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Abstract: In seeding operations, fermented seeds with weak surface energy tend to ex-
perience problems such as adhesion, seed leakage, and clogging on the seeder’s end. To
improve seed distribution uniformity, a three-stage spiral seeding device with “seed filling,
transport, and dispersing” functions was designed. Kinematic and dynamic models of fer-
mented seeds under spiral conveying conditions were developed to analyze the motion and
force characteristics of the seeds under various working states. A discrete element method
(DEM) and multi-body dynamics (MBD) coupled simulation model was established, along
with a comprehensive evaluation system for seed distribution uniformity and seeding
effectiveness. The influence of spiral speed, pitch, and forward speed of the seeding opera-
tion on seed dispersion uniformity and operational efficiency was studied, and optimal
structural and operational parameters for the spiral seeder were selected. A prototype
of the spiral seeding device was fabricated, and field seeding tests were conducted. The
results showed that when the seeder’s rotational speed was 12 r/min, the pitch was 63 mm,
and the forward speed of seeder was 3.5 km/h, the seed distribution uniformity index
reached 84.53%, with excellent seeding effectiveness and a comprehensive evaluation index
of 92.26%. The field application demonstrated good performance, significantly improving
both the operational reliability and efficiency of the spiral seeding device.

Keywords: morel mushroom seeder; seed screw components; DEM-MBD coupled simula-
tion; seed uniformity; evaluation index

1. Introduction

Southern Xinjiang, China, is a typical inland desert arid area. The use of yellow sand
substrate to cultivate Morchella can achieve a win-win situation in regard to increasing
the yield of Morchella and improving the physical and chemical properties of yellow
sand [1]. Morchella is rich in nutritional value, rich in flavor, crisp and tender, and deeply
loved by consumers. It also has a relatively high economic value in the current edible
fungus industry [2]. According to the market analysis data of Morchella industry, the
output of Morchella in China was far more than 240,000 tons in 2023, accounting for
more than 99% of the total output of artificial cultivation in the world [3]. The Morchella
cultivated in yellow sand matrix in Southern Xinjiang is cultivated in solar greenhouses.
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However, at present, the sowing methods of Morchella are mostly artificial sowing, with
poor sowing uniformity, high labor intensity, poor seed dispersion uniformity, and low
operation efficiency, which seriously restrict the large-scale and commercial development
of the Morchella industry. Therefore, the design and experiment of morel seeder under
yellow sand substrate cultivation mode were carried out, and a crawler self-propelled
morel seeder was developed by integrating the agronomy of morel cultivation in facilities
to replace the traditional artificial sowing, improve the yield and quality of morel, and
promote the sustainable development of edible fungi industry in Southern Xinjiang.

The seeding device is a key component of agricultural seeding operations. According
to the different seeding principles and applicable scenarios, it is mainly divided into
mechanical, air-suction, air-blowing, and combined seeding devices. Morchella esculenta
seeds belong to low-temperature fermentation fungi, which have the characteristics of
high moisture content and weak adhesion between particles. The moisture content of seed
particles makes it easy to form a granular structure, which is a typical granular material [4].
Considering the characteristics of Morchella seeds, their planting agronomic requirements,
and their economic value, the research on related seeding devices at home and abroad
is mainly based on mechanical screw conveyors. The screw conveying device has the
characteristics of simple structure, convenient operation, and strong scene adaptability,
which can meet the requirements of seed-intensive planting of Morchella [5,6]. Among
them, Tian et al. [7] designed a spiral groove direct seeding device suitable for hill rice
planting, and they studied the influence of seed movement trajectory and rotation speed
of rice bud seeds in the spiral groove, and the working length of the spiral wheel on the
number of seeds in the ridge. Mei et al. [8] used particle mechanics, continuum mechanics,
and particle swarm theory to theoretically model and analyze the mechanism of multi-head
vertical spiral conveying, and they established a particle mechanics model for the stable
motion of material particles in a vertical spiral unloader. Then, they determined the type of
material free surface in the longitudinal section of the conveyor and its discrimination and
solution methods. This study determined the pressure distribution law of material particle
groups on the conveying pipe wall and spiral surface, providing a theoretical basis for the
transportation of material particle groups. Yi et al. [9] improved the structure of the outer
groove wheel seeding device and used the uniformity and seeding rate as the evaluation
criteria to verify the performance by experimental methods. Karayel et al. [10] explored the
problem of poor consistency of seeding spacing of the outer slotted wheel seeding device.

However, when it is applied to fermented seeds with weak surface energy by means of
spiral groove forced propulsion, it is easy to cause seed damage, adhesion, seed leakage, and
blockage [11-14], and it is difficult to ensure the uniform growth of Morchella mycelium [15].
For this reason, Chen et al. [16] designed a shaft screw conveyor seeding device which does
not easily damage the seed and has good continuity of transportation. However, in the
process of transportation, the seed material is easy to squeeze into an agglomerate structure,
resulting in the blockage of the discharge port, and the application effect of the bulk material
with large water content is poor. Zhu et al. [17] designed a flexible shaftless screw fertilizer
device. EDEM simulation was used to carry out quadratic regression orthogonal rotation
test and response surface analysis method, and the optimal parameter matching of the
flexible shaftless screw fertilizer device was carried out. However, its research fails to fully
consider the coupling relationship between the seed and the seed metering device, and the
uniformity coefficient of variation is used as a single evaluation standard for parameter
matching and seeding performance verification, which has certain limitations.

Therefore, this paper combines the advantages of axial spiral and non-axial spiral,
considering the surface parameters of Morchella seeds and multi-factor coupling contact
characteristics, a three-stage spiral metering device with the function of “seed filling-
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conveying-breaking” is designed. By constructing a comprehensive evaluation system of
seed seeding uniformity evaluation index and seeding effect evaluation index, the discrete
element method (DEM) and multi-body dynamics (MBD) joint simulation method are
used to optimize the pitch, screw speed, and seeding speed of the spiral seeding device.
The three key parameters were optimized. The parameters of pitch, screw speed, and
seeding speed of the spiral seeding device were optimized, and the prototype was trial-
produced to carry out field experiments, which verified the feasibility and effectiveness of
the design scheme, provide a theoretical basis for the design of seeders with surface energy
particle seeds.

