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Abstract: Existing devices for dry direct-seeded rice with film mulching in northern China have
limitations such as imprecise sowing, unadjustable sowing depth, and seeding device blocking.
In this regard, this study proposes a combined seeding method of ‘mini shovel + telescopic pipe’
for dry direct-seeded rice with film mulching. A precision seeder for dry direct-seeded rice with
film mulching was developed through theoretical calculations, discrete element modelling (DEM)
simulations, and field experiments. The configuration and diameter of the rollers were obtained.
Twelve telescopic pipes were evenly distributed on the circumference of the roller, with a contact
ratio exceeding one. This ratio reduced the slip rate of the roller effectively. Subsequently, DEM
was used to develop a 33 central composite design. The response surface was established with the
sowing depth as the response value. According to agronomic requirements, the sowing depth was
set to 20 mm. The optimal combination of working parameters was obtained by optimizing the
regression equation. The field experiments showed that the performance of the precision seeder
for dry direct-seeded rice with film mulching satisfied the requirements of agricultural production,
working stably and reliably. The developed device represents a useful solution for dry direct-seeded
rice with film mulching.

Keywords: film mulching; mini shovel; telescopic pipe; discrete element modelling; hill-drop sowing

1. Introduction

Rice transplanting is a conventional rice cultivation technology in Asia consisting
of four basic steps: nursery bed preparation, seedling raising, seedling uprooting, and
transplanting the seedling into the field. All of these steps are highly labor-intensive
and water-intensive [1,2]. However, with the rapid economic development in China,
the phenomenon of labor shortage appears, leading to the rising of labor wages and
production cost in agriculture. Thus, rice production is becoming less profitable [3]. Fur-
thermore, water scarcity is becoming more severe and widespread for rice cultivation [4].
Direct-seeded rice is a feasible alternative method to deal with the shortages of water and
labor [5]. Direct-seeded rice consists of directly sowing seeds into the field and represents
a simplified cultivation technology, which is a trend toward the future of rice cultiva-
tion [6-8]. Xu et al. [9] compared the effects of rice transplanting and direct-seeding rice on
yield. The results showed that direct-seeding rice could produce comparable yields to rice
transplanting, but direct-seeded rice was exposed to more risks such as weed encroachment
and extreme weather. Kakumanu et al. [10] reported that direct-seeded rice was efficient in
terms of reducing impacts of climate, water use, increasing grain yield, and better returns
to farmers.
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In recent years, dry direct-seeded rice with film mulching technique has been adopted
to improve water utilization rate, reduce herbicide usage, and improve soil temperature
after sowing in rice areas of northern China, which could effectively solve and mitigate
the risk of direct-seeding rice [11-13]. Jabran et al. [14] reported that plastic film mulching
improved the soil moisture retention, and enhanced rice water productivity, grain yield,
and rice quality. Li et al. [15] showed that plastic film mulching with no flooding could
provide higher rice yield under appropriate water condition and change the soil nutrient
cycle. Row drilling and hill-drop drilling are the main sowing methods for direct-seeded
rice. Specifically, hill-drop drilling is beneficial for improving field permeability, leaf
photosynthesis, and photosynthetic productivity [16,17]. In this regard, hill-drop drilling is
the better sowing method for dry direct-seeded rice with the film mulching technique due
to its low film-breaking rate.

Currently, the dry direct-seeded rice with film mulching devices are mainly based on
the duckbill-type roller seeder, which is a modified design from seeders for other crops, such
as wheat and corn seeders. However, these devices cannot obtain precise seeding because
of the differences between rice and other crops in terms of the flowability and triaxial
size of seeds. The duckbill-type seed-metering device has a disadvantage: the sowing
depth cannot be adjusted. Moreover, stone and caking soil are present in seeding beds
in some parts of northern China, causing obstructions in the duckbill-type seed-metering
device, leading to miss-seeding, reseeding, or even sparse failures, which seriously affect
the rice yield. Various studies have been conducted to solve or mitigate the risks of the
duckbill-type seeder. A CAM mechanism was added into the duckbill-type seed-metering
device to change the passive opening into the active aperture of the seed-metering device,
which alleviated the miss-seeding caused by the failure of the duckbill-type seeder to open
in the case of hard objects [18]. The length and shape of the duckbill seeder were optimized
to reduce the size of the film hole and avoid the formation of plastic film hanging on the
duckbill-type seeder [19]. The internal seed-taking structure of the duckbill-type seeder
was optimized, improving the seeding accuracy [20]. All the above studies have played a
positive role in improving the performance of the duckbill-type roller seeder, achieving
good results. However, the problems such as blocking of the duckbill seeder and inability
to adjust the sowing depth remain unsolved.

