipment.

WHE

FI T K R 78 22 EL TR 1% 100K 750 U T i P I 25, M AT T I A7 ) 445 T Al v e R 7 ) 1 iR
&l T — RGN T EEHTIRFIAE B, FE e 70 B T I Fh e B AR S50, AT T HEFFHERE T 5
TG EDEM 177 B A7, B0 1K Pl B E i 1T 535 P2 R ZE AL i 3 78 AR 7 1, 245 %9 7.7~8.5 mm #11.71~2.41°;

IO B 1092 111 77029 B HEFERT 109 28 1], 42 (1T IR A 56 B 11 5 /2 TZEL 7L i 34 4 777 4 8.1 mm £11.99°,
LI, BT FEFFETE, KRR 4%, GH5F 7y 84.8% . HIFF N 11.2%, XN 7Z FhHER ARG, FoIER
K 4.2%. EHEFR 85.2% HHEF K 10.6%, [H/E]ERIFEFHTS % 4 G JEHEFI I 55 R —20, ] HF#K
FhE B R SR K T AR WA 2 TR I HE IR . KTk R TR A5 T B 1) 8% v e O 1 F8 (P it 2 1R 1 -

INTRODUCTION

As one of the essential global cereal crops, rice holds a significant position within agricultural production.
According to the statistics, in 2021, the worldwide rice cultivation area reached 160 million hectares, accounting
for 10.7% of the total cultivated area for all crops, ranking only behind maize and wheat. The global rice
production reached 750 million metric tons, constituting 16.8% of the total crop production (World Food and
Agriculture — Statistical Yearbook 2021, 2021).

Rice, known as a "water-loving crop”, exhibits the highest water consumption among all crops, utilizing
25% of the global agricultural freshwater resources (Liu et al., 2015; Tao et al., 2016). The hole-seeding with
film mulching for rice technology, achieved through surface mulching, not only reduces soil water evaporation
and enhancing soil moisture retention capacity but also converts natural precipitation into effective rainfall and
increases soil water storage. This approach can save 50% to 70% of irrigation water compared to conventional
direct seeding methods (Li H. et al., 2020; Sandhu et al., 2019). In addition, traditional rice direct seeding is
susceptible to the influence of weather and weed infestation (Kakumanu et al., 2018; Singh et al., 2015),
especially during the early growth stages, which can lead to problems like poor seedling emergence or
malnutrition in rice seedlings, ultimately resulting in reduced yields (Ghosh et al., 2017).
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Film mulching not only suppresses weed growth but also raises the soil temperature on the surface, and
creates a microclimate conducive to rice growth under the mulch. This microclimate ensures the necessary
temperature and moisture for early seed germination, root growth, and plant development, ensuring
emergence rates, survival rates and adequate nutrient supply, thereby reducing the risks associated with direct
seeding of rice (He et al., 2013; Li H. et al., 2021). Rice seeding with film mulching can also promote soil
organic carbon mineralization (Guan et al., 2022; Yang et al., 2020), increasing soil microbial populations,
improving soil structure, enhancing enzyme activity, nutrient availability, and ultimately enhancing rice yields
(Hadden & Grelle, 2016).

With the development of biodegradable films, the use of biodegradable properties to replace the non-
degradable aspects of traditional films for rice dry direct seeding with film mulching, it's an effective means to
achieve economically and environmentally friendly, which reduces costs and improves efficiency (Yin et al.,
2019). This has become a significant driving force for the development of rice hole seeding with film mulching
technology and equipment. However, suitable devices of rice mulch hole-seeding with film mulching are
currently lacking. Niu Qi and others modified seed-filling component of cotton hole seeder for rice hole seeding
with film mulching by using a shovel-shaped seed-filling component. But their design was relatively simple,
and the seed-filling component was fixed. It required a brush to assist with the clearing of seeds. As a result,
the seeding quantity couldn't be adjusted, and it couldn't accommodate the different seeding quantity
requirements of various rice varieties (Niu et al., 2016). Hui Li used a mini shovel in combination with an
independent hole seed-metering device to achieve rice hole-seeding on film. However, the structure was
complex, and the seeding quantity was difficult to adjust (Li H. et al., 2021).