2. Materials and Methods
2.1. Overall Structure

A morel mushroom seeder suitable for yellow sand substrate soil in Southern Xinjiang
includes a mobile chassis, with crawler-type walking mechanisms installed on both sides
of the chassis to adapt to the terrain of the yellow sand substrate. The crawler-type walking
mechanism consists of crawler drive wheels controlled by independent drive motors,
which can be remotely controlled via the remote-control system to achieve constant speed,
enabling automatic cruising of the crawler walking mechanism. The middle section of
the mobile chassis is equipped with a seeding module, which is configured with multiple
sowing positions. The four-corner lifting mechanism includes a lifting frame capable of
vertical movement, with a trenching module and a soil-covering module positioned below
the seeding module. The mobile chassis is equipped with a lifting drive mechanism to
drive the four corners of the lifting frame to move synchronously, adjusting the sowing
depth. This morel mushroom seeder, combining a crawler walking design with adjustable
trenching and soil-covering modules, is well-suited for morel mushroom cultivation in
Southern Xinjiang’s yellow sand substrate soil. It allows for precise adjustment of sowing
depth and seed quantity, improving the seed distribution uniformity index. The detailed
structure is shown in Figure 1.

Figure 1. Design drawings of morel mushroom seeder: 1, crawler chassis; 2, soil-covering module; 3,
mobile chassis; 4, seeding module; 5, spiral seeding device; 6, four-corner lifting mechanism; and 7,
trenching module.
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2.2. Structural Design of the Spiral Seeding Device

The spiral seeding device continuously conveys seeds by using spiral blades and
consists of a seed box, spiral components, and a seeding tube, as shown in Figure 2.
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Figure 2. Spiral seeding device and coordinate system establishment: 1, seeding tube; 2, spiral

components; 3, seed box; 4, bevel gear steering device; 5, seed filling stage; 6, transport stage; and 7,
dispersing stage.

The working process of the spiral seeder is divided into three stages based on the
structure of the spiral component and the position of the seeds during the seeding process:
seed filling, conveying, and dispersing stages [18,19]. The seed filling stage is located
inside the seed box, where a shafted spiral extends upward from the bottom of the box by
two pitch lengths. The motor drives the spiral shaft to rotate, and the morel mushroom
seeds, under their own gravity, enter the spiral groove within the seed box. The seeds are
conveyed by the rotating spiral blades into the discharge tube, as shown in Figure 2.

The conveying stage is located in the discharge tube beneath the seed box and is
configured with a shafted spiral blade. In this stage, the shafted spiral works in a small
clearance with the discharge tube. The seed particles enter the spiral groove formed by the
shafted spiral and the discharge tube, and under the effect of the rotating spiral blade and
the restriction of the tube wall, along with the gravitational force of the seeds, the spiral
blade rotates one full turn, moving the seeds downward by one pitch. The seed quantity
can be precisely controlled by adjusting the motor speed.

The dispersing stage is located below the conveying stage and is configured with a
shaftless spiral blade that is twice the length of the pitch. In this stage, the seeds are forced
out of the conveying section by the power of pushing from the spiral blade, and under the
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combined influence of thrust and gravity, the seed particles fall along the shaftless spiral
blade, with some of the scattered seeds falling through the hollow shaft.

Under the condition of ensuring sufficient and stable seed intake, the seeds in the
device maintain a stable filling coefficient [20]. Therefore, by reasonably designing the
spiral parameters, the seeding amount can be controlled, and good uniformity can be
achieved. To analyze the factors affecting the uniformity of the seeder during operation,
a detailed force analysis of the particles at each stage was conducted. Seeds in the spiral
movement state effectively reduces the bonding force between the seeds, when out of the
constraints of the spiral groove and the spiral thrust, the seeds are freely dispersed along
the seed discharge tube in the grooves opened by the trenchers.

2.2.1. Seed Filling Stage

In the seed filling stage, the seed particles enter the shafted spiral seeder under their
own gravity and are gradually fed into the spiral seeding trough. As the spiral seeder
rotates, the seed particles are forced into the next pitch [21]. The fixed reference frame,
oxyz, is established based on the seeding tube, while the dynamic reference frame, O’XYZ,
is established based on the rotating spiral seeding shaft. The axes of the seeding tube and
the spiral seeder are aligned along the z-axis and Z-axis, respectively, and they coincide
with each other, as shown in Figure 2.

Randomly selected seed particles, i, are taken as the research object. Since morel
mushroom seeds are fermented, the particles exhibit weak surface energy, resulting in
pressure between the seeds, and the interaction between adjacent particles cannot be
ignored. Given the large number of seed particles, the pressure is directly analogized to
that of a liquid. The pressure formula is as follows:

Fyi = pgsh, (1)

where p is the seed density, g is the gravitational acceleration, s is the maximum cross-
sectional area of the particles, and Fy; is pressure force.

The height, h, of seeds in the seed box is related to the particle transfer capacity.
Assuming that the particle storage is always level, the pressure force formula is as follows:

po W=Qf @)
0s
where /1 is the total height of the seeds at this time, W is the initial total seed weight, Q is
the seed transport capacity, s is the bottom area of the seed box, and ¢ is time.

Assume that, at a certain moment, ¢, seed particle i enters the outer contour of the
spiral seeder, sliding relative to the spiral surface, and that the velocity of seed i is the same
as the tangential velocity of the outer edge of the spiral seeder. A force analysis of seed 7 at
this moment is performed, and the initial force state of the particle is shown in Figure 3.

At this moment, ¢, the forces acting on particle i include gravity, G;; sliding friction, F;;
the supporting force from the spiral surface, Nj; connected inertial force, F,1; and Coriolis
force, F¢1. The dynamic equation for seed i is as follows:

F = G; + Ffi(uN;) + Nj + Fo1 + Fa

3
= G; + uiN; + N; + miwizri + 2m;wv;, ®)

where m; is the mass of the selected particle, in kg; s is the cross-sectional area of the seed
particle, in m?; w; is the angular velocity of the spiral seeder, in rad/s; v; is the relative
velocity of the particle with respect to the spiral seeder, in m/s; r; is the distance from
the particle’s center of mass to the Z-axis, in m; w is the relative angular velocity of the
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particle’s center of mass with respect to the Z-axis, in rad/s; and y is the coefficient of
friction between the particle and the spiral surface of the seeder.

Fa X

o

(a) (b)
Figure 3. Initial force analysis of seed particles: (a) XO'Y plane and (b) XO’Z plane.

