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Abstract: To address challenges in seed feeding stability and seeding uniformity in agricultural prac-
tices, this study aimed to introduce a cylindrical air-assisted drill sowing device (CADSD) designed
for rapeseed, wheat, and rice (RWR). The device features a prototype hill-feeding mechanism that
addresses problems related to seed feeding, airflow disruptions, and seed—wrall collisions. Compre-
hensive bench tests, Discrete Element Method (DEM) simulations, and preliminary field experiments
were conducted to evaluate the seed-feeding stability characteristics and optimize the structural
parameters of the air-assisted drill sowing system, enhancing seeding uniformity and operational
efficiency. The optimal operating speed range is between 4 and 5 km/h. When the seed feeding speed
is 30 to 38 r/min, the coefficient of variation of the seed supply rate stability is less than 0.55%, and
the relative error between the theoretical and the experimental actual values of the RWR supply rate
regression model is less than 2%, further supporting the effectiveness of the device. A preliminary
field test revealed a seeding uniformity coefficient of variation (CV) of 3.44% and an emergence rate
of 88%, closely aligning with the desired metrics. The CADSD effectively sows multiple crop types
with improved precision and uniformity, handling diverse seed types and sizes without requiring
equipment modifications, highlighting its innovative impact on agricultural technology in the precise
seeding of RWR.

Keywords: precision seeding; air-assisted drill; hill-feeding mechanism; rapeseed; wheat; rice; seed
supply device

1. Introduction

RWR are essential oil crops and food supplies in the mid-lower Yangtze area of
China and worldwide [1,2]. Rapeseed and wheat are planted in the autumn after the
rice harvest. The planting methodologies for these crops are very similar [3,4]. Seeding
is a crucial task in cereal cultivation, given that the appropriate technology and precise
adjustment of seeding rates based on particular soil and climatic conditions significantly
impact forthcoming yields [5,6]. The uniformity of seeding serves as a vital indicator for
assessing the sowing efficiency of a planter [7,8]. It is significant in achieving the correct
population distribution and maximizing yield for RWR [9]. The level of operation of the
seed metering is determined by its precision. Recognizing the importance of precise sowing
can minimize seed consumption during field operations, lower seed expenses, and enhance
the benefits of planting [10,11].
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The metering device is the drill seeder’s most essential component [12]. Metering
devices are classified into two types: single-row and centralized. Due to the advantages
of multi-row seeding, flexible width, and fast seed loading and unloading, the CADSD
has become a standard metering device for sowing cereals in Western countries [13,14].
Centralized pneumatic planters are capable of handling a wide range of seeds at high
sowing speeds and across large widths. This versatility significantly enhances seeding
efficiency, making them suitable for various seeding applications [15]. The CADSD is
extensively used to seed RWR and other crops. It is fundamental in producing large-
scale no-tillage seeders by multiple companies, including John Deere in the United States,
Amazon in Germany, and Maschio in Italy [9]. Drilling is a recommended sowing method
because it ensures a uniform seed population per unit area; this method promotes high
germination rates and even stands [16,17].

Global scientific investigations have been undertaken to enhance the efficacy of seed
metering equipment. Previous studies have focused explicitly on the design and perfor-
mance of the air-assisted centralized seed-metering mechanism. Yatskul et al. [18] studied
the uniformity of seed distribution through the outlet dividers employing the Kuhn seeder;
the researchers uncovered the necessity for an even division of air-seed flow by the dis-
tribution head before transportation to the soil. Kumar and Durairaj [19] analyzed the
distribution uniformity among various distribution head structures. Mudarisov et al. [20]
demonstrated the superior effectiveness of a streamlined flow structure in enhancing distri-
bution uniformity. Zhang et al. [21] conducted extensive research on a grain seeder, wherein
a centralized air-assisted seeding system was designed, and the structural parameters of
the distribution system were meticulously optimized for wheat.

Designing a sowing device for a universal combine seeder that can handle a variety
of crops is a complex task that involves optimizing for multiple factors such as seed type,
sowing pattern, and operational efficiency. Developing a combined direct seeder can
significantly improve equipment utilization and reduce production costs [15]. Due to the
significant differences in material characteristics and seeding rates per unit area, separate
seeders are currently used for sowing RWR [22]. However, to enhance the versatility
of seeders, scholars have recently conducted research on multi-crop sowing technology
and multi-crop sowing devices. Akhalaya et al. [23] designed a seeder that can feature
combining individual dots or patterns without changing the components. The ability to
adapt is critical when using various planting procedures for different crops.