In this study, to overcome these limitations, the ‘mini shovel + telescopic pipe’
combination-seeding method was proposed, and a precision seeder for dry direct-seeded
rice with film mulching was developed. The mechanism was developed based on the previ-
ous studies and through the analysis of the traditional artificial sowing process (including
three steps: dig a hole with a shovel—seed pitching by reaching out hand—take back
hand and shovel) and considering the technique of seeding in dry soil and drip irrigation
for emergence.

The proposed rice precision seeder combines a type-hole seed-metering device to
realise precision sowing and adjust the seeding quantities [21,22]. The mini shovel pushes
aside the soil and hard materials within the seeding area to form a cavity. Subsequently,
the telescopic pipe stretches out like a hand to cast seeds, which effectively prevent the
telescopic pipe from being blocked. The extension length of the telescopic pipe controls
the sowing depth adjustment by changing the upper and lower position of the drive
slideway. Optimal design of the critical component was conducted, and experimental
analysis of the working performance and operation effect was performed to obtain the
optimal combination of working parameters. The field experiments contribute to providing
a new machine for dry direct-seeded rice with film mulching of high quality, without
blockage of the telescopic pipe, as well as the development of precision agriculture.

2. Structure and Working Principles of the Proposed Seeder
2.1. Machine Structure

Figure 1 illustrates the overall structure of the developed precision seeder for dry
direct-seeded rice with film mulching. The rice precision seeder consists of frame, suspen-
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sion system, control, drive systems, combined type-hole seed-metering device, roller, mini
shovel, telescopic pipe, and other key components.

(@) (b)

Figure 1. 3D model of the novel precision seeder for dry direct-seeded rice with film mulching: (a) Axonometric drawing of

the entire machine; (b) Partial enlarged view. 1. Seed tank 2. Control box 3. Frame 4. Suspension system 5. Chain drive

system 6. Stepping motor 7. Roller 8. Dividing seeds box 9. Touch switch 10. Micro CAM 11. Crank 12. Drive slideway 13.
Seed tube 14. Telescopic pipe 15. Reset spring 16. Mini shovel 17. Protection plate 18. Rubber ring 19. Combined type-hole

seed-metering device.

2.2. Working Principle

The precision seeder for dry direct-seeded rice with film mulching has two rows, which
are connected to the traction device using a trifilar suspension system. The movement
of the traction device drives the roller rotation, and the mini shovel enters the soil as the
roller rotates. The soil and hard materials within the seeding area are pushed aside to
form a cavity simultaneously, and the telescopic pipe sticks out under the action of the
drive slideway. Seeds are dropped into the cavity through the telescopic pipe after the top
end of the telescopic pipe touches the crank. The crank drives the micro CAM to rotate
so that the touch switch is on. The control system commands the stepping motor to drive
the combined type-hole seed-metering device to rotate 45° to seed to the dividing seeds
box for the next sowing. After sowing, the telescopic pipe returns quickly to detach the
adhesive attachment under the action of the reset spring. The mini shovel leaves the soil,
and the seeding operation finishes. The extension length of the telescopic pipe controls the
sowing depth adjustment by changing the upper and lower position of the drive slideway.

2.3. Structural Design of Critical Component
2.3.1. Roller and Contact Ratio

The roller is the supporting part of the seed-throwing mechanism and provides
power for moving components. According to the preliminary experiments and referring
to previous studies, the diameter of the roller was selected as 410 mm [23-25]. The
agronomic requirement of holes distance is 140 £ 10 mm. According to the preliminary
simulated experiments, the length of the mini shovel is 70 mm, which can satisfy the
seeding performance and increase the roller torque; thus,

N = n(D+2H)/s 1

N—Number of mini shovels;
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D—Diameter of the roller, mm;

H—Length of the mini shovel, mm;

S5—Hole spacing, mm.