Clearly, in the seed filling stage, the interaction between the adjacent seed particles and
the selected particle, 7, must be considered. Since the relative angular velocity of particle i
with respect to the outer edge of the spiral seeder is very small, it can be ignored. Therefore,
the formulas for calculating the normal and tangential accelerations of particle 7 at this

moment are as follows: ]
o GiSZI’l‘B - Zmiwivi - Ni

arn — . (4)
1
N; — G;cosa
e = P, )
1

In the normal seed filling state of the spiral seeder, seed particle i can only slide relative
to the spiral surface, i.e.,

am =0 (6)
dvi dzsi

a}'T = d7t = dt2 7 (7)
N; = G;sinp — 2m;wv;, (8)

u;(G;sinp — 2m;wv;) — Gjcos
Arr = 1( d ﬁ ml' l) : IB )

1
Gi(u .sinB —
- i(u;sinp — cosp) 2w, (10)
mi

dv;  Gi(v;sinp — cosp) .
i m 2Wu;v; (11)
v = / aydt = Zul-w {G,-(u,»smn[j cosp) _ ce 2t (12)

- 1 1

Under initial conditions, we have the following;:

% = vy = wr;, (13)
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Then, we need the following:

. l(ulsznrf cosp) 2wlr;, (14)
1

where « is the spiral angle of the spiral surface (°).
In the normal seed filling state of the spiral seeder, seed particle i can only slide relative
to the spiral surface. The acceleration formula is as follows:

. 2tu;
0y = ¢~ 2Hw wrig(yismtx — 620;02)(8 hiw _ 1) , (15)
i

At this moment, the absolute velocity, v, of particle i; the tangential velocity, v,, of the
outer edge of the spiral seeder; and the relative velocity of particle i along the outer edge of
the spiral seeder are part of the following;:

Ug = Ue + 0;, (16)

In the equation, v, > v; > 0 and is in the same direction as the tangential velocity of the
outer edge of the spiral seeder. Seed particle i begins to slide along the outer edge of the
spiral seeder with relative velocity, v;, and the interaction with adjacent particles and the
spiral surface drives particle i into the next pitch, thus completing the seed filling process.
From Equation (16), it can be seen that the seed filling process of particle i is related to the
angular velocity, w, of the spiral seeder (seeder rotation speed n); the distance from the
center of mass of the particle on the outer edge of the spiral to the Z-axis (spiral seeder
diameter D); and the spiral angle of the spiral surface, a (pitch S).

2.2.2. Conveying Stage

When seed particles complete the seed filling stage and enter the conveying stage, as
the spiral blades rotate, the seed particles that entered the seeding tube during the seed
filling stage will be conveyed to the next pitch [22]. As the spiral seeder continues to rotate,
after a time interval of At, the seed particles are delivered to the bottom of the spiral seeder
and leave the conveying section under the influence of gravity and the forced thrust of the
spiral blades.

Randomly selecting seed particle i as the research object, assume that particle i is at the
bottom of the first pitch section of the spiral surface when it enters the conveying process,
and at this moment, particle i is stationary relative to the spiral surface. Using the fixed
reference frame, oxyz, established during the seed filling stage, and the dynamic reference
coordinate system, O’XYZ, based on the rotating spiral seeding shaft, the force analysis of
seed particle i before it enters the next pitch section is performed, as shown in Figure 4.

At this moment, the dynamic equation for seed particle is as follows:

Gi+F+Fr+Fo+N+N; =0, (17)

where G; is the gravitational force on seed particle 7; F; is the static friction force; F, is
the connected inertial force; F,, is the Coriolis force; N is the support force from the seed
box wall on the seed particle; and Nj is the support force from the spiral surface on the
seed particle.

Since seed particle i has not undergone relative displacement, the Coriolis force, F.y,
is zero. When seed particle i begins to slide, it starts to exhibit relative motion along the
spiral surface and moves away from the seed box. At this point, the support force, N, is
zero. The force situation is shown in Figure 5.
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Figure 4. Force analysis in reference coordinate system.
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Figure 5. Force analysis of seed particles at the instant of sliding: (a) Y direction and (b) Z direction.

At the moment seed particle i begins to slide, its motion trend is along the spiral
surface, and the particle is subjected to static friction. It is assumed that the direction of
the static friction force is the same as the direction of the impending motion trend. The
static friction force is projected onto the coordinate plane, XO’Z, and the angle between the
static friction force (F;) and its projection plane is y. As shown in Figure 5, the larger the
angle -, the more the relative motion trajectory of particle i approaches the Y-axis, making
it easier to enter the next pitch, while the sliding distance along the Z-axis becomes smaller.
Conversely, the smaller the angle -, the harder it is for particle i to enter the next pitch, and
the seed filling coefficient within the pitch decreases. By projecting Equation (17) onto the
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X, Y, and Z axes, the mechanical equation for seed particle i at the moment of sliding is
as follows:

F,» + Njcost = 0, (18)

N;sinf — Fisiny = 0, (19)

—pghs — m;g + Ficosysina + Njcosf = 0, (20)
F.p = miw?r;, (21)

Fi = ujrj, (22)

where 6 is the angle between the X-axis and the x-axis, in (°); m; is the mass of the seed
particle; r; is the distance from the seed particle’s center of mass to the Z-axis; and y; is the
coefficient of friction between the particle and the spiral surface of the spiral seeder.

By solving Equations (18)—(22), we obtain the following:

riw?sinfcosw

tany = ————————
v gcosf — riw?sina’

(23)

From Equation (23), it can be seen that the angle 7 is related to the angular velocity w
of the spiral seeder (seeder rotation speed n), the distance from the center of mass of the
particle on the outer edge of the spiral to the Z-axis (spiral seeder diameter D), the initial

angle 0 at which the particle begins to slide, and the spiral angle « of the spiral surface
(pitch S).

2.2.3. Dispersing Stage

When the seeds enter the equal dispersing stage of the hollow shaft spiral, as the spiral
seeder rotates, the seeds are discharged from the seed feeding section into the dispersing
section. Since the dispersing section is designed with a hollow spiral blade, the seed
particles suddenly lose support from the core shaft. As a result, the force state of the seed
particles changes. Some scattered seeds fall through the hollow shaft, while the remaining
agglomerated seeds and some scattered seeds fall from the hollow spiral surface, ignoring
collision issues [23].

At time t, assuming that the seed particles enter the equal dispersing stage, their force
state is shown in Figure 6.

B
Fr
Ftl F, 1
_sN: —
N.
N —

N, N / i

F, Ny N G <

y '

N, N, AN, AN
N, & FaF, N N, A
N N N, 1 N
G,
[ G,
Y Fr F )
£
2
6| \ \
6¥
(a) (b)

Figure 6. Force diagram of the dispersing stage: (a) having inner wall support and (b) losing side
wall support.
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The force distribution of seeds during the dispersing Stage can be divided into four
types: The first case occurs when the seed particle suddenly loses support from the core
shaft and slides out from the hollow shaft side; The second case occurs when the seed
particle stays on the spiral surface or slides out and is positioned at the bottom; The third
case occurs when the seed particle stays on the spiral surface and remains in the middle;
The fourth case occurs when the seed particle stays on the spiral surface and is located on
the outer side.