Furthermore, a study by Tarasekomet et al. [24] focused on improving the design
and technology of mechanical sowing equipment in order to address the difficulty of
efficiently planting small seed crops by upgrading the design and technology used in
mechanical planting tools. Baoshan et al. [25] designed and improved a metering device
with inclined parabolic holes and stirring structures to enhance seed-filling performance
for small seed crops: rapeseed, sesame, and pakchoi. Li Xiaoran et al. [26] studied a type
hole wheel with a high-speed air-assisted centralized metering device for rice, wheat, and
rapeseed; the research demonstrated how structural adjustments in the model-hole design
improved the precision in seed placement and reduced variation in seed feeding quantity.
Previous studies have shown that sowing machines designed for planting multiple crops
with varying seed sizes require the replacement of certain components in the metering
device. Therefore, our study aimed to design a CADSD that can eliminate the need for
these adjustments. The mechanism includes two specialized hole wheels designed for
sowing different seed sizes, including RWR. This reduces operational complexity and costs,
making it a versatile solution for precision agriculture. Additionally, the performance,
discharge stability, and row discharge consistency were investigated using DEM software,
bench tests, and preliminary field tests to modify and optimize the device operating and
design parameters for advanced performance investigation.
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2. Materials and Methods
2.1. Basic Physical Properties of Rapeseed, Wheat, and Rice

The essential properties of RWR seeds’ physical and engineering properties play a
crucial role in advancing agricultural technology. Precise determination of parameters,
such as size, dimensions, capacity, mass, specific gravity, surface area, and other mechanical
characteristics, is crucial for effectively guiding the design process, whether evaluating the
material in large quantities or as separate entities [27]. Tables 1 and 2 show the physical
and mechanical properties of RWR.

Table 1. Physical properties of RWR.

Cro Length Width Thickness Sphericity 1000 Seed Angle of
P (mm) (mm) (mm) % Mass, (g) Repose (°)
Wheat
(Lei Xiaoping 9023) 6.30 3.09 2.75 45.63 44.87 28.22
Rice 10.9 2.9 22 36.24 24.05 28.81
(Quanyou 737) ’ ’ ’ ’ ) ’
Rapeseed
(Huayouze 62) 2.26 2.07 2.01 95.50 3.83 22.72
Note: Sphericity is defined as the ratio of the diameter of the largest inscribed circle to the diameter of the largest
circumscribed circle of the seed.
Table 2. Mechanical properties of RWR.
Parameter R d Wheat Ri Aluminum Engineering
aramete apesee ea ce Alloy Plastic ABS
Three axes diminution mm?> 2x2x2 6xX3x3 102 x 3 x 2
Density kg/ m? 1060 1350 1125 2700 1060
Poisson’s ratio 0.25 0.42 0.30 0.30 0.394
Shear modules/pa 1.1 x 107 5.1 x 107 1.01 x 108 2.7 x 1010 8.96 x 108
Collision Seed-seed 0.60 0.42 0.50
recovery SAA 0.60 0.50 0.45
coefficient Seed-ABS 0.75 0.60 0.001
Static fricti Seed-seed 0.50 0.35 0.50
ta“Cf f,“,mon SAA 0.30 0.40 0.57
coefficient Seed-ABS 030 0.40 10
Dynamic Seed-seed 0.01 0.05 0.01
friction SAA 0.01 0.05 0.01
coefficient Seed-ABS 0.01 0.05 1.03

Note: SAA seed—aluminum alloy, ABS Acrylonitrile butadiene styrene copolymer.

2.2. The Overall Structure and Working Principle

The CADSD comprises key components, including a high-pressure blower, seed box,
centralized seed-feeding device, Venturi feeding device, seed conveying pipe, booster pipe,
distribution head, and double disc ditchers, as seen in Figure 1. During operation, the
high-pressure blower supplies consistent air pressure, enabling seeds from the seed box
to be transported via the centralized seed-feeding device into a Venturi tube. With air
pressure, the seeds are scattered and slowed down by the booster pipe before reaching the
distributor. The 8-row distributor ensures that the seeds are uniformly distributed. The
seeds are then planted into the soil using the seed delivery pipe and the double disc ditcher.

The crucial part of the CADSD is the prototype centralized seed-feeding device, con-
sisting of a seed-feeding shell, seed-filling chamber, seed-filling regulating plate, and
seed-feeding mechanism (Figure 2a). The seed-feeding mechanism consists of two special-
ized hole wheels—one for rapeseed seeds and another for wheat and rice seeds—along
with components such as a blank wheel, a diaphragm, a transmission shaft, and a seed
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barrier, which divides the seed shell into two portions (Figure 2b). During sowing, wheat
or rice seeds in the seed box are directed into the seed-filling chamber through the force of
gravity. The seeds are subsequently transferred into the holes of the seed-feeding mecha-
nism’s particular hole wheel within the seed-filling chamber. This transfer occurs due to
the lateral pressure carried on by the seed population and the disturbance caused by the
hole wheel’s rotation. The seeds are filled precisely through the seed-filling gap produced
by the seed-filling adjustment board and the seed-feeding mechanism. This is achieved by
placing the seeds in the appropriate type of hole. By rotating the hole wheel, wheat or rice
seeds are directed into the Venturi tube via gravity and centrifugal force. The process is
similar for rapeseed, ensuring an efficient and steady seed supply for all types.