Substituting the parameters into Equation (1), considering N = 12.3, rounded to
N =12, and isolating the holes distance separation from Equation (1), a hole spacing of
S = 143.9 mm is obtained, which satisfies the agronomic requirements of holes distance.

A certain sliding phenomenon exists in the operation of the roller; that is, the roller
changes from rotating to sliding, which will affect the stability of the holes distance separa-
tion and reduce the performance of the device. The slip rate of the roller will reduce if a
certain degree of contact ratio between the mini shovels and the soil is present. As shown
in Figure 2., point A is the entry point, while point B is the exit point. The contact ratio (¢)
is the ratio of the mini shovel angle of rotation (61 + 6,) to the center angle corresponding
to two adjacent mini shovels (6y). If the contact ratio (¢) is higher than one, the slip rate
will reduce, and the adverse effects will reduce.

1 R

9] - 92 = COS m (2)
21
0 = —
0= (©)

Figure 2. The contact ratio of the mini shovels.

Then: o g N R
8:71(_);2:EC08717R+H (4)

fp—Center angle, °;

61, B,—Angle of rotation of the mini shovel;

e—Contact ratio;

N—Number of mini shovels;

R—Roller radius(P/2), mm;

H—Length of mini shovel, mm.

The parameters R, H and N are substituted into the above equation; thus, e = 2.7868 > 1.

The contact ratio is ¢ = 2.7868 > 1 when the roller diameter is 410 mm, the number
of mini shovels is 12, and the length of each mini shovel is 70 mm. These parameters
provide a useful configuration to reduce the slip rate of the roller and ensure stable holes
distance separation.

2.3.2. Drive Slideway

The drive slideway is the core part of the device that ensures the stable displacement
of the telescopic pipe and adjusts the extension length of the telescopic pipe; that is, the
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sowing depth. According to its function, the drive slideway can be divided into two parts:
the drive and holding sections.

When the telescopic pipe touches the drive slideway in the drive section, it gradually
stretches out during the roller rotation. The telescopic pipe moves following the spiral of
the law of Archimedes. The position equation of the contact point between the telescopic
pipe and the drive slideway is:

x = [85+0.5(0 — 15)] cos 6 5
{ y = [85+0.5(0 — 15)]sin @ + (35 — Hy) ®)

6—Angle of rotation of the telescopic pipe, °, 0 € [15,220];

X, y—mm;

Hj—Telescopic pipe stretching out length, mm.

The telescopic pipe rotates with the roller and no longer extends in the holding section,
thus, maintaining a fixed extended length. As shown in Figure 2, this section is mainly the
interval between the entry point A and the exit point B; the position equation of the contact
point between the telescopic pipe and the drive slideway is:

x = 180 cos 0 ©)
y = 180sin6 + (35 — Hy)

6—Angle of rotation of the telescopic pipe, °, 6 € [220,300];

X, y—mm;

Hj—Telescopic pipe stretching out length, mm.

The smooth extension and small vibration impact of the telescopic pipe driven by
the drive slideway is an essential performance of the drive slideway, which guarantees
the operation quality. In this study, motion simulation function in SolidWorks is used to
perform kinematic analysis of the operation process. The preset extended length of the
telescopic pipe is 35 mm, the forward speed of the traction device is 0.4 m/s, and the
motion curve of the telescopic pipe is shown in Figure 3.

300 ¢

0 500 1000 1500 2000 2500 3000

Horizontal displacement x(mm)

@

1 2 3 4

Time (s)
(b)

Figure 3. The motion curve of the telescopic pipe: (a) The path of the telescopic pipe; (b) Linear
velocity radial component of the telescopic pipe.
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As shown in Figure 3a, the motion path of the telescopic pipe under the preset motion
condition is smooth, with a convex point in the return, which is basically consistent with
the design goal. The convex point is due to the rapid return of the telescopic pipe under
the action of the reset spring when it detaches from the drive slideway.

As shown in Figure 3b, velocity bulges are visible near the starting point and the point
the telescopic pipe detaches from the drive slideway. Except for that, the change in velocity
is flat without sudden impacts; thus, the vibration is reduced to a certain extent, and the
seeder reliability and sowing quality are effectively guaranteed.

