
Citation: Li, X.; Zhang, Y.; He, H.;

Wang, B.; Zhou, H.; Geng, D.; Zhang,

Y. Design and Experiment of Row

Cleaner with Staggered Disc Teeth for

No-Till Planter. Agriculture 2023, 13,

1373. https://doi.org/10.3390/

agriculture13071373

Academic Editors: Mustafa Ucgul

and Chung-Liang Chang

Received: 28 May 2023

Revised: 6 July 2023

Accepted: 9 July 2023

Published: 10 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Design and Experiment of Row Cleaner with Staggered Disc
Teeth for No-Till Planter
Xin Li, Yinping Zhang *, Haojie He, Bin Wang, Hua Zhou, Duanyang Geng and Yuzi Zhang

School of Agriculture Engineering and Food Science, Shandong University of Technology, Zibo 255049, China;
20503030302@stumail.sdut.edu.cn (X.L.); 21503030306@stumail.sdut.edu.cn (H.H.);
20503030298@stumail.sdut.edu.cn (B.W.); zhouhua850@sdut.edu.cn (H.Z.); dygxt@sdut.edu.cn (D.G.);
zhangyuzi@sdut.edu.cn (Y.Z.)
* Correspondence: zhangyinping@sdut.edu.cn

Abstract: In view of the large amount of wheat straw coverage and the difficulty with the high-
speed working process used in traditional rotary tillage row cleaner. A row cleaner with staggered
disc teeth for no-till planting was designed. It was determined that installation with a forward
inclination α, horizontal declination β, and forward speed v0 of the machine were the main factors
affecting the straw cleaning rate Y1 and working resistance Y2, and the range of values for structural
parameters and motion parameters of the row cleaner were determined. Taking α, β, and v0 as the
factors and Y1 and Y2 as the response indexes, using EDEM 2018 software to simulate the straw
cleaning process under different parameters and determine the influence of each parameter on the
straw cleaning performance. After performing a soil bin test, the results showed that there was no
straw entanglement and blockage, and the passability was better than that of the traditional flat disc
separated row cleaner. When α was 70◦, β was 30◦, v0 was 8 km/h, and the embedded depth h of the
soil (straw) was 55 mm, the average straw cleaning rate was the highest, which was 90.59%. This
study provides a new idea for the design of high-speed corn no-till planters in the Huang-Huai-Hai
area of China.

Keywords: no-till sowing; row cleaners; straw mulching; straw cleaning discs; seedbed cleaning;
discrete element

1. Introduction

No-tillage seeding is an effective measure to retain straw mulching, reduce soil tillage,
and protect soil structure [1,2]. It is the key technology and basic requirement for the imple-
mentation of conservation tillage [3]. The quality of the no-tillage planter’s straw-cleaning
and anti-blocking performance are key to high-quality no-tillage planting operations, es-
pecially in the Huang-Huai-Hai double-cropping area of China, where the corn sowing
period is short, and the wheat straw covers the surface without decomposing, with high
toughness and with a tendency entangle or block the planter [4,5]. At present, no-tillage in
the double-cropping area is mainly based on crushing and rotary tillage row cleaners [6,7].
The high-speed rotating rotary tiller smashes the straw and mixes it with the soil, and then
sows. This straw-clearing method has large soil disturbance and high energy consumption,
and the soil moisture is lost quickly; the rotary tiller is severely squeezed on the bottom and
side of the soil, forming a plow bottom; the crushed straw is mixed with the soil, because
of the compaction is not enough, the seeds cannot be in close contact with the soil, which
affects the emergence of seedlings [8,9]. It is the focus of no-tillage sowing research in
double-cropping areas to change the traditional method of crushing and rotary tillage to
clear straw and prevent blockage, and provide a clean seedbed for no-tillage sowing under
the conditions of small soil disturbance and low power consumption.