In response to the current challenge of rice mulch seeding machines that are not adaptable for seeding
substantially different quantities for hybrid and conventional rice, this study aimed to design and experiment
the seed-filling component. This component can be used for both unilateral and bilateral seeding, allowing for
self-clearing. The goal was to achieve rice hole seeding with film mulching for various rice varieties with
different seeding quantity, thus meeting the specific agronomic requirements of different rice varieties.

MATERIALS AND METHODS
Structure and working principle of hole seeder
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Fig. 1 - Schematic diagram of working principle of hole seeder
1. Seeding cylinder; 2. Duckbill; 3. Depth limit block; 4. Cam mechanism; 5. Seed-filling component; 6 Tile panel.

The hole seeder, is shown in Figure 1. During the seeding process, after seeds are loaded into the seed
box, they descend by force of their dead weights into seeding cylinder. Positioned on bilateral of the seed-
filing component secured to the tile panel are orifices. As the seeding cylinder advances through rotation, the
seed-filling component undergoes synchronized rotation, causing rice seeds to be filled into it under the force
of gravity lateral pressure from the surrounding rice seeds. The seed-filling component features a quantitative
seed-filling space. The remaining quantitative rice seeds descend under the force of gravity, discharging the
excess and re-entering the seeding cylinder. The remaining rice seeds within the seed-filling component
proceed through a radial channel, entering the close state duckbill assembly as influenced by the rotational
motion of the cylinder. Upon rotation of the rice-filled duckbill to its maximum soil depth, the moving duckbill,
driven by the cam mechanism, opens fully and maintains this state for a specified interval. During this interval,
the torsion spring accumulates energy, while the rice seeds inside the duckbill descend by gravity into the
holes created by the duckbill's compression of the soil. This sequence completes the seeding process.
Subsequently, as the duckbill fully disengages from the soil, the roller pendulum follower rotates to the cam's
return phase. The release of energy from the torsion spring facilitates a smooth and controlled closure of the
duckbill assembly.
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Key parameters design of seed-filling component
The shapes and sizes of orifice inlet and outlet

As indicated in the literature (Zhang, Li, et al., 2020), rice seeds are filled into the orifice with their long
axis aligned in the same direction as the tangential line of the seed-filling component's rotation. Based on the
elliptical shape of the rice seeds, the orifice is designed to be elliptical, with its major axis aligned in the same

direction as the tangential line of the rotating cylinder, as depicted in Figure 2.
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Fig. 2 - Single duckbill and seed pickup block connection diagram
1. Duckbill; 2. Depth limit block; 3. Seed-filling component; 4. Tile panel

The primary structural dimensions of the elliptical orifice are its length and width. Based on the seed-
filling posture of the rice seeds, it is evident that within an equivalent range of dimensional variations, the rate
per unit time seeds through the orifice is more sensitive to changes in the width dimension compared to the
length dimension. Thus, the length dimension of the orifice only needs to accommodate the maximum length
dimension of the rice seed, while the width dimension of the orifice must be determined experimentally based
on the thickness dimension of the rice seed.

Considering the agronomic requirements of precision hole-seeding 5 to 10 seeds per hole for
conventional rice, and in light of the characteristics of seed filling on bilateral of the seed-filling component, it
is appropriate to fill 2 to 5 seeds on unilateral. Then the width dimension W of the orifice can be preliminarily
determined within a design range using Equation (1).

3C, . <W<6C,,,, (1)
where: c is rice thickness size, mm.

To prevent rice seeds from mutually "crowding out" when entering the orifice, leading to arch, and to

facilitate smooth entry of rice seeds into the radial channel of the orifice, the design of the seeds outlet is

configured as a larger flow-rate square. Therefore, the orifice width and the side length of the seeds outlet
should satisfy the following equation:

| >a., +C. (2)

where: a is rice length size, mm; b is rice width size, mm; [ is orifice width, mm.

The external dimensions of common rice seeds are summarized in Table 1 as follows:

Table 1
Rice seed outline size
Average triaxial size of rice Maximum Maximum Maximum Minimum
seed length size width size Thickness Size | Thickness Size
(LengthxWidthxThickness) [mm] [mm] [mm] [mm]
9.18x2.48x2.02 11.29 3.38 2.59 15

Based on Table 1 and the equations (1) and (2), the design values for the length of the orifice and side
length of the seeds outlet are 14 mm. The appropriate width dimension for the orifice falls within the range of
7.7 t0 8.5 mm.