2.3.3. Mini Shovel and Telescopic Pipe

The mini shovel and telescopic pipe are crucial parts in contact with the soil, which
directly determine the performance of the device. The mini shovel has two functions:
pushing aside the soil and hard materials within the seeding area to form a cavity and
increasing the torque of the roller. The structure and size of the mini shovel are obtained
according to experience and pre-tests, as shown in Figure 4a. The arc at the top of the mini
shovel helps to cut the mulch film and reduce the possibility of scraping the mulch film.

Roller

Telescopic pipe

(b)
Figure 4. The seeds throwing mechanism: (a) Mini shovel; (b) The structure of telescopic pipe.

The telescopic pipe is the part performing the sowing, and the extended length of
the telescopic pipe determines the sowing depth, as shown in Figure 4b. However, it is
not equal to the sowing depth. The sowing depth is related to factors such as the forward
speed of the traction device, the extended length of the telescopic pipe, the height of the
lower oblique section of the telescopic pipe, and the soil characteristics. Thus, determining
the parameters of the telescopic pipe is a complicated process. No accurate model can
directly determine the optimal values of these parameters; therefore, the discrete element
method (DEM) is used to simulate and analyze the operation process of the telescopic pipe.
Section 3.1 presents the detailed information and procedures used in this study.
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2.3.4. Electronic Control System

The electronic control system is an essential part of the device that directly affects the
performance of the machine. Eight holes are evenly distributed on the wheel circumference
of the combined type-hole seed-metering device. The average center angle is 45°, that is,
rotating 45° to sow once. As shown in Figure 5, this study considers an MCU (single-chip
microcomputer) as the control core to ensure the accuracy of the rotation angle. Moreover,
a stepping motor is selected to drive the combined type-hole seed-metering device. Others
external affecting factors are also reduced. In this regard, stepping motors able to self-
lock are selected to prevent rotation when non-system instruction after the system starts
and improve the sowing quality. The system has self-protection function; thus, when the
stepping motor is overloaded, the system stops sending pulse instructions to the stepping
motor and starts the alarm device. The control flowchart is shown in Figure 6.

Human-computer interaction component

selection adjustment adjustment direction control handling

i
|
i
| Mode Speed Time delay Rotational Exception
|
|
|

Core control component

——I Master control module Motor control module

State detection component Motion executive component

1 1
i i
i i
i i
1 1
I 1
i |
i i
! Speed sensor !
i i
i i
I 1
i i
i i
| i
I 1
i i

Stepping motor -

Figure 5. Schematic diagram of electronic control system.

| System initialization |

| Speed sensor II

No

s therotation speed
of roller greater than
the threshold ?

Adjust the rotation speed of
the stepping motor

Is the touch
switch
closed?

Yes
Y s the stepping
No

| Stepper motor rotates 45 |
| Stepping motorlocked '7

Figure 6. Control flow chart.
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The system consists of a closed-loop control, where the rotation speed of the roller
is obtained through the speed sensor in real-time. When the rotation speed exceeds or is
lower than the preset range, the system adjusts the rotation speed of the stepping motor in
real-time to arrange the sowing time and guarantee the filling performance of the combined
type-hole seed-metering device.

A direct current voltage transducer was installed to provide power to the control box,
stepping motor, and alert and speed sensors. The device obtains the direct current voltage
from the battery of a tractor and converts it to the required voltage.

3. Materials and Methods
3.1. DEM Simulation

The kinematic and dynamic modelling of the device in the soil layer is complex; thus,
it is difficult to perform a theoretical analysis. As a useful numerical computation approach,
the DEM is increasingly being applied to the research between discrete units and machinery
in agricultural mechanization production [26-28]. Therefore, this study adopted DEM to
simulate the sowing process. In particular, the discrete element simulation software EDEM
2018 was used to perform the simulation experiments. The purpose of the DEM simulation
is to establish the regression equation of sowing depth and determine the structure size of
the telescopic pipe through the study of the sowing process.

