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ABSTRACT

The DEM (discrete element method) simulation and optimization of the shapes and quantity of spoons of
spoon-wheel disc in the spoon-wheel seed-metering device under vibrational conditions are investigated in
this paper. EDEM (Engineering-DEM) software was adopted to establish DEM models of ‘Zhongyu No.3’
coated maize seeds and the spoon-wheel seed-metering device first, and four additional spoons of various
shapes (labeled as K1~K5, respectively) were designed. The test results indicated that the acceleration of
seeds in the Y-direction in spoons (K2~5) was all less fluctuating than those in the original spoon (K1), and
the multiple rate was the largest in spoon (K5). The ultimate optimal working speed of the spoon-wheel maize
precision planter in southwest China was identified as 3 km/h, with 22 spoons and the ideal spoon shape being
K3. The bench validation test was executed under vibrational conditions based on the optimal spoon structure
and operation settings. The qualified rate exceeded 94.5% at an operating speed of 3~4 km/h, while the
multiple rate was less than 4%, the leakage rate was lower than 1.5%, and the variation coefficient was smaller
than 25.5%. The variety adaptability test was launched when the working speed was 3 km/h. The qualified
rates of various maize varieties were all more than 96.5%; the multiple and leakage rates were both less than
2%, which satisfied the technical requirements of maize precision sowing in southwest China. The qualified
rates of various maize varieties were all more than 96.5%, and the multiple and leakage rates were both less
than 2%, which satisfied the technical requirements of maize precision sowing in southwest China.
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INTRODUCTION

The operating environment of the planter in the field has an immediate impact on seeding efficacy (Yang
et al., 2015; Liao et al., 2020). Since of the sticky soil and uneven terrain in southwest China, the planter will
generate vibrations in the field due to the undulation of the ground, and the seed-metering device will also be
vibrated up and down at the same time, which will lead to a decrease in sowing quality, as evidenced by an
increase in leakage rate and poor plant distribution uniformity (Jiang et al., 2011; Boydas et al., 2007).
Consequently, the influential issue of vibration on the seeding performance of planters has gradually attracted
widespread attention from scholars at home and abroad (Joseph et al., 2004; Moore., 1991; Zhao et al., 2010).
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A less uniform spacing of seeds discharged from the seed-metering device into the seed furrow can be
triggered by field vibrations of the planter, as dictated by Yang et al. (Yang et al., 2016; Yang et al., 2016). It
has been investigated that planter vibration could enormously interfere with the seeding process of the seed-
metering device, thus diminishing the uniformity of plant distribution and impairing the planter’s functionality
(Emrah., 2021). Wang et al. conducted field vibration tests on the 2BMZ-2 no-till precision maize planter, and
the effects of vibration loads on the performance of the seed-metering device and maize seed falling trajectory
were analyzed, establishing the groundwork for improving the seeding performance of the finger clip seed-
metering device (Wang et al., 2015). The mathematical models of the vibration systems of the spade punch
maize precision planter and the 2BM-5 air-suction no-till planter were constructed to explore the planter’s
vibration properties in the field (Zhang et al., 2014; Zhang et al., 2009; Liu et al., 2016). To investigate the
effects of various vibration frequency intervals and amplitudes on seeding performance, the vibration test
results of the 2BFQ-6 precision combine seeder in the field were conducted as guidance by Liao et al, providing
a reference basis for research on increasing beneficial vibration intervals in practice (Liao et al.,2022; Zheng
et al., 2023). Once the effects of vibration on the seeding performance of the seed-metering device have been
identified, the ultimate objective is to enhance performance by eliminating the vibration impact. Wu et al.
elevated the target seeding rate of a rapeseed centralized seed-metering device at different vibration
frequencies by adjusting the longitudinal distance (Wu et al., 2022). The study by Min Y.B. et al. aimed to
investigate the optimum vibration condition of the seed hopper on the vacuum suction nozzle seeder for
improving seeding performance (Min Y.B. et al., 2008). Turgut et al. study that the planting units operate at
different amplitudes and frequencies depending on the soil conditions of the field and the amplitude and
frequency of the vibration vary according to the planter characteristics such as the planter weight, tire type,
and tire pressure, as well as the surface smoothness of the field, the ratio of stone and clod (Turgut N. et al.,
1992). The laboratory tests and field trials confirmed the expediency of using the engineering sample of the
planting machine equipped with the vibration-pneumatic planting device, according to research by Aksenov et
al. (Aksenov A.G. et al., 2018). Vishnyakov A.A. et al studied the main factors influencing the quality of seeding
by vibration device are determined and according to research results, a graph of their influence on estimates
of seeding was constructed (Vishnyakov A.A. et al., 2015).