Mahmoud et al. [10] proposed a new promising process by applying magnetic treat-
ment to water, which can alleviate salinity stress and improve crop productivity. The
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demanding use of agricultural machines would lead to grave problems concerning the
quality of agricultural soils. Jalel et al. [11] proposed a permanent bed technology to im-
prove soil conditions, and Hassen et al. [12], based on a Bayesian network, established a
decision support system for risk assessment of soil compaction, which can help users to con-
duct causal analysis and diagnostic analysis of soil state. However, in the Huang-Huai-Hai
double cropping area of China, with scattered plots and a large amount of straw coverage,
an efficient straw cleaning device is more suitable for the current fieldwork environment.
The straw-scraping wheel-type row cleaner adopts two oppositely installed straw cleaning
discs to allow for straw cleaning of the seedbed during the no-tillage operation. The soil
disturbance is small, and the operation resistance is low; it is widely used in no-tillage
planters at domestic and foreign [13]. Domestic research on straw-scraping wheel-type row
cleaners mainly focuses on the optimization of the structure of the straw-cleaning discs
and claw teeth. Liu et al. [14] added grass allocation grids after the straw scrapers, but the
straw cleaning rate was only 57.5%. Jia et al. [13] designed a stubble-cleaning mechanism
with a concave claw structure based on the improvement of the plane straw cleaning discs,
and the straw cleaning rate of the seedbed was 83.61%. However, there is a leakage area
when using the oppositely installed straw cleaning discs, which limits the improvement
of the straw cleaning rate. In view of the problems of low straw cleaning rate, unstable
operation performance, and reduced working quality and working efficiency of the planter,
Wang et al. [15,16] designed a star-toothed concave disk row cleaners, it adopted the front
and rear staggered arrangement to reduce the leakage area, and the straw cleaning rate of
the seed bet reached 92.2%. However, the processing of the star-toothed concave structure
is complicated, and the front and rear staggered arrangement increases the longitudinal
size of the machine.

In view of the above problems, this study shows the design of a disc tooth staggered
row cleaner under the conditions of small soil disturbance and low power consumption.
Upon optimizing the structure and layout of the straw cleaning discs, the leakage area can
be reduced, and the straw cleaning effect can be improved. Through theoretical analysis,
simulation experiments, and field performance experiments, the optimal combination of
structural parameters and structural parameters was determined. Finally, through soil tank
comparative experiments, the operating effectiveness of the optimal parameter combination
of the device was verified, providing a theoretical reference for the design of double-season
corn zero tillage seeders.

2. Materials and Methods
2.1. Overall Structure and Working Principle

The overall structure of the teeth of the disc staggered row cleaner is shown in Figure 1,
which mainly includes a frame, a mounting frame of straw cleaning discs, a connecting
frame, and two straw cleaning discs. The claws are evenly distributed around the circum-
ference of the straw cleaning disc, and both the straw cleaning discs are symmetrically
installed on both sides of the mounting frame at a certain angle to the ground. The claws of
the two straw cleaning discs are staggered at the front and bottom and above the ground
contact point, forming a “scissors” overlapping distribution pattern to reduce the leak-
age area. The straw cleaning discs mounting frame can be adjusted up and down in the
connecting frame to set a suitable soil depth and reduce soil disturbance.

When the straw cleaning disc is installed, there is a certain forward inclination and
horizontal declination so that the row cleaner has a certain outward expansion angle from
bottom to top and from front to back. It generates thrust to both sides of the straw so
that the straw moves to both sides of the opener to form a seedbed with consistent straw
cleaning. The claw teeth of the straw cleaning disc contact the ground and rotate backward
under the action of the friction force between the soil and the straw to achieve the picking
and throwing of straw and turning of topsoil. During the working process, if one side of
the straw cleaning disc is entangled with straw, the other side of the straw cleaning disc
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staggered with respect to the claw teeth can apply a force to it so that it can continue to
rotate, effectively reducing the occurrence of straw entanglement, blockage, and stoppage.
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Figure 1. Structure diagram of row cleaner with staggered disc teeth. 1. frame; 2. mounting frame of
straw cleaning discs; 3. connecting frame; 4. straw cleaning discs.