3.1.1. Simulation Model and Parameters

The simplified solid assembly model of the dry direct-seeded rice with film mulching
device was imported into the software preprocessing module, illustrated in Figure 7a.
Multi-spherical polymerization was selected considering the characteristics of rice shapes,
and a total of 25 sphere models with various diameters were connected to construct the rice
particle model for the long and irregular shape of the rice (as shown in Figure 7b). The soil
particle model considered spheres with diameters of 2 mm. The Hertz-Mindlin (no-slip)
contact model included in EDEM was used for the simulation analysis, and the material
physical and contact mechanical properties parameters are presented in Table 1.

Roller \

Mini shovel

Telescopic pipe
Seed box
Drive slideway .

@)

(b)

Figure 7. Simulation model: (a) The simplified model of the device; (b) Rice and rice particle model.
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Table 1. Simulation experiments parameters.

Materials Parameters Value
Density (kg-m*“”) 1147
Rice Poison ratio 0.25
Shear modulus (Mpa) 108
Density (kg-m~2) 1914
Soil Poison ratio 0.38
Shear modulus (Mpa) 1
Density (kg-m~3) 7850
Steel Poison ratio 0.3
Shear modulus (Mpa) 79,000
Elastic restitution coefficient 0.13
Rice-Rice Static friction coefficient 0.52
Rolling friction coefficient 0.1
Elastic restitution coefficient 0.11
Soil-Soil Static friction coefficient 0.6
Rolling friction coefficient 04
Elastic restitution coefficient 0.41
Rice-Steel Static friction coefficient 0.48
Rolling friction coefficient 0.01
Elastic restitution coefficient 0.12
Soil-Steel Static friction coefficient 0.3
Rolling friction coefficient 0.05
Elastic restitution coefficient 0.08
Rice-Soil Static friction coefficient 0.9
Rolling friction coefficient 0.7

3.1.2. Central Composite Design

According to the actual device shape and size, the particle factory was statically
developed to form a soil tank of 600 x 300 x 150 mm (length x width x height), the seeder
working ground speed ranged from 0.4 to 0.6 m/s, and the fixed time step was set to 20%
of the Rayleigh time step (8.86 x 10~7 s). A single simulation was run for 15 s to ensure the
consistency of the sowing process.

In the simulation experiments, the forward speed of traction device (V), the extended
length of the telescopic pipe (h1), and the height of the lower oblique section of the tele-
scopic pipe (h2) were considered as the design variables, while the sowing depth (Y) was
considered as the objective function. Preliminary combined factor experiments were con-
ducted to determine the range of the experimental factors. The central composite design
simulation experiment with three factors and three levels was performed using Design-
Expert software [29], and the O-level experiment was repeated five times. The code value
of simulated experimental factors is shown in Table 2, while the simulation experiment
scheme is shown in Table 3.

Table 2. Code of simulation experiment factors.

Forward Speed V Extended Length h, Height of the Lower
Code Value (m-s—1) (mm) Oblique Section h; (mm)
1 0.6 25 15
0 0.5 20 10

-1 0.4 15 5
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Table 3. Simulation experiment scheme and results.

No Forward Speed Extended Height of the Lower Sowing Depth
: V (m-s—1) Length ; (mm) Oblique Section h; (mm) Y (mm)

1 -1 -1 -1 18.8
2 1 -1 -1 23.6
3 -1 1 -1 27.9
4 1 1 -1 294
5 -1 -1 1 17.7
6 1 -1 1 21.5
7 -1 1 1 31.7
8 1 1 1 321
9 -1 0 0 22.5
10 1 0 0 24.6
11 0 -1 0 21

12 0 1 0 34.2
13 0 0 -1 26.1
14 0 0 1 26.9
15 0 0 0 25.8
16 0 0 0 26.3
17 0 0 0 22.7
18 0 0 0 23.7
19 0 0 0 26.3