The variations in the forces are shown in Figure 6. Since the velocity does not change
immediately, the horizontal force toward the outside includes the connected inertial force
(F.1) and Coriolis force (F.1), and the other forces are as follows:

For the first case, when the seed particle suddenly loses support from the inner side
and slides out from the inner side, the force equation is as follows:

F,=G;+ N;+ Fq + F., (24)
Gi
Z—W*Felfpclr (25)

The second case occurs when the seed particle stays on the spiral surface or slides out
and is positioned at the bottom. The force equation is as follows:

+ Gi + N; + Fq + Foq + f(uN;), (26)

where G. . .... is the particles pressing on the seed from the top, which may be more
than one.
When the seed particle does not slide down, we have the following:

sin60° — G; = 0, (27)

Gk cos 60° — Fel - Fcl — un; = 0, (28)

When the seed particle slides down, we have the following:

c0s60° — F,y — F;1 — uNj, (29)

The third case occurs when the seed particle stays on the spiral surface and remains in
the middle. The force equation is as follows:

+Gi+Ni+Fel+Fc1:Or (30)

The fourth case occurs when the seed particle stays on the spiral surface and is located
on the outer side. The force equation is as follows:

Fi=N;+Gi+Ni+Fq+F1=0, (31)

where N,; is the support force from the inner surface.

ar
P ooy 0 (32)
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X = Uyt

_ 1,2
{y— 78t +vyt’ (33)

From Equation (33), it can be seen that the motion trajectory of the seed particles during
the seeding process follows a parabolic path, and the horizontal initial velocity is related
to the forward speed of the operating machine. Since the machine operates at a constant
speed, only the speed during the initial and final seeding phases changes, while the seeding
performance indicators remain almost constant during the uniform-speed operation.

In summary, the diameter, rotational speed, pitch, and forward speed of the spiral
seeder are the key parameters affecting seeding uniformity. Based on the practical op-
erational requirements of the spiral seeding device, this paper will conduct theoretical
calculations to determine the reasonable range of values for these key parameters.

2.3. Structural Parameter Design
2.3.1. Diameter of the Spiral Seeder

The diameter of the spiral seeder is one of the key parameters of the seeder, directly
affecting the coefficient of variation in seeding uniformity. It also determines the seeding
rate, which in turn influences the dimensions, installation position, and structure of the
trenching device [24]. The diameter of the spiral seeder is designed based on the char-
acteristics of morel mushroom seeds, the structure of the seeder, and the intended use.
According to the agronomic requirements for machine seeding, the target seeding rate is
set to 3000 kg/hm?, with a ridge width of 1.1 m, and the seeding machine moves at a speed
of 3 km/h, seeding an area of 0.33 hm?/h. Since the trenching device is a standard 10 cm
wide component, a higher lateral distribution density is beneficial for seeding uniformity.
Based on the available installation space, a configuration of 9 rows with 4 in the front and 5
in the rear is selected for the trenching device. Thus, the conveying capacity Q is 0.11 t/h,
and the calculation formula for the diameter of the spiral seeder is as follows:

D=k | & (34)
ppc

where K is the material transport characteristic coefficient, set to 0.075; and Q is the convey-
ing capacity of the spiral seeder, in t/h.

The nominal diameter (D) and pitch (S) of the spiral seeder are the main parameters
affecting the seeding rate. Generally, the calculation formula for the spiral seeding shaft
diameter is d = (0.2 — 0.35) D, with a coefficient of 0.3. Therefore, the standard diameter of
the spiral seeding shaft is taken as 2.1 cm.

2.3.2. Pitch

The pitch of the spiral seeder not only determines the seeding rate but also has a
significant impact on seeding uniformity [25]. Changes in the pitch can lead to variations in
the displacement velocity of seed particles. With a fixed conveying capacity Q and diameter
D, the pitch is a key factor affecting seeding performance.

Typically, the calculation formula for the pitch of the spiral seeder is as follows:

S =KD, (35)

where Kj is the coefficient, typically ranging from 0.8 to 1.0, depending on the mate-
rial flowability.

The spiral seeder designed in this study follows a vertical layout, and since the
fermented particles have poor flowability, based on existing design experience, the pitch
value is chosen to be 5.6-7.0 cm.
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2.3.3. Seeder Rotational Speed

Under the condition that the seeding rate meets the agronomic requirements, the
rotational speed of the spiral seeder is designed based on the seeding rate, the diameter
of the spiral seeder, and the parameters of the morel mushroom seeds. To minimize the
impact of centrifugal force on the seeds, the rotational speed is designed to be as low as
possible while ensuring seeding efficiency, so that the gravitational force of the seed and
the centripetal force satisfy the seeding conditions [26]. Therefore, the rotational speed is
limited to not exceed the critical value. When the particles on the outermost edge of the
spiral blades do not experience radial movement, the seed’s own gravitational force should
be less than the maximum centrifugal force it experiences, which is expressed as follows:

mw?R < mg, (36)
2N ax
<mg, 37
20 /5K <8 (37)
27tn
—_ <
m< TR < mg, (38)

where m is the mass of the seed, in kg; w is the angular velocity, in rad/s; R is the spiral
radius, in mm; g is the gravitational acceleration, in m?/s.
Considering the influence of different particles, there are the following:

30k o 30k [2g

7’17 \/ gR - po D 7 (39)
PRRELES (40)
7T
A

(41)

Nmax = ﬁ/

where A is the material composite coefficient; k is the material composite characteristic
coefficient; 71,4y is the maximum rotational speed of the spiral seeder, in r/min; and » is the
actual rotational speed of the spiral seeder, in r/min.

Substituting the diameter D into the maximum rotational speed formula gives
1 < Mgy < 11.99 r/min. The seeding capacity per row Qis 0.11 t/h.

The standard integer series for the spiral seeder’s rotational speed is used, and the
rotational speed # is adjusted to 12 r/min.