Figure 1. Schematic diagram of an air-assisted centralized metering system for RWR. 1. Double disc
diches. 2. Seed delivery pipe. 3. Distributor 4. Booster pipe. 5. Venturi tube 6. Centralize seed
feeding device. 7. Seed box. 8. High-pressure blower.

-

[ 4

Figure 2. Sketch of the centralized seed-feeding device; (a) RWR shell sections and barrier Structure
of centralized seed-feeding device; (b) Seed feeding mechanism. 1. Shell section barrier; 2. Wheat and
rice section; 3. Rapeseed section; 4. Seed shell; 5. Seed layer; 6. Seed feeding mechanism; 7. Prototype
hole wheel; 8. Seed fall mouth; 9. Blank wheel; 10. Wheat and rice hole wheel; 11. Division plate;
12. Rapeseed hole wheel; 13. Transmission shaft.
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2.3. Mechanical Analysis of the Working Process of the Seed Plant
2.3.1. Mechanical Analysis of Seed Population in Filling Zone

The seed filling performance is crucial for the stability of seed supply, which can
be improved by optimizing hole structure and increasing filling force. As seeds move
in an arc shape within the filling area, the population in the forced movement area is
considered the seed flow of the rectangular section (the surface spacing thickness between
the contact surface and the cone hole wheel). The population microsegment in the filling
area is the study object. Figure 3 shows the force analysis in the filling area. In this area, the
lateral pressure (F,;) on the population affects seed flow, primarily causing lateral pressure
(Fy). Due to effective supply, the seed flow easily fills the hole. The force analysis of the
microsegment in the filling region establishes the force balance equation:

Encost — Fysinf — Fysind = Geosp

FqcosB + ch050 + Fysinf — Gsinf > F,
Ff = VFN
F. = mw?

1)

r

where m is the mass of the population microsegment, kg, G is the gravity of population
segments, N, Fris the friction between microsegments and holes of the population, N, Fy, is
the lateral pressure of the population on the microsegments of the population, N, F, is the
inertial centrifugal force of the population microsegment, N, Fy is the type pore supports
the population microsegment, N, w is the angular speed of the cone hole wheel, rad/s, g is
the gravity acceleration, m/ s, M is the friction coefficient between the cone hole wheel
and seed, 0.3 for rape seed and 0.55 for wheat seed, f§ is the Angle between the y-axis and
the horizontal plane (°), 0 is the type hole inclination, (°), and r is the radius of the cone
hole wheel, m.

Figure 3. Mechanics analysis of seeds population in filling zone. w is the angular velocity of the cone
hole wheel; r is the radius of the cone hole wheel; j is the seed’s initial filling position; F, f is the friction
between microsegments and holes of the population; F, is the lateral pressure of the population on
the microsegments of the population; Fy is the type pore supports the population microsegment; x is
x-axis; G is the gravity of population segments; F, is the inertial centrifugal force of the population
microsegment; ¥ is y-axis.

From Formula (1):

B > arccos wizr — arctan <1> (2)
= VIR K

p cosf + sind
K B T
cost — u sinf
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Equation (2) demonstrates a relationship between the seed initial filling position j
and the seed material characteristic , the hole structure parameter 6, and the cone wheel
angular velocity w. When the angular velocity w is constant, the initial filling position
B positively correlates with the inclination 6; at the same initial filling position f, the
inclination 6 increases with the angular velocity w. The initial filling position 8 must be less
than the unloading angle v, specifically B < 30°, with a rotation speed range of 3040 r/min.
The friction coefficient between rape, wheat, and rice seeds and the cone wheel determines
the range of the hole inclination angle 6, which is found to be 13.75-21.20°.

2.3.2. Mechanical Analysis of Seed Population in Feeding Zone

The perforated hole containing seeds rotates about the axis within the seeding region,
transitioning to the seed-feeding area. Upon entering the seed-feeding area, the angle
between the seed center and the axis relative to the horizontal plane is denoted as e. The
force analysis of the seed during this process is illustrated in Figure 4. In conditions critical
to seed supply, the equilibrium equation [15] is expressed in Equation (4).

Gceose — Fnycost) — Fysing = 0
F. — Gsine + Fypsinf — chos() =0
Ff = ]/lFNl

F. = mw?r

(4)

where Fyj is the type hole for the seed support force, N, and ¢ is the angle between the axis
and the horizontal plane, (°).

Figure 4. Mechanics analysis of seeds in the feeding zone. w is the angular velocity; ¢ is the angle
between the axis and the horizontal plane; Fy is the friction between microsegments and holes of the
population; 8 is the hole inclination angle; Fyy is the type pore supports the population microsegment;
x is the x-axis; F is the inertial centrifugal force of the population microsegment; y is the y-axis.