Seed-metering device is the centerpiece of the planter (Huang et al., 2022; Bai et al., 2022; Su et al.,
2022). Depending on how it operates, the seed-metering device can be classified as mechanical or pneumatic
(Han et al., 2018; Shi et al., 2019; Gao et al., 2023). The spoon-wheel seed-metering device is a kind of
mechanical that primarily relies on gravity to achieve seed-cleaning and seed-voting, which has the
advantages of being less susceptible to damage, better sowing quality, and the ability to adapt to seeds with
significant shape variations, among other things (Guo et al., 2019; Zhang et al., 2023), and it is the most widely
used in production practice in southwest China. To identify the mechanism by which vibrations cause the seed-
metering device to miss-sowing, the forces on the seeds during the seed-filling and seed-cleaning processes
of the spoon-wheel seed-metering device are examined in this work. The major components of the seed-
metering device are simulated and optimized to discover the ideal structure, which is subsequently verified in
bench tests to reduce miss-sowing and increase spacing uniformity under vibration.

MATERIALS AND METHODS
Design of the spoon-wheel seed-metering device
Structure and working principle of the seed-metering device

The seed-metering device is the core component of the planter, and its structural parameters directly
determine the sowing quality. The spoon-wheel seed-metering device, which is more typically adopted on
planters in southwest China, consists of a rear shell, seed-guiding wheel, spacer plate, spoon-wheel disc, front
shell, and other parts. The concrete structure of the seed-metering device is depicted in Fig. 1(a).

The seed-metering device is mainly fixed to and supported by the rear shell. The seeds are ladled up
by the spoon on the spoon-wheel disc and delivered to the seed-guiding wheel. The initial position of the seed
delivery from the spoon to the seed-guiding wheel is dictated by the opening location of the spacer plate, which
separates the spoon-wheel disc from the seed-guiding wheel. The seed-guiding wheel receives the seed from
the spoon-wheel disc and neatly releases it from the seed-metering device. The movement of seeds in the
seed-metering device will be easily observed via the transparent front shell.

Everything that happens with the spoon-wheel seed-metering device can be divided into seed-filling,
seed-cleaning, seed-delivery, seed-protection, and seed-voting, as illustrated in Fig. 1(b).
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The seeds are fed into the seed-filling zone via the seeds-inlet, the spoon-wheel disc, and the seed-
guiding wheel together rotate in tandem with the seeding shaft. The seeds are loaded into the spoon hole
under the combined action of gravity and the stirring of the spoon-wheel disc and then arrive at the opening
position of the spacer plate via the seed-cleaning zone with the rotation of the spoon-wheel disc. After entering
the seed-delivery zone, the single seed will disengage from the seed-metering device in the seed-voting zone
under the joint action of gravity and centrifugal force and fall into the corresponding groove of the seed-guiding
wheel from the opening position of the spacer plate, completing the entire seeding process.

Fig. 1 - Schematic diagram of the spoon-wheel seed-metering device
a) Spoon-wheel seed-metering device; b) Diagram of the working process
1. Rear shell; 2. Seed-guiding wheel; 3. Spacer plate; 4. Spoon-wheel disc; 5. Front shell;

I. Seed-filling zone; II. Seed-cleaning zone; II. Seed-delivery zone; /V. Seed-protecting zone; V. Seed-voting zone

Force analysis of the seed-filling process

A good seed-filling effect is required for the seeding performance of the spoon-wheel seed-metering
device (Pareek et al., 2021). The seed-metering device is driven by the ground wheel when the planter is
running in the field. The seeds in the seed-filling zone are disturbed by the stirring action of the spoon-wheel
disc, and the seeds near the spoon will follow the disc in a circular motion, thus fulfilling the seed-filling process.
Planters may be subject to vibration during field operations due to the sticky soil and uneven terrain in
southwest China. The seed-metering device will also be vibrated up and down with the planter. The forces on
the seed during the seed-filling process are displayed in Fig. 2. The vibrating force on the seed-metering device
is simplified to a vertical force in this paper.

0

Fq

/

Fig. 2 - Force analysis diagram of the seed-filling process

The following equations can be derived from the analytical depiction of the forces on the seeds during
the seed-filling process shown in Fig. 2.
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F =mre’ 1)
G =mg 2)
fy=Fytan g, )
f,=F tan g, (4)
f,=F tan B (5)

Where:

F: is the centrifugal force generated by the seed’s rotation with the spoon-wheel disc in N, G is gravity
of seed in N, f is the frictional force between the inner spoon wall and the seed in N, f; is the inter-population
frictional force in N, fg is the frictional force between the spacer plate and the seed in N, m is the seed mass in
kg, r is the distance between the seed centroid and the center of the spoon-wheel disc in m, @ is the angular
velocity of the seed in rad/s, ¢ is the gravitational acceleration in m/s?, Fn is the supporting force exerted on
the seed by the inner spoon wall in N, F is the extrusion force produced by the seed population in N, g is the
friction angle between the seed and the spoon in (°), f is the friction angle between the seed and the spacer
plate in (°), /& is the friction angle between the seeds in (°).