3. Coupled Simulation and Analysis of the Spiral Seeder

The discrete element method (DEM) and multi-body dynamics (MBD) have been
increasingly applied in the field of agricultural engineering in recent years. In the three-
stage spiral seeder, seeds are separated from the seed mass by the motion of the spiral
blades, with the seeds acting as particles. Since the seed particles in the spiral seeder are
influenced by inter-seed forces during operation, DEM is used for analysis. Additionally,
the spiral seeder operates with both the rotation of the spiral blades and the linear velocity of
the entire machine’s displacement, which requires MBD for analysis. The motion trajectory
of the seeds to be sown is similar to the spiral trajectory, and since commonly used DEM
and MBD simulation software cannot individually meet these requirements, a coupled
DEM-MBD approach is adopted for the analysis.
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3.1. Coupled Simulation Model Construction

RecurDyn and EDEM coupled simulation uses the relative coordinate system motion
equation theory and the full recursive algorithm, making it highly suitable for solving
large-scale multi-body system dynamics problems [27,28].

The working process of the three-stage spiral seeder involves various motions. There-
fore, a simplified geometric model of the seeder is created using SolidWorks, and the model
is imported into RecurDyn in STP format. Constraints, contacts, and other properties
are added to build the multi-body dynamics model. Using RecurDyn’s built-in coupling
interface, the components of the seeder are imported into EDEM as wall files to create the
Discrete Element Model. This is shown in Figure 7.

]
ﬁg Transfer the seed model to the physical model
<

Provide wall files for constraints and drivers

EDEM solution domain Rrcurdyn Simulation space
Figure 7. Joint simulation model.

In accordance with the agronomic requirements for morel mushrooms in the Southern
Xinjiang yellow sand substrate, morel mushroom seed particles were randomly selected
as experimental materials. Based on prior material property measurements, the seed
parameters for morel mushrooms were obtained. A total of 32,000 morel mushroom seed
particles were generated at a rate of 5000 seeds per second, in the direction of gravity.

Pre-calibrated discrete element particles with contact parameters were used to set
up the particle factory for the morel mushroom seed particles. The intrinsic and contact
parameters of the material are crucial during the discrete element simulation process.
Intrinsic parameters include material density, Poisson’s ratio, elastic modulus, etc. [4],
while contact parameters include collision coefficient, sliding friction coefficient [29], and
rolling friction coefficient, the morel mushroom seed particles were generated in EDEM
using multi-sphere aggregation filling, as shown in Table 1.

During the operation of the spiral seeding device, the motor drives the spiral blades
to rotate, completing the seed filling, conveying, and dispersing of the morel mushroom
seeds. Therefore, in RecurDyn, constraints need to be added. The main constraints are as
follows: the spiral is added with a rotational joint, using Ground as the reference frame;
the seeding tube and seed box are added with translational joints, using Ground as the
reference frame. A driving function is added to the rotational joint of the spiral seeder, and
when coupled with EDEM, the seeder does not operate during seed generation. According
to the actual operation, the morel mushroom seed particles first fall from the seed box into
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the filling section. Therefore, the mechanism does not move during the seed filling process,
as shown in Figure 8.

Table 1. Simulation parameters of discrete element.

Parameters Mean Value
Seed size (mm X mm X mm) 7.33 x 451 x 443
Seed density (kg/m?) 400
Seed Poisson’s ratio 0.34
Seed shear modulus (Pa) 1.23 x 10°
Steel density (kg/m?) 7865
Steel Poisson’s ratio 0.3
Steel shear modulus (Pa) 7.90 x 1010
Seed-to-seed static friction coefficient 0.4
Seed-to-seed kinetic friction coefficient 0.45
Seed-to-steel static friction coefficient 0.4
Seed-to-steel kinetic friction coefficient 0.6

Figure 8. Constraints and driving settings of EDEM—-RecurDyn coupled simulation: 1, rotational
Joint; 2, translational Joint; and 3, fixed joint.

3.2. Coupled Simulation Scheme and Evaluation Index Construction

The pitch, rotational speed, and forward speed are selected, and a three-factor, three-
level coupled simulation scheme is designed, as shown in Table 2.

The naming rule for the experimental scheme is pitch—forward speed-rotational speed
(with units: mm, mm/s, and r/s) and seed count (in number of seeds). The seed count
statistics are shown in Table 3, as shown in Figure 9.
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Table 2. Experimental factors and codes.

Factors
Code . Rotational Speed Forward Speed
Pitch (mm) (t/min) (km/h)
1 56 10 25
2 63 12 3
3 70 14 3.5

Unit conversion: km/h =1,000,000/3600 mm/s; r/min=1/60r/s.

Table 3. Statistical information on the number of seeds.

Pitch (mm)-Forward Speed (mm/s)-Rotational Speed (r/s)
Partition 56-694- 56-694- 56-694- 56-833-  63-694- 63-833- 63-833- 63-974- 70-694- 70-833- 70-833- 70-833-

02 0167 0234 0167 02 02 0167 02 02 0167 0234 02
1 4 0 5 9 40 19 29 28 81 107 85 92
2 12 3 3 8 34 34 29 25 86 85 78 91
3 12 0 5 11 33 31 34 31 87 86 69 85
4 3 1 6 5 41 43 38 37 102 96 100 106
5 0 4 5 3 46 42 45 26 88 130 97 86
6 3 3 3 3 46 40 35 33 87 100 93 114
7 1 0 2 4 60 41 54 32 107 79 106 107
8 5 1 5 19 64 44 44 33 100 100 91 90
9 3 0 3 15 24 39 32 40 102 98 94 74
Uniformity
Coeffi- 29.57 18.59 66.82 34.37 70.40 78.46 77.78 84.53 90.00 84.71 87.38 86.50
cient
Time: 10 &
Veloeity (mm/s)
3.57x103
2.85x103

2.14x103

1.43x103
Tl 3102

- - 7.30x10°5°

Figure 9. Coupled DEM-MBD approach is adopted for the analysis.

The grid method is used to statistically analyze the seeding uniformity [30]. The
groove is divided into 17 experimental repeat zones, each 500 mm long, along the x-axis.
The interval is 500 mm, divided into 17 groups, and the statistical results from the 7th to
the 15th interval are used to calculate the seed mean within the interval. In the constant
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speed interval, the number of seeds within the grids of intervals 7 to 15 is counted. The
grid setup is shown in Figure 10.

. 102 87 94 ot 106 93 97 100 69 78 85 80 50 29 7 3 0

(©)

Figure 10. Interval statistics diagram: (a) interval statistics for pitch 56 mm, (b) interval statistics for
pitch 63 mm, and (c) interval statistics for pitch 70 mm. The red color in the picture is the projection
of the seed box.

By calculating the mean values of seed particle statistics from Figure 10, the experi-
mental results are shown in Table 4.

Table 4. Results of the experiment.