3.2. Field Experiment

The working performance of the device for dry direct-seeded rice with film mulching
was tested on 12 September 2020, in Gexinzhuang Village, Yilunbu Township, Renqiu City,
Cangzhou City, Hebei Province (38°42'30" N, 116°10'30" E, altitude 8 m). The qualified rate
of sowing depth, the rate of empty seed, the qualified rate of seeds, the stagger rate, and
the qualified rate of hole spacing, were investigated. In order to facilitate the observation of
the operation effect of the device and the collection of data, the white polyethylene plastic
film with a thickness of 0.01 mm was used in the field experiment. When sowing, the soil
was soft, and the average soil compatibility of 100 mm soil layer was 283.5 kPa; the soil
layer contained small quantities of soil blocks and stones; the soil moisture was 15.23%,
which was slightly higher than the normal soil moisture during the seeding period. The
tractor power was 29.42 kW. On average, there were 12 rice seeds in each hole. Before the
field experiments, the rice precision seeder operating parameters were adjusted to achieve
the optimal combination determined from the response surface optimization of the above
simulation experiments: forward speed of tractor V= 0.494 m/s, the extended length of the
telescopic pipe /; = 15 mm, and the height of the lower oblique section of the telescopic
pipe /1, = 15 mm. Three rows were sown, and a single row was 30 m in length. The field
experiments were conducted in accordance with Chinese Agriculture Industrial Standard
NY/T 987-2006 ‘Operating quality grain film-covering hill-drop drill” for data collection
and device performance evaluation.

3.3. Data Analysis

The DEM simulation was focused on obtaining the sowing depth of different exper-
imental combinations and establishing the response surface with the sowing depth as
the response value. The images of the simulation results exported from the EDEM 2018
software were imported into CAD software to measure the sowing depth. The regression
equation was analyzed through the variance and quadratic optimized. Data processing
and analysis were performed using Microsoft Excel and Design Expert software.

4. Results and Discussion
4.1. Simulation Experimental Results

The results of the simulation experiments are shown in Table 3. The Quadratic model
was used to establish the regression equation of the sowing depth. The results of the
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analysis of variance for the regression equation showed a p-value of less than 0.0001. As a
p-value greater than 0.05 indicates a lack of fit, the obtained regression equation is extremely
significant; thus, the regression equation is effective. Among the three experimental factors,
V is very significant, h; is extremely significant, and /; has a tiny effect. Regarding the
interaction terms, only /1 and h, items have a significant effect on the sowing depth,
while the interaction of other terms is not significant. Concerning the quadratic term
of factors, V2 has a significant effect on sowing depth, while ;2 has an effect. After
removing the terms with no effect, the regression equation of sowing depth was obtained
by the quadratic optimization of the regression equation, as shown Equation (7), and
the determination coefficient of the regression equation R? = 0.9433, and the adjustment
determination coefficient Rzadj = 0.9072. The variance analysis of the optimized regression
equation is shown in Table 4.

Y = —29.745 + 253,572V — 1.78%; — 0.882/, — 1.65Vh; + 0.048h1/, — 207.972V2 + 0.0797h,2, @)

Table 4. ANOVA of the modified regression model for the central composite design.

Source Sum of Squares df Mean Square F-Value p-Value
Model 329.28 7 47.04 26.14 <0.0001 *
Vv 15.88 1 15.88 8.82 0.0127 *
hy 278.31 1 278.31 154.66 <0.0001 *
hy 1.52 1 1.52 0.8453 0.3776
Vi 5.44 1 5.44 3.03 0.1098
hyhy 11.52 1 11.52 6.4 0.028 *
V2 13.65 1 13.65 7.58 0.0188 *
B2 12.53 1 12.53 6.96 0.023 *
Residual 19.79 11 1.8
Lack of Fit 8.84 7 1.26 0.4612 0.8251
Pure Error 10.95 4 2.74
Cor Total 349.08 18

R? = 0.9433; Rz,,d]- =0.9072; CV = 5.28%; Adequate precision = 17.8366; Note: * shows the term is significant
(p < 0.05).

According to the requirements of agronomy, the sowing depth should be 15 to 25 mm.
If the mean sowing depth is 20 mm, the target value is Y=20 mm. Subsequently, the optimal
combination of V = 0.494 m/s, h; = 15 mm and h; = 15 mm was obtained by optimizing
the regression equation. Simulation verification experiments (as shown in Figure 8.) were
performed for the optimal combination under the target value; the average sowing depth
was 21.35 mm, which was consistent with the predicted value.

Figure 8. Simulation validation experiments of optimal combination.