The seed will be securely placed in the spoon after the seed-filling process is done. The resultant force

of the forces acting on the seed in the x-axis direction is 0. The supporting force (Fn) exerted on the seed by
the inner spoon wall is collated as follows:
_F,sind+Gcosd+ f cosd+F —f,cosd—F,sind 6
B sina ©)
where: Fud is the vertical vibrating force exerted on the seed by the seed-metering device vibrating in the field
with the planter in N, « is the inclination angle of the spoon (°); and @is the angle between the spoon and the
center of the spoon-wheel disc (°).

As can be observed from Eg. (6), the supporting force (Fn) applied to the seed by the inner spoon wall
diminishes as the vertical vibrating force (Fd) exerted on the seed by the vibration of the seed-metering device
increases. Thus, the supporting force on the seed by the inner spoon wall is needed to be greater than 0
(Fn>0) for the seed inside the spoon to remain in place. Otherwise, the supporting force (Fn) exerted on the
seed by the inner spoon wall will be zero when the vertical vibrating force (Fd) surpasses a particular value,
resulting in seed-filling failure and missed sowing.

Force analysis of the seed-cleaning process

When there are multiple seeds in the spoon, the seeds located on the outside of the spoon will gradually
detach from the spoon and fall back into the seed-filling zone again under the combined force of gravity and
other external forces, leaving only one seed in the spoon, which is referred to as the “seed-cleaning process”
of the spoon-wheel seed-metering device. In this case, the single seed inside the spoon is exposed to gravity
(G), the supporting force (Fn) exerted on the seed by the inner spoon wall, the frictional force (fn) between the
inner spoon wall and the seed, the centrifugal force (Fr) generated by the rotation of the seed with the spoon-
wheel disc, the frictional force (fg) between the spacer plate and the seed, and the vertical vibrating force (Fd)
caused by the vibration of the seed-metering device. The forces acting on the seed during the seed-cleaning
process are illustrated in Fig. 3.

I:N

Fig. 3 - Force analysis diagram of the seed-cleaning process
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The resultant force of the projected forces on the seed in the x-axis is:
F = fysina+F cosa+F cosd-Gcosd - f, 7)

Smooth seed cleaning can only be achieved during the seed-cleaning process if the resultant force of
the projected forces in the x-axis on the seed is greater than zero. In this instance, the supporting force (Fn)
on the seed by the inner spoon wall satisfies the following relationship:

Geosd+ f, — fsina—F, cosd
= (8)
Cos

When the seed-metering device vibrates vigorously in the field with the planter, an increase in the
vertical vibrating force (Fd) exerted on the seed by the vibration of the seed-metering device will result in a
reduction in the supporting force (Fn) provided by the inner spoon wall. The seed-cleaning function of the seed-
metering device is unaffected unless the vibrating force (Fd) is within a specific range. Consequently, if the
seed-metering device vibrates excessively when the planter is in the field, it will lead to excessive seed-
cleaning, which will trigger all of the seeds in the spoon to be shaken back into the seed-filling zone, resulting
in an airlift of the seed spoon and unsuccessful sowing.

Planters will inevitably vibrate when operating in the field due to the sticky soil and uneven terrain in
southwest China. Hence, it is required to optimize the structure of the existing spoon-wheel seed-metering
device to make it more adaptable to the working circumstances in southwest China.

Optimized design of the spoon-wheel seed-metering device
Structural optimization of the spoon

The spoon-wheel disc is the core component of the spoon-wheel seed-metering device, and the spoon
of the spoon-wheel disc is the primary working portion for taking and carrying seeds. The seed-filling, seed-
cleaning, and seed-delivery effects of the seed-metering device are influenced by the spoon’s shape (Jia et
al., 2018). According to the above-mentioned forces on the seed during the seed-filling and seed-cleaning
process, as well as the spoon design requirements, this paper is devoted to optimizing the spoon structure to
lower the leakage rate caused by vibrations during the seed-metering device’s function in the field.

The spoon employed in the existing spoon-wheel seed-metering device is based on a tetrahedral
construction with a cylinder at an angle in particular through, eliminating the part where they are intersected,
and the spoon hole is made on the curved surface formed on the tetrahedron (Jia et al., 2018). The specific
structure of the spoon is illustrated in Fig. 4. The central axis of the cylinder is denoted by Y1, R: is the radius
of the cylinder, and a1 is the angle between the cylinder and the tetrahedron. To guarantee that the spoon can
successfully scoop up more than one seed at a time, the spoon hole is required to be larger than the maximum
length of the maize seed. Accordingly, the radius of the spoon hole and the size of the maize seed has the
following relationship:

2R>L ©)

Rmin is the minimum radius of the cylinder in mm and L is the maximum length of the maize seed in mm.