Forward . Spiral Speed Interval Seed
Run Sequence g o4 (kmm) ~ Fitch (mm) ¥ e/min) Mean
1 2.5 56 12 2.50
2 25 63 12 43.11
3 2.5 56 10 1.33
4 3.5 63 12 31.67
5 2.5 56 14 4.11
10 3.0 56 10 8.56
11 3.0 70 14 90.33
14 3.0 63 12 37.00
18 2.5 70 12 93.33
23 3.0 70 10 97.89

3.3. One-Factor Analysis
3.3.1. Rotational Speed of the Spiral Seeder

Theoretically, the rotational speed of the spiral seeder affects the seeding uniformity.
Based on theoretical calculations, in the seeding experiment, the forward speed of the spiral
seeder is set to 2.5 km/h, with a pitch of 56 mm. The rotational speeds of 10 r/min, 12 r/min,
and 14 r/min are set to study the effect of spiral speed on uniformity and seeding efficiency.

As shown in Figure 11, with the increase in rotational speed, the variation in interval
particles is small, showing a trend of increasing first and then decreasing.



Agriculture 2025, 15, 1140 17 of 27

*®

121

104

Interval particle statistics

0 [eelee] <
12 14

seeder rotational speed

Figure 11. Single-value of interval particle statistics fluctuate as the rotational speed of the

planter increases.

3.3.2. Pitch of the Spiral Seeder

In the seeding experiment, the forward speed of the seeder is set to 3 km/h, with a
rotational speed of 10 r/min. The pitches are set to 56 mm, 63 mm, and 70 mm to study the
effect of pitch on uniformity and seeding efficiency. The results are shown in Figure 12.

140
@
120
@
g 100 ?
3 l
= i
- 80 [ ]
v
©
o 60
£ °
I ®
£ 40
I " o
20 ®
&
0_
56 63 70
pitch

Figure 12. Single-value plot of interval particle statistics and grouping with the increase in pitch.

As shown in Figure 12, with the increase in pitch, the interval particles show an
increasing trend, and the effect of pitch variation on the interval particles is significant.
When the pitch increases from 56 mm to 63 mm, the seeding effect improves. However,
when the pitch increases from 63 mm to 70 mm, seed leakage begins to appear.
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3.3.3. Forward Speed of the Spiral Seeder

The linear speed of the spiral seeder during operation has a certain impact on seeding
uniformity. In the experiment, the pitch of the spiral seeder is set to 63 mm, with a rotational
speed of 12 r/min. The forward speeds are set to 2.5 km/h, 3 km/h, and 3.5 km/h to study
the effect of forward speed on uniformity and seeding efficiency, as shown in Figure 13.

70

60+

Interval particle statistics
]

20+

25 3 35
forward speed of seeder

Figure 13. Single-value plot of interval particle statistics and grouping with increasing forward speed

of the seeder.

As shown in Figure 13, with the increase in forward speed, the interval particles show
a decreasing trend, and the effect of the change in forward speed on the interval particles is
quite noticeable.

3.3.4. Analysis of Variance Results

As shown in Table 5, the order of the factors influencing the single-seed rate is pitch,
rotational speed, and forward speed, with the interaction between pitch and rotational

speed being noteworthy.

Table 5. Analysis of variance.

Source df Adj SS Adj MS F-Value p-Value
Model 6 13,813.5 2302.26 50.91 0.001
Linear 3 5365.7 1788.56 39.55 0.002
Forward speed 1 216.6 216.58 4.79 0.094
Pitch 1 4009.6 4009.61 88.67 0.001
Spiral speed 1 154.1 154.05 3.41 0.139
2-Factor interaction 3 141.5 47.15 1.04 0.465
Forward speed X pitch 1 61.3 61.31 1.36 0.309
Speed X spiral speed 1 139.3 139.34 3.08 0.154
Pitch X spiral speed 1 96.0 96.04 212 0.219
Error 4 180.9 45.22
Total 10 13,994.4
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3.4. Evaluation Indexes
3.4.1. Construction of Seeding Uniformity Evaluation Index

To accurately assess the impact of different pitch, rotational speed, and forward speed
parameters on seeding stability and uniformity in the coupled simulation experiment, the
evaluation indexes are constructed based on the experimental methods specified in JB/T
9783-2013 [31].

The seeding uniformity coefficient is used to measure the uniformity of seeding. After
the simulation, the discharged seed particles are statistically segmented, and the calculation
formula for the average number, N, of seed particles is as follows:

2?1:1 Ni
p 7

N = (42)
where N; is the number of seeds in the interval, and p is the number of measured inter-
val sections.
The calculation formula for the standard deviation of seed count in the sample area is
as follows:
Liti (Ni — N)?
p-1 7

The calculation formula for the morel mushroom seed uniformity coefficient is

o= (43)

as follows:

(N—-o0)
E=""") % 100% (44)
N

The larger the uniformity coefficient, E, the higher the uniformity of seeding, and the
better the seeding performance, as shown in Table 6.

Table 6. Summary of calculation results.

56-694-  56-694-  56-694-  56-833-  63-694-  63-833-  63-833-  63-974-  70-694-  70-833-  70-833-  70-833-

Partition 02 0167 0234 0167 02 02 0167 02 02 0167 0234 02

Uniformity
coefficient 29.57 18.59 66.81 34.37 70.40 78.46 77.78 84.53 90.00 84.72 87.38 86.49
(%)

3.4.2. Construction of Seeding Performance Evaluation Index

As shown in Table 7, the sowing efficiency, Q, approaches the ideal range, i x NO
(0.1-0.9), indicating optimal sowing performance. When Q > i x NO (0.1-0.9), the sowing
density per unit area exceeds the standard value, leading to oversowing. Conversely,
when Q <i x NO (0.1-0.9), the sowing density is below the standard value, resulting in
undersowing. Specifically, i x NO (0.1-0.9) in the range of (0.1-0.9) indicates undersowing,
while i x NO (0.1-0.9) in the range of (1.1-1.9) indicates oversowing. Based on experimental
observations, the optimal number of seeds, NO, for every 500 mm of furrow length is
90 seeds.

Table 7. Evaluation index.

Interval Classification Assessment of Sowing Performance

09 x NO<NO0<1.1 x NO 100% Excellent
1.1 x NO<NO0 < 1.2 x N0O,0.8 x NO<N0<09 x NO 90%
1.2 x NO<NO0 <1.3 x NO,0.7 x NO<N0<0.8 x NO 80%
1.3 x NO<NO0<1.4 xNO0,0.6 x NO<N0<0.7 x NO 70% Qualified
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Table 7. Cont.