In the double-cropping area of wheat and corn, crop stubble is the main factor that
affects the quality of no-till sowing, increases the power consumption of seedbed prepara-
tion, and limits the speed of operation. This study adopts a method of avoiding stubble
sowing, as shown in Figure 2. Disc teeth staggered row cleaners are installed in front of the
opener of the corn no-tillage planter, as shown in Figure 3. During operation, row cleaners
clean the stalks between the rows of wheat stubble and provide a clean seedbed for corn
no-tillage sowing, improve the quality of sowing, reduce the power consumption required
for seedbed preparation, and improve the speed of sowing operations [17,18].
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2.2. Design and Analysis of Straw Cleaner
2.2.1. Analysis of Kinematic Parameter

In the process of no-till sowing operations, the effect of row cleaners on straw is related
to factors such as the forward speed of the machine, the immersion depth of the straw
cleaning discs, and the installation angle [19–21]. The kinematics of the straw cleaning
tray is analyzed, the center of the straw cleaning disc is taken as the origin, the movement
direction of the machine is the x-axis direction, and the Oxyz space cartesian coordinate
system is established, as shown in Figure 4. The forward inclination α is the angle between
the horizontal plane (xz) and the line connecting the rotation center and the meshing point
of the straw cleaning disc. Horizontal deflection β is the angle between the vertical plane
(xy) and the line connecting the rotation center of the straw cleaning disc and the meshing
point of the straw cleaning disc. The immersion depth is h, and the two intersection points
of the straw cleaning discs and the ground are m and n, respectively, then:

Lmn = 2rsin γ = 2
√

r2 − (r − h)2 (1)

In the formula: Lmn—the length of the connection line between the front and rear claw
teeth and the ground intersection, mm;

r—radius of straw cleaning disc, mm;
h—immersion depth of the straw cleaning discs, mm;
γ—the angle between the line connecting the center of the straw cleaning disc and the

intersection of the ground and the vertical direction, (◦).
Assuming that the working width of a single straw cleaning disc is b, it can be seen

from Figure 4 that the calculation formula of the working width b is [22,23]:

b = Lmnsin β = 2sin β

√
r2 − (r − h)2 (2)

In the formula: b—working width of one straw cleaning disc, mm;
β—straw cleaning disc horizontal installation, (◦).



Agriculture 2023, 13, 1373 5 of 20Agriculture 2023, 13, 1373 5 of 21 
 

 

 
Figure 4. Installation diagram of straw cleaning disc. 

 
Figure 5. Schematic diagram of the width of the row cleaner. 

The theoretical straw cleaning width on both sides of the straw cleaning discs is: 𝐿஻ = 2𝑏 − 𝑒 = 4 sin 𝛽 ඥ𝑟ଶ − ሺ𝑟 − ℎሻଶ − 𝑒 (3) 

In the formula: LB—the theoretical straw cleaning width of the double-sided straw 
cleaning discs, mm; 

e—the distance between the double intersections between the ground and the front 
of the double-sided straw cleaning discs, that is, the width of the overlapping area of the 
two straw clearing discs, mm. 

It can be seen from Formula (3) that when the depth h of the straw cleaning discs is 
determined, the working width of the double-sided straw cleaning discs LB depends on 
the horizontal declination β and the width of the overlapping area of the two straw clean-
ing discs e. 

Figure 4. Installation diagram of straw cleaning disc.

The straw cleaning discs are installed in a staggered and opposite manner with respect
to the claw teeth, and the straw cleaning area is shown in Figure 5:
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Figure 5. Schematic diagram of the width of the row cleaner.

The theoretical straw cleaning width on both sides of the straw cleaning discs is:

LB = 2b − e = 4sin β

√
r2 − (r − h)2 − e (3)

In the formula: LB—the theoretical straw cleaning width of the double-sided straw
cleaning discs, mm;

e—the distance between the double intersections between the ground and the front of
the double-sided straw cleaning discs, that is, the width of the overlapping area of the two
straw clearing discs, mm.

It can be seen from Formula (3) that when the depth h of the straw cleaning discs is
determined, the working width of the double-sided straw cleaning discs LB depends on the
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horizontal declination β and the width of the overlapping area of the two straw cleaning
discs e.