Y
/el

-

Fig. 4 - Schematic diagram of the shape of the original spoon hole

It can be observed that the vibration will mostly result in a reduction of the supporting force (Fn) on the
seed by the inner spoon wall from the analysis of the forces on the seed during the seed-filling and seed-
cleaning processes. To ameliorate the substantial leaping of the seeds triggered by vibrations that detach them
from the spoon, the original spoon hole was twice incised with a cylinder of radius Rz. In this instance, the
angle formed by the axes of cylinder 2 (Y2) and cylinder 1 (Y1) is 8. The optimal structure of the spoon nest can
be acquired by eliminating the intersection between cylinder 2 and the original spoon nest. The structural layout
of the sliced spoon nest is depicted in Fig. 5.
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Fig. 5 - Schematic diagram of the improved spoon hole

Structural optimized design of the spoon

The maize variety that is commonly grown in southwest China is ‘Zhongyu No. 3’. The measurement of
the triaxial dimensions of maize seeds has been completed in the preliminary stage, and the results are listed
in Table 1. The optimized spoon nest is based on the original structure for secondary cutting and shaping. The
criterion “R2<R1” needs to be fulfilled to avoid interfering with the current seed-filling function of the spoon nest
and disrupting the general shape of the original spoon nest. 2Rz should be longer than the average length of
the maize seeds to comply with the design requirements of the spoon nest. As indicated in Table 1, the average
length of maize seeds was 10.92 mm, and Rz was determined to be 5.5 mm in this paper.

Table 1
Triaxial sizes of ‘Zhongyu No. 3’ maize seeds
Seeds Length [mm] Width [mm] Height [mm]
Flat 10.92 8.31 4.96
Spherical 8.90 8.43 7.15

Analyzing the forces acting on the seed throughout the seed-filling and seed-cleaning processes
reveals that the inclination angle (f) between the cylinder and the tetrahedron is essential for guaranteeing the
seeds to fill the spoon hole smoothly. The seed travels from the spoon into the groove of the seed-guiding
wheel mainly relying on gravity when the seed-metering device is in use. The spoon was 3D modeled with
SolidWorks (version 2022) at different angles (£). In particular, when f is greater than 10°, it will conflict with
the contoured shape of the original spoon. Additionally, without altering the profile of the original spoon, the
bigger the g, the larger the overall shape of the spoon will be, which will result in multiple seeds filling the
spoon at one time, thus affecting the single rate of seeding. The original spoon was thereby designated K1,
and K2, K3, K4, and K5 are the spoons that were designed for an #1°, 3°, 5°, and 7°, respectively. The
structures of various spoons are depicted in Fig. 6.

AddAA

(a) K1 (b) K2 (c)K3 (d) K4 (e) K5
Fig. 6 - Different structures of spoon holes

Simulation and optimization
DEM particle modelling

Maize seeds can be classified as “flat” and “spherical” according to the morphological characteristics of
‘Zhongyu No. 3’. Statistically, there are around 74% flat maize seeds and roughly 26% spherical seeds. The
coated maize seeds were virtually modeled in SolidWorks using their length, width, and height measurements
from Table 1, and the 3D models were then imported into the EDEM software (version 2018) in ‘.step’ format.
The Multi-sphere method was executed to establish the DEM models of maize seeds, as shown in Fig. 7.
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Flat

Spherical

(a) (b) (c)

Fig. 7 - Models of maize seed
(a) Physical figure; (b) 3D model; (c) EDEM model

DEM modelling of the seed-metering device

The spoon-wheel type seed-metering device is essentially composed of the rear shell, seed-guiding
wheel, spacer plate, spoon-wheel disc, and transparent front shell. To conserve simulation time, elements
unrelated to seed movement, such as bearings and bolts, were omitted without compromising simulation
results. The simplified 3D model of the seed-metering device built with SolidWorks was loaded into the EDEM’s
pre-processing module in ‘.step’ format. Aluminum alloy was adopted as the basic material for the spoon wheel
discs. The DEM characteristics of the ‘Zhongyu No. 3’ coated maize seeds have been measured and calibrated
in advance (Han et al., 2023). The contact parameters between the maize seeds and the seed-metering device
are listed in Table 2.

Table 2
Simulation input parameters of maize and seed-metering device
Parameters Maize Seed-metering device
Poisson’s ratio 0.398 0.250
Shear modulus [MPa] 177 27000
Density [g/cm?] 1.094 2.700
Restitution coefficient [with maize] 0.380 0.675
Static friction coefficient [with maize] 0.237 0.444
Rolling friction coefficient [with maize] 0.029 0.103

A virtual particle factory is followed by building above the inlet of seeds once the simulation parameters
have been set. The movability of the spoon-wheel disc and seed-guiding wheel were arranged to be linear
rotation, and the rotating speed of each group during the simulation was equal to the working speed of the
planter. For all of the components were subjected to vertical vibration to simulate how the seed-metering device
would operate under vibrational conditions, and the specific vibration parameters are indicated in Table 3.

A total of about 1500 particles were generated by the virtual factory based on the number of seeds in
the chamber during the actual operation of the seed-metering device. Wherein 26% were spherical seeds and
74% were flat seeds.

The rotating time of the spoon-wheel disc and the seed-guiding wheel, as well as the vertical movement
time of the seed-metering device, were started from 0.5 s when the particle generation in the chamber was
complete and in a stable state. To extract motion information of particles in EDEM as precisely as feasible, the
EDEM time step was set to 1x107° s, and data was recorded every 0.01 s.