Interval Classification Assessment of Sowing Performance
1.4 x NO<NO <15 x NO0,0.5 x N0 <NO0<0.6 x NO 60%
1.5 x NO<NO0 < 1.6 x N0, 0.4 x N0 <NO0<0.5 x NO 50%
1.6 x NO<NO0 < 1.7 x N0, 0.3 x NO <NO<0.4 x NO 40%
1.7 x NO<NO < 1.8 x N0, 0.2 x N0 <NO0<0.3 x NO 30%
1.8 x NO<NO0 <1.9 x N0O,0.1 x N0 <NO0<0.2 x NO 20%
1.9 x NO <NO, N0 < 0.1 x NO 10% Poor

3.4.3. Comprehensive Evaluation Indicators

As shown in the formula,
R=axE+bxQ, (45)

As shown in Table 8, the parameter set 63-974-12 demonstrated the best performance
in the comprehensive evaluation and is recommended for further experimental analysis.

Table 8. Comprehensive evaluation results.

Parameter Uniformity Index Evaluation Index Comprehensive
Settings (%) (%) Evaluation Index (%)
56-694-02 29.57 10 19.79
56-694-0167 18.59 10 14.29
56-694-0234 66.81 20 43.41
56-833-0167 34.37 30 32.19
63-694-02 70.40 60 65.20
63-833-02 78.46 80 79.23
63-833-0167 77.78 80 78.89
63-974-02 84.52 100 92.26
70-694-02 90.01 10 50.00
70-833-0167 84.72 10 47.36

3.5. Parameter Optimization Selection

Note: Based on the uniformity evaluation index and operational efficiency evaluation
index, the optimal parameters for the prototype of the helical seed metering device were
selected, as shown in Table 9.

Table 9. Optimal parameter values.

Forward Speed . . Rotation Speed
(km/h) Helical Pitch (mm) (t/min)
Optimal 35 63 12
Parameters

4. Field Test
4.1. Field Test Materials

In November 2024, a field seeding experiment was conducted at the Tarim University
Modern Agricultural Machinery Experimental Training Base in Alar City, Xinjiang. The
selected area was a 10 m x 150 m greenhouse, and the soil tested was yellow sand substrate
soil after rotary tillage. The soil moisture content (0-100 mm) was 39%.

As show in Figure 14, the main materials tested in the field experiment included morel
mushroom seeder, morel mushroom seeds, tape measure, seed collection cloth, electronic
scale, etc.
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Figure 14. Prototype of morel mushroom seeder: 1, seeding module; 2, GPS; 3, seeder power
unit; 4, seed collection cloth; 5, crawler chassis; 6, soil-covering module; 7, trenching module;
8, chassis drive motor; 9, seeding tube; 10, four-corner lifting mechanism; 11, sowing positions; and
12, spiral components.

4.2. Test Method

The main objective of the trial was to test the performance of the screw seeder under
specific test conditions. According to the agronomic requirements of “morel mushroom”
seeding, by measuring the amount and uniformity of seeding and comparing the depth
of seeding, it is determined that the seeder is able to meet the agronomic requirements of
morel mushroom cultivation. First, the seeder’s trenching device was raised above the soil
surface, and a seed collection cloth was placed on the ground to test the seeding rate and
uniformity. Then, the seed collection cloth was removed, and the trenching device was set
to a depth of 5 cm. The covering device was raised and did not participate in the work.
The testing distance for each group was 10 m, with five repetitions for each group, and the

average value was taken as the final result, as show in Figure 15.

Figure 15. Trials of seeding with a morel mushroom seeder: 1, morel mushroom seeds; 2, seeding
furrow; and 3, tape measure.
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4.3. Test Design

According to the Box-Behnken experimental design principles, combined with the
results of the single-factor experiment, the three factors that have a greater impact on
the composite score were selected: pitch, spiral speed, and forward speed, and each of
them was taken to three levels, —1, 0, and 1, respectively. The response surface analysis
was carried out for a total of 17 experimental points at the factor level, and the data were
analyzed using the Design-Expert software to obtain the optimal parameter combinations,
as show in Table 10.

Table 10. Response surface analysis experimental design.

Levels
Factors
-1 0 1
A—Pitch(mm) 56 63 70
B—Rotational speed(r/min) 10 12 14
C—Forward speed(km/h) 2.5 3 3.5

4.4. Results Analysis
4.4.1. Comprehensive Evaluation Modelling and Analysis

The response variables were related to the experimental variables by analyzing the
experimental data with a quadratic regression equation. Following the second-order
polynomial equation, the software was applied to the experimental data in Table 10 to fit the
multiple regression to the experimental data, setting the pitch, rotational speed, and forward
speed as A, B, and C, respectively, and fitting the multiple regression with the composite
score as the response value to obtain the quadratic polynomial regression equation:

Y =91.25—-1.54 x A+2.63 x B+6.8 x C+7.59 x AB — 0.76 x AC +0.37 x BC — 8.65 x A2 — 6.39 x B?> — 3.03 x C?

A multiple regression was fitted with the comprehensive evaluation as the response
value, and the results of the regression model coefficients and significance tests are shown
in Table 11.

Table 11. Response surface optimization integrated scoring test design and results.

; Y1— Y—
Ng:;slt)er A—Pitch B;psepeldral C—Slijoer:\crlard Uniformity Y,—Amount Comprehensive
Index Evaluation Index

1 56 10 3 90.06 47 81.86
2 70 10 3 42.58 49 63.6
3 56 14 3 43.65 73 73.63
4 70 14 3 62.85 84 85.74
5 56 12 2.5 48.56 70 74.4
6 70 12 2.5 66.65 48 72.86
7 56 12 3.5 78.96 73 87.8
8 70 12 3.5 75.48 65 83.2
9 63 10 2.5 62.39 52 72.75
10 63 14 2.5 66.39 125 75.56
11 63 10 3.5 72.85 102 87.35
12 63 14 3.5 82.52 101 91.63
13 63 12 3 91.25 112 90.73
14 63 12 3 87.65 110 90.09
15 63 12 3 9241 114 90.4
16 63 12 3 89.63 106 92.48
17 63 12 3 88.74 105 92.53
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Further regression analysis of the model and regression coefficients, the results are
shown in Tables 12 and 13, from Table 12 it can be seen that the regression model P < 0.0001
(highly significant), and its loss of fit term P = 0.1673 > 0.05 (insignificant), indicating that
the model is well fitted, and the regression equation can be predicted by the corresponding
regression value, while the model regression coefficient R2 = 0.9864, regulated R2 = 0.9689,
indicating that 96.89 per cent of the data can be explained by the model, with a coefficient
of variation of 1.90 and (precision) of 22.523, indicating that the equation is highly reliable.