Orifice deflection angle

As shown in Figure 3, by deviating the orifice at a certain angle in the opposite direction to the rotation
of the seeding cylinder relative to the radial channel, the length of the orifice slope can be extended. Then the
axial distance from the end face of the orifice to the vertical channel end face is reduced, contributing to the
reduction of the axial dimension of the seed-filling component.
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Fig. 3 - lllustration of the orifice deflection angle result

To ensure that rice seeds do not prematurely enter the radial channel during the filling and clearing
phases, the value of the orifice slope angle @ needs to be determined based on the rice seed's friction angle.
Theoretical analysis reveals that the orifice slope angle € must be greater than the sliding friction angle of the

rice seed. The geometric relationship between the orifice deflection angle 1 and the orifice slope angle & can
be deduced from Figure 3.

T
w=tan™ (3)

tan (0. 57 —&)(r + 0.5W)
where: r is distance from the geometry center of the orifice to the circle center of the seeding plate, mm; 7 is
set to 188 mm; s is orifice deflection angle, (°); T is axial distance from the end face of the orifice inlet to the

end face of the radial channel, mm. In this study, 7 is set to 9 mm.
As indicated in the literature (Jun et al., 2021) the coefficient of friction between rice seeds and ABS
plastic is 0.5. To ensure that rice seeds does not prematurely slide into the channel during the filling phase of

seed-filling component, the orifice slope angle & should not be less than 30°. Therefore, when the orifice width
is 8.1 mm, the curve of the orifice slope angle relative to the orifice deflection angle is illustrated in Figure 4:
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Fig. 4 - Relationship curve between orifice slope angle and orifice deflection angle

From Figure 4, it is evident that the orifice deflection angle y increases as the orifice slope angle 6
increases. And the increase in orifice slope angle leads to a decrease in the internal seed-filling space within
the orifice. Therefore, to fulfill the above requirements, the orifice deflection angle y should be greater than
1.60°.

Seeding performance simulation
Rice seed particle model

The experimental rice variety were selected from the conventional rice variety Huanghuazhan, which is
widely grown in the lower-middle reaches of the Yangtze River in China. Based on the average triaxial
dimensions of rice seeds by Huanghuazhan, and non-spherical particles modeling method based on EDEM
software, multi-spherical composite approach is adopted, as illustrated in Figure 6. Since the width and
thickness dimensions of rice seeds are relatively close, the width of the rice seed simulation particle is taken
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as the average of the rice seed's average width and thickness dimensions, while the length of the particle is
the average length dimension of the rice seed. As few filled spheres as possible were used to approximate the
3D model of the rice seed to minimize the simulation computation time.
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Fig. 6 - Rice seed particle model

Simulation model of hole seeding

Due to the multitude of components in the hole seeder, some of these components are not related to
the seed filling process and the movement of seed particles within the seeding cylinder. To enhance simulation
efficiency, the simplified hole seeder model is imported into EDEM 2022 software in STEP format. Based on
the material characteristics of rice seeds and the actual materials of the hole seeder components, the material
parameters for rice seed particles and each component are set, along with the contact parameters between
particles and components (Zhang, Tekeste et al., 2020).

The particle factory is situated within the cylinder, the particle generation method is Dynamic, the
generation rate is 10000 particles/s, and the generation time is 0.2 s. Following the normal distribution
characteristics of rice seed's triaxial dimensions, simulation particle sizes are set according to the standard
normal distribution (Li Y. & Xu, 2005). As dry rice seeds have negligible adhesion forces on their surfaces, and
weak electrostatic forces between the seeds are ignored, the Hertz-Mindlin no-slip contact model is selected
for the simulation. The simulation model is depicted in Figure 7.
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Fig. 7 - Simulation model of seeding device
1. Particle factory; 2. Rice seeds; 3. Seed-filling component; 4. Statistical unit of seed number per hole