The simulated working process of the spoon-wheel seed-metering device is illustrated in Fig. 8.
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Velocity (m/s)
2.60

Velocity (m/s).
0.53

2.08 0.43

0.32

a) b)
Fig. 8 - The working simulation process of the seed-metering device
a) Particle generating process; b) Seed arranging process

The different seeding phases of the spoon-wheel seed-metering device during the working process are
depicted in Fig. 9.

Fig. 9 - The seeding statuses of the seed-metering device
a) Leakage sowing state; b) Qualified sowing state; ¢) Multiple sowing state

Simulation of the spoon-wheel disc
Experimental design

The spoon quantity and the disc’s diameter are the essential structural parameters of the spoon-wheel
seed-metering device. The seed-metering device’s overall constructional dimensions are determined by the
diameter of the spoon-wheel disc, while its speed is dictated by the spoon quantity used. In this regard, the
working speed of the planter and the linear velocity at the spoon of the spoon-wheel disc are correlated as
displayed in (Ding et al., 2018):

v, _ Zk

v, 2R (10)

Where vi is the working speed of the planter in m/s; vz is the linear speed at the spoon of the spoon-
wheel disc in m/s; R is the radius of the spoon-wheel disc in mm; Z is the number of the spoons; k is the
theoretical plant spacing in mm.

At the same planter working speed and equivalent theoretical plant spacing, an increase in the number
of spoons could reduce the rotation velocity of the spoon-wheel disc and thus improve the seeding
performance. To investigate the influence of spoon-wheel discs with various numbers of spoons on the seeding
performance under vibrational conditions, the optimization of the number of spoons was focused on in this
section. The angle between two spoons on the spoon-wheel disc is ¢1, with the spoon quantity (Z) and angle
(¢1) having the following relationship:

_360°
P = 7

The spoon mounted on the spoon-wheel disc is required to match the groove of the seed-guiding wheel,
and the two components are synchronized with the seeding shaft. Consequently, the spoon-wheel disc and
seed-guiding wheel need to be designed in compliance with the following condition: ¢1 = ¢2. The structure of
the spoon-wheel disc and seed-guiding wheel are schematically diagrammed in Fig. 10.

(11)
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Fig. 10 - Schematic diagrams of the structure of spoon-wheel disc and seed-guiding wheel
a) Spacing angle of the dipper wheel; b) spacing angle of the guide wheel

As noticed from Eqg. (11), the angle between two spoons (¢1) will decrease as the number of spoons
(2) extends while the diameter of the spoon-wheel disc remains constant. Currently, the most common quantity
of spoons used in spoon-wheel devices is 18. Without altering the diameter of the spoon-wheel disc, up to 24
spoons can be manufactured. The number of spoons for comparative tests was selected at 18, 20, 22, and
24. Furthermore, it should be noted that the spoons of K2~4 are relatively neatly ordered as a result of the
previously compared simulations of spoon-wheel discs with various spoon shapes. Therefore, the original
spoon shape K1 and K2~4 were chosen for the comparative trials. A comparative test was carried out with the
planter working at a speed of 3 to 6 km/h since the planter is less efficient while operating at a forward speed
of 2 km/h in the field.

To obtain the optimal working parameters combination of the seed-metering device, the three factors-
four levels orthogonal test was conducted in this part with the working speed, number of spoons, and structures
of spoon holes as test factors, and the qualified rate, multiple rate, leakage rate, and variation coefficient of
seeding as evaluation indicators. The orthogonal table L6(4%) was selected, and the test factors and levels are
listed in Table 3. The theoretical plant spacing was fixed at 20 cm in each trial group according to the agronomic
requirements of maize cultivation in southwest China.

Table 3
Factors and levels of the orthogonal test
Factors
Levels A Working speed [km/h] B Number of spoons ¢ StrUCt#c:r;gf spoon
1 3 18 K1
2 4 20 K2
3 5 22 K3
4 6 24 K4

To simulate the field operation of the planter as well as for the measurement and statistics of each
evaluation indicator, a 20 m-long seed bed was created under the seed-metering device to imitate the linear
motion of the planter pulled by the tractor. The material properties of the seedbed and the variables governing
the interaction between the seed and the seedbed were referred to in the earlier study findings (Lei et al., 2020;
Wang et al., 2023). The specific parameter settings are shown in Table 4.

Table 4
Simulation parameters setting of rubber and maize
Poisson’s Shear Density Resti_tu_tion Static fri_ction Rolling_fr_iction
Parameters ratio modulus [g/cm?] cc_)efflcn?nt cc_;efflcu?nt cqefﬂmgnt
[MPa] [with maize] [with maize] [with maize]
Rubber 0.47 2900 1.350 0.0001 10 10

Note: To avoid seeds bouncing, the mechanical parameters of contact between maize and rubber are not true values.
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The material properties of the seedbed and the variables governing the interaction between the seed
and the seedbed were referred to in the earlier study findings (Lei et al., 2020; Wang et al., 2023). The specific
parameter settings are shown in Table 4.