Table 12. Results of the analysis of regression coefficients.

Source Adj SS df Adj MS F-Value p-Value Significance
Model 1253.67 9 139.30 56.34 <0.0001 *
A—Pitch 18.88 1 18.88 7.64 0.0280 *
B—Rotationalspeed 55.13 1 55.13 22.30 0.0022 *
C—Forward speed 370.06 1 370.06 149.67 <0.0001 >
AB 230.58 1 230.58 93.26 <0.0001 >
AC 2.34 1 2.34 0.95 0.3629
BC 0.54 1 0.54 0.22 0.6544
A2 314.90 1 314.90 127.36 <0.0001 *
B2 171.95 1 171.95 69.55 <0.0001 >
C2 38.73 1 38.73 15.67 0.0055 >
Residual 17.31 7 2.47
Lack of fit 11.82 3 3.94 2.87 0.1673 ns
Error 5.49 4 1.37
Total 1270.98 16
Note: p < 0.01 is highly significant and denoted by **, p < 0.05 is significant and denoted by *, p > 0.05 is not
significant and denoted by ns.
Table 13. Results of correlation analysis.
Projects Value Projects Value
Standard 1.57 Model coefficients (R2) 0.99
Mean value 82.74 Calibration decision factor (R2Adj) 0.97
Coefficient of variation/% 1.90 Predicted coefficient of decision (R2Pre) 0.84
Sum of squares of errors in forecasts 197.65 Relative accuracy 22.52

4.4.2. Interaction of Factors

Based on the regression equations, the shapes of the response surface plots and contour
plots were examined to analyze the effects of pitch, rotational speed, and forward speed
on the composite scores. Response surface plots and contour lines can respond well to
the interaction between independent variables. The degree of influence of the two on the
response values is determined by observing the steepness of the slope of the response
surface plot; the steeper the response surface plot is, the more pronounced the interaction
between the two.

As shown in Figure 16a,b’s intersection surface, when the value of the rotational speed
is small, the slope of the change in the composite score shows a tendency of first flattening
and then decreasing with the increase in pitch; when the value of the rotational speed is
large, the slope of the change in the composite score shows a tendency of first increasing
and then decreasing with the increase in pitch. The slope tends to increase and then flatten
with the increase in rotational speed, and the contour lines are elliptical, which indicates
that there is a significant interaction between pitch and rotational speed, and the composite
scores achieve the maximum value when the pitch is about 59.5-66.5 mm and the rotational
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Figure 16. Response surface plots and contour plots of AB against composite scores: (a) response
surfaces to composite scores and (b) contour plots were examined.

Figure 17 shows the effect of the interaction of pitch and forward speed on the compos-
ite score. In the AC interaction surface, the slope of change in the composite score shows
a trend of increasing and then decreasing with the increase in pitch; the slope of change
in the composite score shows a gradual increase with the increase in forward speed; and
the composite score achieves the maximum value when the pitch is about 59.5-66.5 mm
and the forward speed is 3.1-3.5 km/h. At 3.5 km/h, the composite score achieves the
maximum value, and the slope of the change in forward speed is greater than the pitch,
indicating that the effect of forward speed on the composite score is greater than the pitch.
The surface plot is also consistent with the results of ANOVA in Table 12.

Comprehensive Evaluation Index

35

33

3.1+

2.9

C-Forward speed (km/h}

25 560

A-Pitch {mm}

(a) (b)

Figure 17. Response surface plots and contour plots of AC against composite scores: (a) main view of
the test area and (b) side view of test area.
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As shown in Figure 18, the interaction between rotational speed and forward speed
affects the composite score. In the BC interaction surface, the slope of change in composite
score shows a tendency to increase and then decrease with the increase in rotational speed,
and the slope of change in composite score shows a tendency to gradually increase with the
increase in forward speed. And under the condition of considering the interaction of the
two only, the comprehensive evaluation index is maximized in the range of 11-13 r/min
and 3.3-3.5 km/h forward speed, the composite score achieves the maximum value, and
the slope of the change in forward speed is larger than that of rotational speed, thus
indicating that the influence of forward speed on the composite score is larger than that

of the rotational speed. The surface plot is also consistent with the results of ANOVA in
Table 12.

Comprehensive Evaluation Index

35

C-Forward speed (km/h}

14

. [
B-Rotational speed (r/min} 10 11 12 13 14

B-Rotational speed (r/min’}

25 10

Figure 18. Response surface plots and contour plots of BC to composite scores.

4.4.3. Validation of Field Trial Results

According to the regression equation model, taking the maximum value of the overall
score as the optimization objective, the predicted optimal conditions were pitch, 62.708 mm;
rotational speed, 12.417 r/min; and forward speed, 3.50 km/h. According to the actual
experimental conditions, the conditions were revised to pitch, 63.0 mm; rotational speed,
12.0 r/min; and forward speed, 3.5 km/h. Under this optimal condition, after five par-
allel tests, the seed-discharge uniformity index of the screw seeder was 84.53%, and its
comprehensive score was 92.26%, which was within a 5% difference from the predicted
value of 95.375, confirming the good correlation between the predicted value and the
experimental value.

5. Conclusions

(1) A spiral seeder for morel mushroom planting was designed. Through theoretical
analysis, the key influencing factors for the operational performance of the spiral
seeder during its three working stages were identified. Mathematical calculations
determined the diameter value of the spiral seeder and the value ranges for three
factors: rotational speed, pitch, and forward speed.

(2) Using DEM-MBD coupled simulation technology, with seeding uniformity as the
response indicator, a series of one-factor simulations were conducted to analyze the
impact of different spiral seeder pitches and operational parameters on its perfor-
mance. Through one-factor experiments and a second-order orthogonal rotation
combination seeding test, the influence of each factor on the seeding uniformity index
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and the factors’ hierarchical relationships were analyzed. The results show that the
pitch, rotational speed, and forward speed of the spiral seeder affect the uniformity
coefficient in the order of pitch > rotational speed > forward speed.

(38) A regression equation was used to establish an optimization model, and the optimal
working parameters were determined: the seeder pitch was 63 mm, the spiral seeder
rotational speed was 12 r/min, and the forward speed of the seeding machine was
3.5 km/h. Under these conditions, the seeding uniformity index of the spiral seeder
was 84.53%, the seeding performance was excellent, and the comprehensive evalua-
tion index was 92.26%. The verification of the field comparison test shows that the
spiral seeder worked stably, had a low blockage rate, had a high seeding uniformity
coefficient, and had an error of 3.27%, with performance parameters superior to those
of traditional seeding devices.
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