From Equation (4):

_ [|sin(e —0) + u cos(e — 0)
“= \/ r(cos + p sind) ©)

According to Equation (5), € increases notably with the rise in 6 at a consistent speed.
This indicates that the determined hole inclination angle 8 advances the position of the seed
supply, extending the seed supply duration and reducing blockage occurrence in hole types.
The elevated angle of the cone-cylindrical hole’s centerline to the wall, which is greater than
that of the cylindrical hole, results in a substantial increase in feeding time. Additionally,
the centrifugal force on seeds, which escalates with higher speeds, contributes to an increase
in €. Due to the lower friction coefficient between rapeseed seeds and the cone-hole wheel
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compared to wheat and rice seeds, the initial seed supply angle increases significantly,
indicating superior mobility of rapeseed seeds and enhanced seed supply performance.

2.4. Type Hole Shape

Due to the significant difference in seed material characteristics and seed volume
per unit area, the hole size of the seed plant is based on rice seeds in the wheat and rice
wheel drum. Rapeseed seeds have high sphericity and fluidity, making it easy to fill
the hole; wheat and rice seeds are ellipsoid. According to their physical and mechanical
characteristics, they may be positioned on the side, lying flat, or erect [28]. Theoretical
studies show that the probability of the seed capsule entry hole state is proportional to the
cross-sectional area of the state, namely:

Pe_Se Pe_ St PL_Si ©
PL S.'Pr Sg'Pr Se

where Pr is the seed lying flat posture probability, %, Py is the probability of seed lateral
posture, %, Pg is the seed standing posture probability, %, Sr is the seed posture cross-
sectional area, mm?, S; is the cross-sectional area of the seed side, mm?, and Sr is the
sectional area, mm?.

The probability of the seed capsule entry hole pose is an incompatible event, and the
sum is equal to 1, namely:

Pr+Pr+Pp=1 (7)

The shape of wheat and rice seeds is ellipsoid, and the cross-sectional area of different
capsule hole poses is as follows:

s s 7T
SF = le, SL = th, SE = Zwt (8)

where [ is the seed length, mm, w is the seed width, mm, and ¢ is the seed thickness, mm.
In the filling area, seeds rely on lateral pressure and the cone wheel’s disturbance to
fill the hole. Optimizing the hole structure under lateral pressure improves seed-filling
performance. The structure is designed to facilitate seed filling in flat and lateral holes; the
hole inclination angle is 6, the cross-section is cylindrical, and the cone angle § is 14°. The
combination of the seed supply device and experimental study shows that the hole shape
is suitable for rice, wheat, and rape. The oblique teeth formed between type holes enhance
the perturbation of the population, and the type hole cross-section is shown in Figure 5.

Figure 5. Sectional structure of model-hole. 1. Type hole; 2. Skew gear tooth; (A) the type hole width,
mm; (H) the type hole depth, mm.

2.5. Type Hole Size

Based on RWR physical and mechanical characteristics, they may be positioned on
the side, lying flat, or erect [28]. To prevent wheat and rice seeds from clogging the holes
and to ensure filling, a single type of hole should accommodate 1-2 rapeseed seeds and
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1-6 wheat and rice seeds. According to the empirical formula [29], the hole length (L), hole
width (A), and hole depth (H) are defined as follows:

L= Lmax + KL (9)
A= KAWmax (10)
H = KgWinax (11)

where L is the shaped hole length, mm, L, is the maximum length of the seed, mm, K}
is length increment, mm (1.0~1.5), A is type hole width, mm, K4 is the width adjustment
coefficient (1.1~1.3), H is the type hole depth, mm, K is the depth adjustment coefficient,
(0.9~1.1), and W,y is the maximum width of the seed, mm.

Table 1 displays the required dimensions for rice, wheat, and rapeseed. For rice,
Winax and Lyy should be 3.6 mm and 10.9 mm, respectively. As for rapeseed, the values
are 2.07 mm and 2.26 mm. The hole size triaxial dimensions for rice seeds are L 16 mm,
A 5.0 mm, and H 4.0 mm, while rapeseed are L 3.7 mm, A 2.5 mm, and H 2 mm.

2.6. DEM Establishment

The DEM facilitates interaction among agricultural machinery components [26]. We
integrated a simplified multi-seed planter model into DEM Software’s pre-processing
module (Version 2020). We used the multi-spherical aggregation approach to examine the
motion and filling process of RWR seeds. To depict the irregular shape of the seeds, we
used seven soft sphere models with diameters of 2.5 mm and 3 mm based on the measured
physical characteristics of various RWR seeds.