RESULTS
Simulation test results and analysis of the spoon hole

The analysis of the forces on the seed throughout the seed-filling and seed-cleaning processes
revealed that the primary cause of the leaking of seeds was the seeds detached from the spoon holes. The
original spoon hole (K1) was pre-simulated under vibrational conditions to better investigate the cause of the
seeds falling back to the seed-filling zone in the event of vibration. The front shell is displayed as “Filled” in
EDEM so that the phenomenon of leakage inside the seed-metering device can be observed. The opacity of
the front shell is set to 0.1, while the spoon-wheel disc is set to 1. Following the observation of several seed-
dropping procedures, it emerged that the seeds were most likely to detach from the spoon hole in the Y-
direction during the seed-cleaning stage under vibrational conditions.

The phenomenon of leaking of the spoon-wheel seed-metering device under vibrational and the
dropping direction of the seed is illustrated in Fig.11.

Fig. 11 - The dropping direction of maize seed

To optimize the seeding performance of the seed-metering device under vibrational conditions,
comparative vibration tests were conducted for the spoon-wheel type planter at different working speeds. The
vibration testing trials and analysis of the spoon-wheel planter in the field were performed in the foregoing
period. DEM simulation tests were conducted on the aforementioned spoon-wheel discs with varied spoon
holes under vibrational conditions for the spoon-wheel seed-metering device. In contrast, to analyze the
stability of seeds moving in the Y-direction inside the spoon, three seeds with successful seed delivery were
chosen at random after each group of simulations was completed.

The velocities of the selected seeds in the Y-direction inside the spoon during the seed-cleaning stage
were exported, and the averaged values of their velocities were fitted by a MATLAB program to obtain the
acceleration curves of the seeds concerning time.

The maximum difference between the acceleration of the seed and the spoon itself in the Y-direction
for various spoon hole structures was calculated and gained by using the acceleration curve of the spoon itself
as a baseline. Due to the considerable variation of the initial acceleration when the seed enters the spoon and
the acceleration just before it is going to be released from the spoon and delivered to the seed-guiding wheel,
the accelerations at these two limiting positions cannot be compared.

Comparisons of the Y-directional acceleration of seeds from the five kinds of spoon holes are illustrated
in Figs. 12~16, respectively.
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Fig. 12 - Comparative diagram of seed acceleration in the y-direction at a working speed of 2 km/h
a) Acceleration change curve; b) Maximum difference of acceleration
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Fig. 13 - Comparative diagram of seed acceleration in the y-direction at a working speed of 3 km/h
a) Acceleration change curve; b) Maximum difference of acceleration
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Fig. 14 - Comparative diagram of seed acceleration in the y-direction at a working speed of 4 km/h
a) Acceleration change curve; b) Maximum difference of acceleration
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Fig. 15 - Comparative diagram of seed acceleration in the y-direction at a working speed of 5 km/h
a) Acceleration change curve; b) Maximum difference of acceleration
Lo- Axis Y- Kl K2 =——K3——K4——K35 0.10 -
4‘*0'9 I » é 0.08 H
Z08F = E 0.06 H
N g =
= s g
507} g £ 0.04H
B, 2 og
3 gz
o]
<06} 2002
-~}
0.5 . . . ' 0.00 / / /
0.0 0.1 0.2 0.3 K1 K2 K3 K4 K5
Time (s) Different spoon holes
a) b)

Fig. 16 - Comparative diagram of seed acceleration in the y-direction at a working speed of 6 km/h
a) Acceleration change curve; b) Maximum difference of acceleration

It was revealed that the acceleration in the Y-direction of seeds in spoons K2~5 was less fluctuating
than those in spoon K1 when the working speed was 2~6 km/h by analyzing the variation in an acceleration of
maize seeds at a variety of working speeds and within diverse spoon structures, which indicates that the seeds
would be more stable in these four spoons of K2~5. The anomalous states of the seeds being fed from the
spoon-wheel disc into the seed-guiding wheel in the DEM simulation are reseeding (2 or more seeds in the
seed-guiding wheel) and missing (0 seeds in the seed-guiding wheel). In addition to comparing the stability of
seeds moving in the Y-direction, it is required to evaluate the aberrant states of seeds entering the seed-
guiding wheel from the spoon-wheel disc within the five species of spoons. The results are shown in Fig. 17.
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Fig. 17 - Comparison of the seeding performance of various spoon-wheel discs
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According to Fig. 16, the leakage rate of all four species of spoons (K2~5) is lower than the rate of the
original spoon (K1), while the multiple rate of spoon (K5) is the highest. Therefore, the seeding performance
of spoons (K2~4) is relatively more stable.

Simulation of the spoon-wheel disc experimental results and analysis
Each set of DEM simulation tests was repeated thrice, and the distance between seeds was measured
using the post-processing tool “ruler’ in EDEM, as indicated in Fig. 18.

The design scheme and results of the orthogonal test are listed in Table 5.