Evaluation indicators

The experiment reference to the NY / T 987—2006 (Standard for operating quality of hill-drop drill with
film mulching, 2006), the evaluation indicators for the hole seeder's performance are based on qualified rate,
miss-seeding rate, and reseeding rate. To clarify the seed-filling pattern of seed-filling component and to avoid
the influence of randomness in bilateral seed-filling on the assessment of seeding performance, considering
the relatively independent unilateral seed-filing method of the seed-filling component, both simulation and
bench experiment closed off unilateral orifice of the seed-filling component. This means that only the impact
of unilateral seed-filling on the seed-filling component’s performance is observed. Given that the recommended
seeding range for conventional rice hole-seeding is 5 to 10 grains per hole, for unilateral seed filling, 2~5 seeds
per hole is considered as qualified, less than 2 seeds per hole is considered as miss-seeding, and more than
5 seeds per hole is considered as reseeding. Therefore, the proportion of the total number of holes in the three
results to the total number of holes in the experimental statistics is calculated, and the evaluation indexes were
miss-seeding rate M (%), qualified rate QO (%), and reseeding rate R (%).
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For the seeding performance simulation, a continuous count of 100 holes of rice seeds discharged by
the hole seeder is taken as the experimental sample. In the bench experiment, a continuous count of 250 holes
of rice seeds discharged by the hole seeder is taken as the experimental sample, and this process is repeated
2 times to account for the impact of the randomness in bench seeding on the experimental results.

Experiment design

To explore the effect of the orifice width and orifice deflection angle on the seeding performance, single
factor seeding simulation tests were carried out separately. Under the condition of orifice deflection angle of
2.06°, the orifice width is setat 7.7, 7.9, 8.1, 8.3, and 8.5 mm, forming five levels.

To investigate the impact of the orifice deflection angle of the seed-filling component on the seeding
performance, with an orifice of 8.1 mm, the orifice deflection angle is set at 1.60, 1.83, 2.06, 2.29, and 2.52°,
forming five levels.

Bench experiment
Test materials and equipment

The experimental rice variety used was "Huanghuazhan". The experimental setup is illustrated in Figure
8. The hole seeder was driven by a direct current speed control motor (34CS85KF-490Z, Rayleigh Intelligent
Technology Co., Ltd.), and a high-speed camera (i-SPEED 3 high-speed camera, Olympus Corporation, Japan)
was used to count the number of seeds per hole.

Fig. 8 - Bench seeding experiment equipment
1. High-speed camera; 2. Hole seeder; 3. High-speed camera monitor; 4. Motor speed controller

Before the experiment, the high-speed camera lens was aligned with the duckbill open seeding position,
and aperture and focal length were adjusted to ensure a clear view of the rice seeds being dispensed by the
duckbill on the display screen. The shooting rate was set to 300 frames/s, and the resolution was set to
1280%1024. Continuous filming and recording captured the seeding situation in the seeding area when the
hole seeder was stable. The recorded video was imported into the i-SPEED Suite software for frame-by-frame
playback and the counting of seeding quantity per hole.

Referring to the generally operating speed of rice hole seeder with film mulching is between 0.5 to 1.2
m/s (Jun et al., 2021), the forward speed of cylinder is determined to be 0.8 m/s, and the rotational speed is
38 r/min.

Experimental design

In order to investigate the effects of the orifice width, orifice deflection angle, and their interaction on the
seeding performance, and to determine the suitable parameter combinations, two factor central composite
design was used. The levels of the factors were determined based on the single factor experiment results of
seeding simulation. The experiment factors and their coded levels are presented in Table 3.

Table3
Experiment factor coding and level setting

Code Orifice width A Orifice deflection angle B
-1.414 7.8 1.71

-1 7.9 1.81

0 8.1 2.06

1 8.3 2.31
1.414 8.4 2.41
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Field experiment
Experiment condition

To investigate field seeding performance of the hole seeder, a field experiment was conducted in June
2022 at Fenfang Village, Feixi County, Anhui Province, China. The hole seeder was assembled onto a rice
hole-seeding with biodegradable film mulching machine and towed by the tractor. The experiment was carried
out with reference to the Standard for operating quality of grain film-cover hill-drop drill NT/Y 987—2006. The
forward speed of machine was set at 0.8 m/s on the field, consistent with the indoor bench experiment's
operating speed of hole seeder.

After seeding, a random section of the experimental field, 20 meters in length, was selected for seed
counting. Each row was continuously counted for 250 rice seeds, and this process was repeated for 8 rows.
The aim was to calculate the miss-seeding rate, qualified seeding rate, and reseeding rate.

RESULTS
Analysis of seed filling process
As shown in Figure 10, this illustrates the s motion schematic of seed particles.
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Fig. 10 - Motion Schematic of seed particles

When seeding with the hole seeder, the particles movement process inside the seeding cylinder is
shown in Figure 10, and red part represents the seed-filling component. After all the rice grain particles are
generated and stabilized, the seeding cylinder begins to rotate. Driven by the seeding component and the
friction of seeding cylinder’s inner wall, the rice seeds move along with the cylinder, forming a semilunar shape
region (Fig.10a). As the seeding cylinder continues to rotate, the semilunar seed particles are lifted to an
approximate vertical state, and the surface layer of the seed particles is formed into a reflux zone under the
action of gravity (Fig.10b).