Assume that the contact start point of the two straw cleaning disc teeth is P, the contact
end point is Q, point C is the center position of the staggered contact area, and the width of
the contact area is LPQ, as shown in Figure 6. LPQ is related to the center distance a, and its
relationship can be represented by Formula (4).

LPQ = 2
√

L2
OP − L2

OC = 2

√
r2 − a2

4sin2 β
= 2

√
r2 − (2rsin αsin β − e)2

4sin2 β
(4)
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In the formula: a—the center distance of the two straw cleaning discs, mm.
There is a certain overlapping area of straw cleaning between the two straw cleaning

discs, which can reduce leakage area. It can be seen from Formula (4) that the smaller the
center distance a, the larger the overlapping area width e and the staggered contact area
LPQ, the straw cleaning discs contacts at the root of the tooth, and the disc teeth are prone
to interference during rotation, resulting in them becoming stuck. The larger the center
distance a, The smaller the overlapping area width e and the staggered contact area LPQ,
the straw cleaning disc contacts at the tip of the tooth, which increases the moment at the
root of the tooth and causes the claw teeth to break. In order to ensure that the two straw
cleaning discs are staggered and contacted effectively, the contact point of the disc teeth
should be located in the range above the center of the claw tooth and below the tooth top,
as shown in Figure 7. Taking into account the tooth thickness and other factors, the contact
point of the two claw teeth is designed to be located at dc/6 above the center point of the
claw tooth, and we attain:

a = 2sin β

(
r − 1

3
dc

)
(5)

In the formula: dc—claw tooth height, mm.
From Formulas (2)–(5), it can be known that when the diameter r, claw tooth height dc,

and soil (straw) depth h of the straw cleaning discs are determined, the working width LB
and the contact area width LPQ of the two straw cleaning discs are related to the forward
inclination α and the horizontal declination β of installation. The average thickness of stalks
covered on the ground during corn planting in the Huang-Huai-Hai double-cropping area
of China is about 30~40 mm [24,25]; therefore, the thickness of the stalks is taken as 35 mm.
In order to make the straw cleaning discs achieve the best straw cleaning operation effect
when the soil disturbance is as small as possible, the straw cleaning disc’s teeth can be
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slightly immersed in the soil. The maximum depth of the design is 20 mm, and h is 55 mm.
According to reference [26], the design radius r of the straw cleaning disc is 180 mm, and
the claw tooth height dc is 70 mm.
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In the actual operation process, when the forward inclination α installation is too large,
a leakage area may be formed in the front, and the leakage area increases with the increase
in α; if α is too small, the resistance of the straw cleaning discs will be too large. At the same
time, the contact between the claw teeth and the straw will also be reduced. When the
horizontal declination β is too large, the thrust of the straw cleaning discs in the forward
direction of the machine will be greater than the side thrust on both sides, resulting in the
resistance of the machine being too large and the stubble-picking ability reduced; when β
is too small, the side thrust performance will be reduced, the straw cleaning discs cannot
move the straw to the sides in a timely and effective manner, and it is easy to throw the
straw to the rear, resulting in blockage of the machine. Therefore, the forward inclination α
and the horizontal declination β installations should not be too large or too small. Referring
to the “Agricultural Machinery Design Manual” [23], the value range is determined to be
50◦ ≤ α ≤ 70◦, 30◦ ≤ β ≤ 45◦.

2.2.2. Number of Claw Teeth

Too many claw teeth will easily lead to too many teeth in the soil, which will lead to
excessive pressure on the straw cleaning discs and increased power consumption. At the
same time, the distance between the claw teeth will be reduced, and the staggered process
will easily interfere. When the number of claw teeth is too small, a larger leakage area will be
generated, resulting in a reduced straw-cleaning effect. Therefore, the appropriate number
of claw teeth is a key factor in reducing the power consumption of the straw cleaning
operation and allowing for the interlacing of the claw teeth. Refer to the “Agricultural
Machinery Design Manual” [25] to calculate the number of claw teeth:

i =
2π(r − dc)

sc
(6)

In the formula: r—turning radius of straw cleaning disc, mm;
sc—root chord length of adjacent claw teeth, mm.
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The number of claw teeth required for the straw cleaning disc can be calculated from
Formula (6). In order to ensure the working strength of the row cleaner and the claw teeth
can have a good effect on the straw on the ground, the number of claw teeth i = 16.