The seeder’s model was generated in Pro/E 5.0 and loaded into DEM software, which
was simplified into three components: the shell, seed feeding mechanism, and shell section
barrier. The materials used were aluminum alloy for the shell and engineering plastic
and ABS (Acrylonitrile-butadiene-styrene copolymer) for the seed-feeding mechanism and
shell section barrier. The simulation settings, including the Hertz-Mindlin non-sliding
contact model between the seed and seed feeding mechanism, were established as specified
in Table 2. The seed mechanism simulation models for rice and wheat had 10 wheel
holes, while the simulation model for rapeseed had only 4 wheel holes. These changes
simplified the DEM processing module model, allowing efficient seed movement into filling
rooms. Figure 6d shows the simulation models created for the seed supply metering device.
Seed shapes were simulated with dimensions of rapeseed 2 mm x 2 mm x 2 mm, wheat
8§ mm X 3 mm X 3 mm, and rice 10 mm x 3 mm x 2 mmm, as shown in Figure 6a—c, with
a standard deviation of 0.05 mm.

s

Figure 6. DEM simulation model. (a) Rapeseed seed; (b) Wheat seed; (c) Rice seed; (d) Seed supply
metering device.
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3. Experiments
3.1. Simulation Model Verification

The total simulation time was set to 8 s for rice and wheat and 6 s for the rapeseed pellet
factory. A total of 5000, 3500, and 1000 grains for wheat, rice, and rapeseed, respectively,
were used based on the sizes of the seeds and the seed shell sections. To simulate the actual
situation, the particle factory seed generation time was set from 0 to 4 s, and the seeds were
kept for 4 s; the hole wheel rotated starting from the 4th second. According to the stable
charge limit speed found in the initial test, the hole wheel speed was set to 30 r/min and
38 r/min. After the simulation, the DEM post-processing module was used to observe the
state of population movement in the seed supply stage. The change curve of the number
of seeds supplied by the seed device under different arrangements of the extraction hole
wheel was analyzed, the stability differences of seeds under various arrangement methods
were compared, and the average seed quantity and coefficient of variation within the test
time were statistically analyzed.

3.2. Bench Test Verification

The CADSD for RWR was subjected to a bench performance test at the seed arrange-
ment performance laboratory of Huazhong Agricultural University to validate its actual
working performance. The test was conducted using the test bench shown in Figure 7. The
test materials included wheat, rice, and rapeseed. The moisture content of the test seeds
was 8.69% for wheat, 10.78% for rice, and 7.18% for rapeseed; the impact of seed moisture
on feeding performance was acknowledged, with variations potentially affecting seed
flowability and uniformity. These moisture levels were controlled to ensure consistent seed
behavior during testing. The other physical characteristic parameter values are specified in
Table 1.

Figure 7. Seed metering performance test bench. 1. Distribution device; 2. Seed guide pipe; 3. Seed
box; 4. Transmission pipeline; 5. RWR seed supply device; 6. Venturi tube.

The test conducted a single-factor test of seed supply speed according to the GB/T
25418-2022 Standard Test [30]. The purpose was to investigate the effect of the main
parameters on seed supply for each crop, develop a regression model for the seed supply
rates of RWR, and identify the best combination of parameter values. The factors considered
in the experiment were the hole wheel speed and the air pressure of the fan. The evaluation
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criteria for the test included the seed supply rate and the coefficient of stability of the seed
supply rate [26,31]. _

My = ):{:1 Myi
: I
]%1):;:1 (1myi—my)?
Cy = i x 100%
P, = % x 100%

(12)

where m, is the average seed supply rate, g/min, m,, is the seed supply rate of i, g/min, j is
the test number (j = 5), Cy is the stability variation coefficient of the seed supply rate, %,
P, is the seed breakage rate, %, mp is the damaged seed mass, g, and m; is the total seed
supply mass of each test, g.

To demonstrate the impact of the hole wheel speed of the seed drill on the seed feed
rate, we conducted additional experiments. This study aims to establish the relationship
between the rotation working speed of the hole wheel in the CADSD, the density of
seeds sown, and the feeding rate. The experiment involved two independent factors:
the density of the seeds (Y) and the hole wheel working speed (X), as shown in Table 3.
Both factors were varied across three levels using rapeseed (density: 1060 kg/m?), rice
(density: 1125 kg/m?), and wheat (density: 1350 kg/m?). The working speed levels were 3,
4, and 5 km/h. Measurements were conducted with five replications for each point of the
experimental plan.

Table 3. Plan of the experiment: independent variables.

X, (km/h) Y, (kg/m3)

1060
1125
1350
1060
1125
1350
1060
1125
1350

Q1 O1 Q1 = = b W W W

Finally, to assess the accuracy of the CADSD, we conducted a regression validation
test between the theoretical feed rate and actual test feed rate (g/m) at speeds of 4 km/h
(30 rpm) and 5 km/h (38 r/min); an initial test demonstrated that the optimal operating
speed for seed feeding lies between 4 and 5 km/h. During the verification test, the seed
supply speed was adjusted to match the predicted values from the regression model. Five
average measurements for each group were used, and the relative error between the test
values and the theoretical values of the seed supply rate were compared.

3.3. Field Experiment Verification

The field experiment of rice sowing was conducted in the modern agricultural research
and development base of Huazhong Agricultural University, Wuhan City, Hubei Province,
in June 2024. The field seeding process is shown in Figure 8.