4.2. Interactive Analysis and Discussion

According to the analysis of variance of the regression equation Equation (7), the
following factors interact with each other: forward speed V, extended length /i, and height
of the lower oblique section /i, The response surface analysis was conducted to account
for the interaction between the factors. Three factors were considered; one factor was set
to zero level to evaluate the interaction analysis between the two other factors. Figure 9
shows the response surface analysis.
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Figure 9. Interaction effect between factors: (a) Interaction between the forward speed and the extended length; (b) Interac-
tion between extended length and height of the lower oblique section.

The response surface analysis of the interaction between the forward speed V and
extended length h; is shown in Figure 9a. When the extended length /; was constant,
the sowing depth increases with the forward speed V, and then the sowing depth tends
to decrease. The maximum sowing depth occurs when the current feeding speed ranges
from 0.5 to 0.55 m/s. This is because, as the forward speed V increases, the time when
the telescopic pipe is in the soil decreases. Meanwhile, when the forward speed V is
excessively high, the rice seeds cannot fall into the soil timely, and they would fall into
the soil from the telescopic pipe during the excavation process, thus reducing the sowing
depth. The sowing depth increases with the extended length /;. Furthermore, an increase
in the sowing depth caused by the extended length £ is faster than that caused by the
forward speed V. The extended length h; presents a more significant effect on the sowing
depth than the other factors.

As shown in Figure 9b, when the extended length #; is constant, the sowing depth
slightly increases with the height of the lower oblique section /;. The sowing depth
increases with the extended length /1. The extended length /; increases rapidly and has a
significant effect on the sowing depth, while the height of the lower oblique section /) does
not present a significant effect on the sowing depth.

4.3. Field Experiment Results

On 12 September 2020, a field experiment was conducted with the experimental
combination of V =0.494 m/s, h; = 15 mm, and h; = 15. The experimental site was located
at the experimental field of Hebei Zhengrong Agricultural machinery Manufacturing
Company. The developed device and operation effects are shown in Figure 10.

As shown in Table 5, the experimental results indicate that the device has achieved

the design objectives and the agronomic requirements of dry direct-seeded rice with
film mulching.

Table 5. Experiment result statistics.

Right Rate of Hill St.agger R ate of Right Rate o.f Right Rate of Rate of No Seed
Parameters . o Film Hill and Depth of Sowing 1170 1170
Distances/% 1170 e Seeds Per Hill/% Hill/%
Hill/% under Film/%

Value 100 4.8388 95 83.33 3.2258
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Figure 10. Field experiments: (a) The developed device; (b) The effect of sowing.

5. Conclusions

Aimed at improving the technique of seeding in dry soil and drip irrigation for
emergence, we proposed the combination seeding method of “mini shovel + telescopic
pipe’ for dry direct-seeded rice with film mulching. The device for dry direct-seeded rice
with film mulching was developed by theoretical calculation, DEM simulations, and field
experiments. The research results showed that:

(1) The precise rice sowing was obtained by selecting the combined type-hole seed-
metering device. Moreover, the sowing depth can be adjusted within the range of 15
to 40 mm to satisfy the agronomic requirements of different sowing depths. The drive
slideway converted passive sowing to forced sowing, and the mini shovel pushed
away from the soil and obstacles in the seeding area, thus reducing the possibility
that the telescopic pipe would be clogged.

(2) DEM allowed the simulation of the device sowing process. Moreover, a regression
equation was established with the sowing depth as the dependent variable, and the
forward speed of the traction device, the extended length of the telescopic pipe, and
the height of the lower oblique section of the telescopic pipe as the independent vari-
ables. The simulation experiments and field experiments showed that the regression
equation could predict the sowing depth accurately.

(3) Field experiments were conducted according to agronomic requirements. The experi-
ment results showed that the right rate of hill distances, stagger rate of film hill and
hill, right rate of depth of sowing under film, right rate of seeds per hill, and rate of
no seed hill were 100%, 4.8388%, 95%, 83.33%, and 3.2258%, respectively. The experi-
mental results showed that the rice precision seeder with trepanning in the plastic
film could achieve the design and agronomic requirements for actual production.

The field experiments of the proposed precision seeder achieved the desired effect;
however, the sample size and scope of the field experiments are not substantial enough to
understand the adaptability of the device to different regions and soil environments. The
adaptability of the device should be verified in the future.
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