2.2.3. Shape of Claw Teeth

The distribution of the claw teeth of the straw cleaning disc is generally divided
into forward inclination, backward inclination, and radial direction [13,27]. The forward-
inclined claw teeth can easily cause the straw to fall between the seedbeds or cause high-
speed straw entanglement. However, the backward-inclined claws are easy to stubble
when rotating at a low speed, and the straw is difficult to fall off when rotating at a high
speed, resulting in a blockage. Radial claw teeth are good for straw removal, picking, and
other operations, especially in the form of staggered distribution of disc teeth; no matter
whether a low speed or high speed is used, it is not easily blocked. It is difficult to allow
for the interleaving of the claw teeth with the forward or backward claw teeth, which is
easy to cause the straw cleaning discs to be stuck and stopped. Therefore, the radial claw
tooth distribution is selected in this paper to achieve the preset working effect.

The radial claw teeth are designed in a trapezoidal pattern, with the left and right
edges symmetrical along the center line of the teeth. As shown in Figure 8, the claw tooth
gradient angle τ should not be too large, which will lead to too large friction f 1, so that it is
easy to accumulate straw here and cause blockage.

Fssin (90◦ − σ − τ) ≥ f2 + f1cos(90◦ − σ − τ) (7)
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In the formula: Fs—The pressure of the claw tooth on the straw, N;
τ—claw tooth gradient angle, (◦);
σ—at this moment, the angle between the claw tooth and the normal line is shown in

Figure 6, (◦);
f 1—the friction of the claw tooth on the straw, N;
f 2—the friction of the ground on the straw, N.
It can be seen from Formula (7) that if the claw tooth gradient angle τ is too large, the

pressure Fs on the straw will decrease, thereby reducing the throwing effect on the straw.
Therefore, combined with the existing studies [15,28,29], set the claw tooth gradient angle
τ = 5◦.
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2.2.4. Blade Shape of Claw Teeth

The top of the claw teeth is designed as a blade, which is helpful for breaking the solid
soil layer and cutting off the straw. As shown in Figure 8, the blade height dt is:

dt =
ls

2tan δ
(8)

In the formula: dt—claw tooth blade height, mm;
ls—claw tooth thickness, mm;
δ—blade bevel, (◦).
The larger the tooth thickness, the larger the contact area of soil breaking, and the

greater the resistance to soil entry; the smaller the tooth thickness, the smaller the strength
of the claw teeth, and it is easy to press the straw into the soil. Therefore, according to the
references [16,30] and the actual soil conditions in the Huang-Huai-Hai area of China, set
claw tooth thickness ls = 13 mm. In order to achieve the best ground-breaking effect and
reduce power consumption, set the blade bevel δ = 30◦ and the blade inclination angle
ζ = 60◦.

2.3. Experiment Method

In order to analyze and obtain the optimal design parameter combination, explore
the characteristics of the working quality and working resistance of the row cleaner, and
design a virtual simulation orthogonal test for the row cleaner. According to the value
range of the installation angle of the straw cleaning disc, the forward inclinations of the
straw cleaning disc are designed to be 50◦, 60◦and 70◦, and the horizontal declinations are
30◦, 37.5◦and 45◦. The machine’s forward speed is designed to be 6 km/h, 8 km/h, and
10 km/h, using the Design-Expert 10, using the three-factor and three-level Box–Behnken
test; the test factors and levels are shown in Table 1.

Table 1. Factors level coding table.