In the rice drought live broadcast experiment, Dongfeng L X-954 produced by Yancheng
Shunyu Agricultural Machinery Co., Ltd., Yancheng City, China, was used as the traction
power; the average operating speed was 4 km/h, the working width was 2 m, and the
sowing was eight lines. The rice variety used in the experiments was Quanyou 737; the
sowing volume was 37.5 kg/h, the sowing depth was 2 cm, and the sowing quantity was
60 g/min.
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o

Figure 8. Field seeding test of rice.

After completing the large-scale field experiment and achieving uniformity among the
seedlings, the checkerboard method selected five sampling points for the seed uniformity
test. At each sampling point, the total number of rice seedlings within a 100 cm area was
measured, and the average was calculated and then adjusted to determine the emergence
rate per unit area of the field.

4. Results and Discussion
4.1. Analysis of DEM Simulation

The DEM post-processing module observed the population movement during the
seed filling and falling stages, with movement states under different speed conditions for
RWR shown in Figure 9. Figure 9b indicates that at a speed of 38 r/min, the filling stage is
prominent. Some seeds do not fully enter the hole initially, but as the side wall of the hole
rotates, the seeds are cast into the planting stage without getting stuck.

According to Figure 9, the DEM post-processing module extracted the quality of seeds
discharged per second by the seed supply device. The variation coefficient of average
seed supply and stability at 30 r/min and 38 r/min were analyzed. At a feeding speed of
30 r/min, the average seed supply of rice, wheat, and rape seeds within seconds 4 to 8 was
14.8 g/s, 33.06 g/s, and 4.46 g/s, respectively; the coefficient of variation of the feeding
stability was 0.79%, 0.64%, and 0.23%, respectively. At a feeding speed of 38 r/min, the
average seed supply of rice, wheat, and rapeseed seeds within seconds 4 to 8 was 25.31 g/s,
39.37 g/s, and 5.85 g/, respectively. The coefficient of variation of the feeding stability was
1.6%, 1.8%, and 0.88%, respectively when the speed was 30 r/min, the stability coefficient
was less than 0.8%. When the speed reached 38 r/min, the increase in the stability coefficient
was apparent, with the coefficient of variation for RWR seeds exceeding 0.8%.
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Figure 9. DEM simulation model stability test result for RWR supply at a different rotational speed.
(A) Simulation test result of rapeseed supply at different rotational speeds. (B) Simulation test result
of wheat supply at different rotational speeds. (C) Simulation test result of rice supply at different
rotational speeds. (a) Seed supply at rotational speed 30 r/min. (b) Seed supply at rotational speed
38 r/min.

4.2. Static Workbench Experiments
4.2.1. Effect of Working Speed of Type Hole Wheel on Feeding Rate

To explore the influence of hole wheel rotation working speed on seed supply perfor-
mance, a single-factor test was conducted to determine the optimal working speed range
for RWR. The test speed range was set at 3-7 km/h, with increments of 1 km/h, and each
level was repeated five times to calculate the average value. The test results are shown in
Figure 10A—C. The results indicated that the seed supply rate increased linearly, while the
CV of seed supply stability increased slowly at lower speeds and more rapidly at higher
speeds. However, this improvement in the feeding rate was accompanied by an increase in
the CV.



Agriculture 2024, 14, 2355 13 of 20

—®— Feedrate —4a— CV%  :ceoeeeee Linear (Feed rate)

140 r y=20.374x+31.326 109
120 | R®=0.9571 . 0.8 3
= 1 1 0.7 >
g0 A {06 5
= 8F 0 2 05 &
g 60 L JESPPTLL 0.4 hs
::;’ 40 | /A/A ] g'g =
3 1Y%+~ 2
QOr {018

0 A A A A 0 E
3 4 5 6 7 Q
Working speed km/h
(a)
18
=
R oo —
4| T———  —e—3km/h
=14 =1
g 12 —8— 4km/h
] 10 | = - a—>a
(A) S gt . T R R R 5 km/h

= —_
2 6 == 6 km/h

w 4 L L L L L L L J

== 7 km/h

1 2 3 4 5 6 7 8

Rows number
(b)

18
.E 16 =@ Row |
oY) 14 =@ R oW 2
% Row 3
.: 12 Row 4
é 10 | =@ R oW 5
?3 =@ R oW 6
»n 8 =@ R oW 7

6 I I I I ) am@um Row §
3 4 5 6 7

Working speed

()

Figure 10. Cont.



Agriculture 2024, 14, 2355

14 of 20

(B)

Figure 10. Cont.