As the seeding drum continues to rotate, the seeds at the top of seed-filling component slipped down
followed one another, making the reflux zone increase (Fig.10c). When the hole seeder worked stably, the
particles in the seeding cylinder formed three different motion regions: First, the particles close to the inner wall of the
seeding cylinder rotated in synchronization with the seeding cylinder under the friction of the cylinder’s inner wall and
the pushing force of the seed-filling component; second, the rice seeds in the upper right area of the seed-filling
component form small scattered local reflux zone; third, the reflux zone composed of the surface layer rice seeds and
the refluent seeds carried away from the top of the seed-filing component (Fig.10d).
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Figure 11 depicts the process of seed filling in the seed-filling component. The seed-filling component
initially enters from the bottom of the seed particles (Fig.11a). As the seeding cylinder rotates, the rice seeds
(in yellow) enter the seed-filling component through the orifice, approximately aligning their long axis with the
tangential direction of the seed-filling component's rotation (Fig.11b). The rice seeds inside the orifice are
poured onto the slope of the orifice under the influence of their self-gravity as the seed-filling component
continues to rotate. Due to the limited seed-filing space of the orifice, when the slope can no longer
accommodate more rice seeds pouring in, the excess rice seeds (in silver) will slide out of the orifice under the
force of gravity. This achieves the self-clearing of rice seeds based on their dead weight. The quantified rice

seeds poured onto the slope will continue to rotate with the seed-filling component and enter the radial channel
through the seeds outlet.
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Fig.11 - Schematic of seed filling process

Result and analysis of Central composite design
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Fig. 12 - Result of Central composite design

Influence of orifice width on seed filling performance are as shown in Figure 12(a), with the increase in
the width of the orifice, the qualified rate of seed-filling process first increases and then decreases. The miss-
seeding rate first decreases significantly and then decreases slowly, and the reseeding rate first increases
slowly and then increases significantly. When the orifice width is too small, only a few rice seeds can be filled
into the orifice as the seeding cylinder rotates, resulting in a high miss-seeding rate and low qualified rate and
reseeding rate. As the orifice width gradually increases, multiple rice seed particles are more likely to enter the
orifice, leading to a significant reduction in the miss-seeding rate and a substantial increase in the qualified
rate, with a slight increase in the reseeding rate. When the orifice width becomes too large, an excessive
number of rice seed particles enter the orifice, causing a further decrease in the miss-seeding rate, a significant
increase in the reseeding rate, and a noticeable decrease in the qualified rate. It can be seen that the suitable
orifice width should be in the range of 7.8 to 8.4 mm, at which point the qualified rate of seed-filling process is
around 80%.

The experimental results of the influence of orifice width on seed filling performance, are shown in Figure
12(b). They reveal that with the increase in the orifice deflection angle, the qualified rate of seed-filling process
initially increases and then decreases. The miss-seeding rate initially rises slowly and then increases rapidly,
and the reseeding rate initially decreases rapidly and then decreases slowly. When the orifice deflection angle
is too small, the internal seed-filling space of the orifice is relatively large, making it easier for multiple rice seed
particles to lie flat on the slope inside the type hole, resulting in a low miss-seeding rate and a high reseeding
rate. As the orifice deflection angle gradually increases, the internal seed-filling space of the orifice decreases,
causing a slow increase in the miss-seeding rate, a substantial increase in the qualified rate, and a significant
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decrease in the reseeding rate. When the orifice deflection angle becomes too large, the internal seed-filling
space of the orifice is too small, and only a few rice seed particles enter the orifice, leading to a rapid increase
in the miss-seeding rate, a certain decrease in the reseeding rate, and a noticeable decrease in the qualified
rate. It can be seen that the suitable orifice deflection angle should be around 1.71 to 2.41 degrees, at which
point the qualified rate of seed-filling process is approximately 75%.

Results and analysis of bench experiment of seeding performance
The results of the bench experiment are presented in Table 4.