Seed

O1l belt

Fig. 18 - Simulation result of the seed-metering device on the oil belt

Simulation results of the orthogonal test

Table 5

No. A B c Qualified rate Multiple rate Leakage rate Variation coefficient
[%] [%] [%] [%]
1 1 1 1 96.15 1.13 2.72 20.73
2 1 2 2 97.25 0.05 2.70 20.55
3 1 3 3 97.45 1.14 1.41 17.10
4 1 4 4 97.01 1.30 1.69 22.74
5 2 1 2 94.59 2.13 3.28 27.82
6 2 2 1 93.36 3.97 2.67 27.64
7 2 3 4 95.93 291 1.16 25.71
8 2 4 3 93.47 4.73 1.80 25.13
9 3 1 3 90.93 4.80 4.27 27.50
10 3 2 4 91.97 4.32 3.71 29.62
11 3 3 1 95.83 1.09 3.08 24.73
12 3 4 2 91.94 3.38 4.68 31.52
13 4 1 4 88.41 3.76 7.83 31.80
14 4 2 3 88.78 4.85 6.37 29.02
15 4 3 2 90.92 1.67 7.41 27.32
16 4 4 1 90.72 2.72 6.56 29.68

Analysis of variance (ANOVA) was executed to examine the findings of the orthogonal test, and the
results are presented in Table 6.

Table 6
Variance analysis of orthogonal test results
Dependent Source of Sum of Mean .
variable variance squares Df square F-value P-value Significance
A 111.031 3 37.010 42.118 0.000 *x
Qualiied B 15.059 3 5.020 5.712 0.034 .
C 4.034 3 1.345 1.530 0.300 -
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Dependent Source of

Sum of

Mean

. . Df F-value P-value Significance
variable variance squares square
Error 5.272 6 0.879
A 18.170 3 6.057 14.948 0.003 *x
] B 6.075 3 2.025 4,998 0.045 *
Multiple rate
10.169 3 3.390 8.365 0.015 *
Error 2.431 6 0.405
A 63.157 3 21.052 135.507 0.000 *x
B 3.300 3 1.100 7.080 0.021 *
Leakage rate
C 2.668 3 0.889 5.724 0.034 *
Error 0.932 6 0.155
A 201.468 3 67.156 56.552 0.000 *x
Variation B 32.593 3 10.864 9.149 0.012 *
coefficient C 18.027 3 6.009 5.060 0.044 *
Error 5.145 6 0.858

*Note: * means significant influence in 95% confidence interval, ** means significant influence in 99% confidence
interval, - means no significant influence.

As observed in Table 6 of the ANOVA of the orthogonal test results, the effects of planter working speed
(A) and spoon count (B) were both extremely significant and generally significant for all evaluation indicators,
respectively. The spoon shape (C) had a typically considerable impact on the multiple rate, leakage rate, and
variation coefficient, while it did not affect the qualified rate. It was discovered that the working speed of the
planter extremely affects the seeding performance and that adding the number of spoons can improve seeding
properties to some amount. While optimizing the shape of spoons will not enhance the qualified rate or the
variation coefficient of plant spacing, it may somewhat ameliorate the multiple rate and leakage rate.

The orthogonal test results were evaluated for extreme differences, and the results are indicated in Table 7.

Table 7
Results of the extreme difference analysis
Evaluation Factors Levels Extreme Optimal Optimal
indicators K1 k2 k3 k4 Difference level combination
A 96.97 94.34 92.67 89.71 7.29 1
Qualified rate B 92.52 92.84 95.03 93.29 2.19 3 A1B3Cs
C 94.02 93.68 92.66 93.33 1.36 3
A 0.91 3.44 3.40 3.25 2.53 1
Multiple rate B 2.96 3.30 1.70 3.03 1.60 3 A1C2B3
C 2.23 1.81 3.88 3.07 2.07 2
A 2.13 2.23 3.94 7.04 491 1
Leakage rate B 453 3.86 3.27 3.68 1.26 3 A1B3Cs
C 3.76 4.52 3.46 3.60 1.06 3
A 20.28 26.58 28.34 29.46 8.06 1
Variation B 26.96 26.71 23.72 27.27 3.25 3 A1BsCs
coefficient
C 25.70 26.80 24.69 27.47 2.78 3

As revealed in Table 8 of the analysis of extreme differences in orthogonal test results, the primary and
secondary factors affecting the qualified rate were A>B>C, and the optimal parameters combination was
A1B3Cs. The major and secondary factors regarding the multiple rate were A>C>B, and the optimum set of
combined factors was Ai1C2Bs. The principal and subsidiary factors that affected the leakage rate were A>B>C,
and the ideal portfolio was A1B3Cs.
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The priority factors influencing the coefficient of variation were A>B>C, and the optimized set was
A1BsCs. The results of the extreme difference analysis further indicated that the optimal levels of the planter
working speed (A) and the number of spoons (B) were identical for each evaluation index, which were Aiand
Bs, respectively. The preferred level of spoon shape (C) for the multiple rate was Cz, while the intended level
for the other three evaluation indicators was Cs. Taking into account the fact that a slightly higher multiple rate
throughout the sowing process would not detract from the overall working effectiveness of the planter. The
integrated analysis ultimately concluded that the best working speed of the spoon-wheel maize precision
planter is 3 km/h, the ideal number of spoons is 22, and the equivalent spoon shape is K3 under the conditions
of sticky soil in southwest China.