—@— Feedrate —A—CV% --ccoeee Linear (Feed rate)
| 169.74x + 353.22 ] o s
= 74x + . | B
sl Y R = 0.8930 e 08 <,
£ -V = 0.7 Z
=100 }F s
o ST 0.6 =
= 80} 0 L {05 S
= |1 . b
T 600 f . 104 °
) | =
S 400 b 03 S
3 102 .2
wn 200 F /A/A 4 0.1 E
0 A/A M M M 0 O
3 4 5 6 7
Working speed km/h
(a)
60 [ N V74 AN74
= 0 ¥ > M —K
5 -
8 —¥=— 7 km/h
gd0r 6 km/h
_’; 30 5 km/h
S20 | —8— 4 km/h
Tl TR R R Sk
# *—r—a——0—0—0—¢
0 L L L L L L L J
1 2 3 4 5 6 7 8
Rows number
(b)
16
Eul e=@==Row 1
g —@®— Row 2
bl VI
= Row 3
St 10 L
= Row 4
& 8t
= e=@==Row 5
[
[} 6 L
N —@— Row 6
4 'l 'l 'l 'l J I ROW 7
3 4 5 6 7
—@— Row 8
Working speed o
(c)



Agriculture 2024, 14, 2355 15 of 20
—0— Feed rate —¢— CV% -------- Linear (Feed rate)
4000 7 09
£ 3500 y=502.01x+ 1138.6 .. X
£ R2=0.9001 o—.g==" 107 @
S 3000 T -
22500 F 000 e ’/0 ] os 8
= A =
= 2000 s
§ 1500 103 <
= 1000 {101 =
3 500 2
@0 . . . . 0.1 £
3 4 5 6 2
Working speed km/h ©
(a)
50
E45 | Mg I I
040 | —o— 3 km/h
§ 351 —m— 4km/h
T30 5 km/h
D
(C) <25 | ———— s 6 km/h
15 L L L L L L L J
2 3 4 5 6 7 8
Rows
(b)
50
45 | =@=Row |
g
040 . ==@==Row 2
D
=35t Row 3
L
230 | Row 4
S
= 257 —@®—Row 5
D
5 20 r —@—Row 6
15 ' ' ' ' —@— Row 7
4 5 6 7
. —@— Row 8
Working speed o
(c)

Figure 10. Seeding performance of CADSD for RWR. (A) Rapeseed seeding performance. (B) Rice
seeding performance. (C) Wheat seeding performance. (a) Total seed feed rates and coefficient of

variation with respect to the working speed of the hole wheel; (b) Comparison of seed feed rates of

each row; (c) Variations of seeding feed rates of each row with respect to the working speed of the

hole wheel.
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It can be seen from Figure 10 that across all seed types, the seed feed rate increased
with an increase in the rotational working speed of the hole wheel (from 3 to 7 km/h),
the same as Li Xiaoran et al. [26] and Huang et al. [32] found. Additionally, the CV of
the seeding rate between each row was low, with maximum values of 0.068% and 0.32%
for rapeseed, 0.342% and 0.654% for wheat, and 0.02118% and 0.391% for rice. This
indicates that the system ensures uniformity and stability in both the total seeding feed
rate and the seeding feed rate of individual rows. Furthermore, the optimal operating
speed for seed feeding lies between 4 and 5 km/h, where seed-feeding rates for rice and
wheat remain high, and CV values are low, indicating better uniformity and stability than
at higher speeds. Moreover, the total seeding feed rate Y (g/min) increased with the
working speed of the hole wheel X (km/h) according to a polynomial fitting for rapeseed
Y = 20.374x + 31.326 with R? = 0.9571, rice Y = 169.74x + 353.22 with R? = 0.8939, and wheat
Y =502.01x + 1138.6 R? = 0.9001.

4.2.2. Analysis of Interaction Effects Between Rotating Speed and Seed Density

The findings presented in Table 4 indicate a linear relationship between the weight of
seeds sowed and the growth in X. This discovery is logically consistent, as supported by
studies that focus on a single element and the examination of how increasing the speed of
the hole wheel rotation affects the seeding rate, which is found to be higher. The weight of
the seeds increases proportionally with the product of the density and volume.

Table 4. Average data from the conducted experiments.

Independent Variables Dependent Variables
X (km/h) Y (kg/m?3) Z(g)
3 1060 46.34
3 1125 411.9
3 1350 1523.47
4 1060 61.18
4 1125 604.06
4 1350 2014.66
5 1060 0097.92
5 1125 1012.08
5 1350 3116.62

Note: X = working speed of the seed drill hole wheel, km/h, Y = density of the seeds, kg~m3 , Z = Sowed seed
quantity, g.

The factors analysis in Table 5 shows that X has a more substantial impact on the change
in Z compared to Y, also found by [5]. X accounts for about 94.21% of this change, while
Y contributes around 5.66%. To summarize, the combined influence of both components
explains approximately 99.87% of the variation in Z. The current analysis attributes only
0.13% of this difference to factors that were not disclosed. According to these results, it is
necessary to fulfill this condition to do a regression analysis using only the two factors, Y
and X, as presented in Table 6.

Table 5. Factor analysis, Eigenvalues (Y; X), extraction: principal components.

Variable Eigenvalue Total, % C1.1mu1at1ve, Cumulative, %
Eigenvalue
X 2428 x 108 94.21 2428 x 108 94.21

Y 2.566 x 10% 5.66 2.566 x 104 99.87
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Table 6. Results of regression analysis.