Table 4
Experiment program and results of bench experiment
Experiment Experiment factors Evaluation indicators
codes X1 X2 M% Q% R%

1 7.9 1.81 4.8 78.4 16.8

2 8.3 1.81 2.2 77.6 20.2

3 7.9 2.31 6.2 81.8 12.0

4 8.3 2.31 5.2 75.6 19.2

5 7.8 2.06 6.0 83.6 10.4

6 8.4 2.06 2.4 76.4 21.2

7 8.1 1.71 1.8 78.8 19.4

8 8.1 2.41 6.2 80.2 13.6

9 8.1 2.06 4 834 12.6

10 8.1 2.06 4.3 84.2 11.5

11 8.1 2.06 4.4 84.0 11.6

12 8.1 2.06 4.8 85.2 10.0

13 8.1 2.06 4.2 84.6 11.2

14 8.1 2.06 4.2 84 11.8

Table 5
ANOVA table of bench test result

Source of M% Q% R%
Variance SS daf | F P SS df | F P SS df | F P
Model 2423 | 5 | 2483 | ** 13799 | 5 | 31.09 | ** 20322 |5 | 3735 | *
X1 9.44 |1 48.37 | ** 36.90 1 41.57 | ** 83.68 1 76.89 | **
X2 14.10 | 1 72.26 | ** 1.43 1 1.61 24.51 1 22.52 | **
X1X2 064 |1 3.28 7.29 1 8.21 3.61 1 3.32
X412 0.03 |1 0.17 44.93 1 50.62 | ** 42.54 1 39.08 | **
X2? 0.00 |1 0.04 54.50 1 61.40 | ** 55.85 1 51.31 | **
Residual 159 |8 7.10 8 8.71 8
Lack of Fit | 1.19 |3 | 540 | 0.05 | 5.23 3 | 465 |0.07 | 5.07 3 | 233 |0.19
Error 0.40. | 5 1.87 5 3.64 5
Total 2582 | 13 145.09 | 13 211.93 | 13

Using Design-Expert 12 software, a regression analysis was conducted on the experimental data in
Table 4 to establish quadratic regression models for the variables of miss-seeding rate, qualified rate, and
reseeding rate with respect to orifice width and orifice deflection angle. The regression equations are as follows.

M =4.32-1.09A+1.33B+0.40AB + 0.06 A> —0.03B?
Q=84.23-2.15A+0.42B —1.35AB — 2.47 A* — 2.72B? (6)
R =11.45+3.23A—1.75B+0.95AB + 2.40A? + 2.75B2

The analysis of variance results for the experimental data in Table 4 are shown in Table 5. According to
Table 5, the regression model for miss-seeding rate is significant, while the models for qualified rate and
reseeding rate are highly significant. This indicates the effectiveness of the regression models for each
performance evaluation indicators. The lack-of-fit terms for all regression models are not significant (P > 0.05),
which means that there is no significant curvature lack of fit in the models. Furthermore, the determination
coefficients (R?) for each regression model are respectively 0.94, 0.95, and 0.96, which indicates that the
regression model equations are highly reliable, showing a strong correlation between model predicted values
and actual values. It implies that the experimental design is reasonable, and the model equations can be used
for analysis and prediction of seeding performance.
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Fig. 14 - Influence of inlet width and hole deflection angle on test evaluation index

The response surface plots showing the influence of experimental factors on each evaluation indicators
are presented in Figure 14. From Figure 14(a), it can be observed that when the orifice deflection angle is held
constant, the miss-seeding rate decreases as the orifice width increases. Conversely, when the orifice width
is held constant, the miss-seeding rate increases with the orifice deflection angle.

In Figure 14(b), it's evident that as both the orifice width and orifice deflection angle increase, the
qualified rate initially rises and then declines. However, the variation in the qualified rate is more pronounced
with changes in the orifice deflection angle, while changes in orifice width have a more moderate effect. This
aligns with the variance analysis results, indicating that the orifice width significantly affects the qualified rate,
while the influence of the orifice deflection angle is not significant. Figure 14(c) illustrates that when the orifice
deflection angle is held constant, the reseeding rate first remains relatively stable and then increases rapidly
as the orifice width widens. When the orifice width is constant, the reseeding rate first initially decreases and
then rises with an increase in the orifice deflection angle.

Considering the changing trends of the evaluation indicators in Figure 14, it is necessary to carefully
select the reasonable orifice width and orifice deflection angle to achieve a higher qualified rate and lower
miss-seeding and reseeding rates.