Bench validation tests
Validation test of the spoon-wheel disc

The orthogonal test optimization results of DEM simulation ultimately led to the conclusion that 22
spoons and the shape of K3 contribute to the ideal structure of the spoon-wheel disc. A 3D model of the seed-
guiding wheel with an identical number of grooves (22) was sketched, and the aluminum alloy material was
adopted for 3D printing. Comparative bench tests of seeding performance at different working speeds were
carried out for the optimized disc (S1), the original spoon-wheel disc (18 spoons, S2), and the commercially
available spoon-wheel disc with 24 spoons (S3). The results are summarized in Table 8.

Table 8
Comparison of the seeding performance of different spoon-wheel discs
Qualified rate [%] Multiple rate [%] Leakage rate [%] Variation coefficient [%]
S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3

97.45 9433 9467 114 1.34 1.67 141 4.33 3.66 20.28 2563 25.17
9470 92,00 9333 3.82 4.03 3.67 1.48 3.97 3.00 2542 27.02 28.05
93.38 90.26 91.00 2.95 3.85 4.27 3.67 5.89 473 2611 31.43 30.94
90.05 87.33 89.74 3.26 2.00 4.12 6.69 1067 6.14 2817 32.09 31.18

o 0 b~ W

As seen from Table 8, the qualified rate of the optimized spoon-wheel disc under vibrational conditions
with different forward speeds can reach over 90%, which is higher than that of the original spoon-wheel disc
(18 spoons) and the spoon-wheel disc (24 spoons) already available on the market. The multiple rates are all
lower than 5%, the leakage rates are all smaller than 7%, and the variation coefficients are all less than 30%.
The seeding performance is improved compared with that before optimization, and satisfies the design
specifications.

Variety adaptability test
With a working speed of 3 km/h and a theoretical plant spacing of 20 cm, several species of seeds,
including ‘Zhengdan 958’, ‘Ziyu 46’, ‘Chuandan 99’, ‘Denghai 618’, and ‘Zhengda 999’, were selected to
investigate the variety adaptability of the optimized spoon-wheel disc. The averaged values were retrieved by
replicating each group of tests thrice, and the results are indicated in Table 9.
Table 9
Results of maize varieties adaptability test

Variation coefficient

Maize varieties Qualified rate [%] Multiple rate [%)] Leakage rate [%] [%]
Zhengdan 958 96.97 1.63 1.40 21.50
Ziyu 46 96.65 1.73 1.62 22.17
Chuandan 99 97.30 1.53 1.17 21.53
Denghai 618 97.07 1.26 1.67 21.42
Zhengda 999 97.19 1.28 1.53 20.14

The results revealed that the optimized spoon-wheel disc had higher adaptation to maize seeds, with
the qualified rate of all five maize varieties being greater than 96.5%, the multiple rate and leakage rate being
both less than 2%.
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CONCLUSIONS

Based on the actual demand for precision sowing of maize under vibrational conditions in the hilly areas
of Southwest China, the key structure and working parameters affecting the precision sowing of the spoon-
wheel seed-metering device under vibrational conditions was analyzed. The critical parameters related to the
sowing performance of the planter was optimized and examined. The main conclusions are as follows:

(1) According to the analysis of forces on the seeds during the seed-filling and seed-cleaning processes
under vibrational conditions, it was ascertained that the vertical vibrating force exerted on the seed by the
vibration of the seed-metering device will induce a reduction in the supporting force on the seed by the inner
spoon wall, which will increase the leakage rate of the seed-metering device under vibrational conditions. To
address this issue, the simulated optimization and tests of the structures and number of spoons are carried
out in this paper.

(2) To the characteristics of the forced seeds in the spoon under vibrational conditions, the spoon-wheel
discs with varied spoon structures were designed, and DEM simulation compared tests was conducted with
the acceleration variation of seeds in the Y-direction in the spoon as the evaluation index to analyze the stability
of different spoon shapes on seeds during the seed-cleaning process. The superior spoon shape was
ultimately defined as K2~4.

(3) The optimal spoon structure was further evaluated by conducting a three-factor and four-level
orthogonal test with the working speed, the nhumber and structure of the spoon as the test factors, and the
qualified rate, multiple rate, leakage rate, and variation coefficient of plant spacing as the evaluation indexes,
and the ultimate best spoon shape of the spoon-wheel disc was K3, and the number of spoons was 22.

(4) The optimized spoon-wheel disc to different maize varieties has a sowing qualified rate greater than
96.5%, multiple and leakage rates both less than 2%, which complies with national standard requirements,
and has a good variety of adaptability, as indicated by the results of the variety adaptability test.
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