Variable Beta Std. Err. t@) p-Level
X -1.711 0.554 —3.086 0.037
Y 1.670 0.152 11.009 0.0004
X2 1.797 0.521 3.445 0.026
XxY —1.288 0.247 —5.214 0.006
The resulting regression model is described as follows:
Z=-8X+0.616Y +0.126 X*> — 0.010 XY (13)

The revised multiple correlation coefficient, R2 =0.937, signifies a substantial associa-
tion between the selected parameters and the observed variable. As shown in Figure 11.
this indicates that X and Y significantly impact Z, accounting for approximately 99.87% of
the observed variation. From this information, we may deduce that the regression model
obtained from the completed experiments is extremely reliable, with a significance level of
p < 0.0029. According to the authors of [5], this condition is necessary for predicting and

resolving optimization challenges.
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Figure 11. Regression surface for the correlation Z = f (X, Y) between the quantity planted, seed
density, and hole wheel rotation speed.
4.2.3. Regression Model Validation Test Results

The test results are presented in Table 7. Based on these results, we can see that the
relative error between the test’s actual feed rate value and the theoretical rate value of the

seed supply rate of RWR is around 2%.

Table 7. Regression model validation test result.

Crop RS (r/min) TR (g/min) AR (g/min) CV% RE%
Wheat 30 2000 2014.66 0.31 0.73
38 3100 3116.62 0.53 0.53

Rice 30 600 604.060 0.06 0.67
38 1000 1012.08 0.09 1.2

Rapeseed 30 60 61.18 0.15 1.96

38 100 97.92 0.10 2.08

Notes: RS = Rotational speed; TR = Theoretical feed rate; AR = Actual feed rate; RE = Relative error.
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The empirical data show a strong correspondence with theoretical expectations, with
wheat displaying relative errors of only 0.73% and 0.53%, rice with errors of 0.67% and
1.2%, and rapeseed at 1.96% and 2.08%, respectively. These results demonstrate the precise
delivery of seeds in the system, highlighting its strong performance and efficient seed
dispersal, providing a solid basis for controlling the seed rate of seeds sown in the CADSD.

4.3. Field Experiment Results and Discussion

The comprehensive performance testing of the seeder shown in Figure 12 involved
taking the average value from five repeated measurements for each indicator. The specific
test data are shown in Table 8. During field operations, multiple tasks, such as trenching and
fertilizing, are performed simultaneously, increasing the seeder’s resistance and generating
stronger vibrations. Consequently, the qualification index for the field test is lower than
that for the seeding performance test.

(a) Seedling after 30 days (b) Rice field experiment

Figure 12. Rice field experiment.

Table 8. Prototype field test results.

Parameter Qualification Index Test Value
Seeding umf.or?mty coefficient of 3.89 3.44
variation CV%
Emergence rate % 89 88
The number of seedlings 27 26.5

It can be seen from Table 8 that the CV achieved 3.44, which is lower than the quali-
fication index of 3.89, indicating that the seeder maintained good stability and accuracy
in placing seeds uniformly across the rows. Additionally, the emergence rate during the
field test was 88%, just below the qualification index of 89%. Furthermore, the number of
seedlings recorded was 26.5, slightly lower than the qualification index of 27. This minor
difference in emergence rate, %, uniformity coefficient of variation, CV, and the number of
seedlings due to field variability, environmental conditions, and minor mechanical fluctua-
tions caused by fieldwork vibrations indicate that, even under the challenging conditions
of fieldwork, the seeder maintained a nearly optimal qualification index.

In considering the results, it is important to acknowledge that the study focused
on controlled testing environments to measure the performance metrics of the sowing
system precisely. This approach was chosen to ensure accurate evaluation by minimizing
external variables. While field tests are essential for real-world validation, the initial
phase prioritized establishing a robust understanding of the system’s capabilities. More
extensive field trials are planned for future research to validate the system under diverse
environmental conditions.

5. Conclusions

This study was conducted to investigate the performance of a CADSD for RWR using
several tests. Research results were concluded as follows:
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1. The CADSD, with the new modifications, reduces operational complexity and costs
and increases agricultural seeding efficiency;

2. The bench single-factor test findings prove that the seed feed rate increases as the
rotational speed rises from 3 to 7 km/h. low CV between rows indicates that the
seeder maintains precision and stability across different crops;

3. A regression model verification test revealed that the relative error between the
theoretical and actual test values for RWR was less than 2%;

4. Astudy examining the impact of seed density and rotating speed on feeding rate, facto-
rial analysis, and regression modeling revealed that rotating speed has a significantly
greater influence on the feeding rate than other factors;

5. Field experiments were conducted during the rice sowing season to validate the
CADSD sowing system. The seeding uniformity was measured at a coefficient of
variation CV of 3.44%, and the crop emergence rate was 88%;

6. It is strongly recommended that further modifications are required to manage in-
creased resistance and vibrations during simultaneous fieldwork.
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