Optimal combination of structure parameters

To obtain the optimal combination of structural parameters for the seed-filling component, achieving high
qualified rate and low miss-seeding rate and reseeding rate within the range of experimental parameters, a
multi-objective optimization model for the experiment structure parameters is established, as shown in Eq. (7):

min M (A, B)

max Q(A, B)

min R(A, B) ()
st7.8<A<84

1.71<B<241

The optimization model was solved using Design-Expert 12 software, resulting in orifice width of 8.1 mm
and orifice deflection angle of 1.99°. At these optimized parameters, the seed-filling component exhibits the
best seeding performance, with a miss-seeding rate of 3.95%, a qualified rate of 83.90%, and a reseeding rate
of 12.15%. To verify the accuracy of the optimization results obtained, the seed-filling component with the
optimized structural parameters was manufactured and subjected to bench experiments. In the unilateral
seeding experiments, the results showed a miss-seeding rate of 4%, a qualified rate of 84.8%, and a reseeding
rate of 11.2%. The errors in the corresponding evaluation criteria compared to the optimization results were all
lower than 1%. This indicates that the validation experiment results align closely with the model predictions,
further confirming the reliability of the regression model. The validation results also demonstrate that the seed-
filling component with the optimized structural parameters, meets the seeding quantity requirements for hybrid
rice precision direct-seeding with film mulching on unilateral seed filling process.

To meet the seeding quantity requirements for conventional rice precision direct-seeding with film
mulching, the seed-filling component with the optimal structural parameters was used to conduct bilateral
seeding bench experiments. The results showed a miss-seeding rate of 4.2%, a qualified rate of 85.2%, and
a reseeding rate of 10.6%, which were similar to the seeding performance observed during bilateral seeding
with the seed-filling component. This confirms that the designed approach of switching between bilateral and
unilateral seeding to accommodate different varieties and seeding quantity is feasible.
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Field experiment results
The results of field experiment are shown in Figure 15.
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Fig. 15 - Field experiment performance test results

From Figure 15, it can be observed that the average qualified rate of each row for the field with hole
seeder is 85.8%, the average miss-seeding rate is 4.03%, and the average reseeding rate is 10.17%. This
indicates that the seed-filling component, which has the capability for bilateral seeding, can achieve stable
seeding performance in the field and meet the seeding quantity requirements for rice precision direct-seeding
with film mulching. However, in comparison to the results obtained from the beach seeding experiment, the
field experiment shows a slightly lower miss-seeding rate and a slightly higher qualified rate. The reason for
this difference could be attributed to the vibrations and bumps experienced by the field seeding equipment,
which help seeds and the seed-filling component to exhibit relative sliding motion in the rotational direction,
improving seeding performance, resulting in a reduction in miss-seeding rates, and an increase in the qualified
rates. The field seeding scenario is shown in Figure 16.

(a) Work scenario (b) Sowing effect with biodegradable film mulching
Fig. 16 - Field seeding experiment

CONCLUSIONS

(1) To meet the seeding quantity requirements for both hybrid rice and conventional rice, a seed-filling
component with both unilateral and bilateral seeding capabilities was designed. The paper analyzed the key
structural parameters of the seed-filling component based on the external characteristics of rice seeds and the
quantitative seed filling method of the seed-filling component. It used DEM (Discrete Element Method) to
simulate the seed-filling process of hole seeder. Single factor simulation experiment was conducted to
investigate the effects of the orifice width and orifice deflection angle on the seed-filling performance. This
helped determine the appropriate range of values for the key structural parameters.

(2) Central composite design between orifice width and orifice deflection angle was conducted. By using
the multi-objective optimization model, the optimal structural parameter combination was determined, which
consisted of an orifice width of 8.1 mm and an orifice deflection angle of 1.99°. Under this parameter
combination, the unilateral seeding with the seed-filling component achieved a miss-seeding rate of 4%, a
qualified rate of 84.8%, and a reseeding rate of 11.2% for hybrid rice. For conventional rice, the bilateral
seeding experiments resulted in a miss-seeding rate of 4.2%, a qualified rate of 85.2%, and a reseeding rate
of 10.6%, all meeting the seeding quantity requirements for rice direct-seeding with film mulching. Field
seeding experiment demonstrated that the hole seeder equipped with seed-filling component had stable
seeding performance.
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