Code Value
The Test Factors

α/(◦) β/(◦) v0/(km/h)

−1 50 30 6
0 60 37.5 8
1 70 45 10

2.4. EDEM Simulation Test

The 3D model of the disc teeth staggered row cleaner was established, and the multi-
body coupling dynamics model of the interaction of “row cleaner-soil-straw” was estab-
lished by discrete element simulation software EDEM 2018. In the actual operation process,
the effect of straw cleaning is not only related to the forward inclination and horizontal
declination of the installation of the straw cleaning discs, but it is also affected by the for-
ward speed of the machine v0 [31–33]. Therefore, taking the forward inclination, horizontal
declination, and forward speed as the test factors and taking the straw cleaning rate and
working resistance as the main response indexes, the operation performance of the straw
cleaning device was simulated. Moreover, the rationality of the design of the structure
parameters and motion parameters of the row cleaner was verified by the three-factor and
three-level rotation orthogonal test in pursuit of the optimal combination of structural
parameters and making preliminary preparations for field experiments.

2.4.1. Setting of Simulation Test Conditions

Use the software SolidWorks 2016 to carry out 1:1 solid modeling of the key compo-
nents of the row cleaner, delete the parts that are not important to the operation process
to simplify the row cleaner, and save it in .STL format, and import it into the Geometry of
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EDEM, the simulation model shown in Figure 9 is obtained. The material is 45 steel, the
Poisson’s ratio is 0.31, the shear modulus is 7.8 × 1010 Pa, and the density is 7800 kg/m3.
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2.4.2. Construction of the Simulation Model

In order to simulate the field test conditions and optimize the simulation process, the
soil particles, straw particles, and soil bin models were reasonably simplified. A small ball
with a diameter of 8 mm was used as the soil particle model with a Poisson’s ratio of 0.38, a
shear modulus of 1 × 106 Pa, and a density of 1850 kg/m3. According to the actual straw
coverage in the field, the straw was sampled and observed. Finally, 47 small balls with
a diameter of 5 mm and a distance between the centers of 2.5 mm were selected to form
particles with a length of 120 mm as the particle simulation model of straw. Its Poisson’s
ratio is 0.4, the shear modulus is 1 × 106 Pa, and the density is 241 kg/m3. The soil of the
Huang-Huai-Hai double-cropping area of China is loess type, and the soil is loose. Based
on a comprehensive literature review [26,34], the mechanical relationship model between
particles is set as the Hertz–Mindlin non-sliding contact model. The contact parameters of
the simulated materials are shown in Table 2.

Table 2. Material contact parameters for simulation.

Parameter Rolling Friction
Coefficient

Static Friction
Coefficient

Coefficient of
Restitution

part-soil 0.05 0.6 0.6
part-straw 0.01 0.3 0.6
soil-straw 0.05 0.3 0.5
soil-soil 0.4 0.6 0.6

straw-straw 0.3 0.3 0.5

The EDEM 2018 is used to establish a virtual simulation soil bin. According to the
measurement of the field straw coverage before corn sowing in the Huang-Huai-Hai area
of China, the size of the particle factory of the soil layer and the straw layer is set to
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2000 mm × 700 mm, the thickness of the soil layer is set to 95 mm, and the thickness of the
straw layer is set to 35 mm. The size of the soil bin is set to 2500 mm × 700 mm × 140 mm
to ensure that sufficient particles can be generated in the soil bin for simulation, as shown in
Figure 9. Removal of the upper plane of the soil trough and the two planes in the forward
direction of the machine was conducted to ensure a more accurate particle-cleaning effect.
The soil particles are only free to settle and stack under their own weight, and the required
load is calibrated above the soil particles so that it can achieve the same effect as the actual
soil, ensuring the accuracy of the simulation process [35,36].

2.4.3. Simulation Test Process

According to the design requirements, set the straw cleaning discs into the soil (straw)
depth of 55 mm; set the grid size to automatic identification and setting; set the fixed time
step of the virtual simulation process to the automatic time step, and the total time is 11 s.

As shown in Figure 10, at the beginning of the virtual simulation process, the row
cleaner is located on the side of the soil bin, soil particles are generated in 0~3 s, straw
particles are generated in 4~8 s, and the straw cleaning process is performed in 9~11 s.
Among them, 3~4 s and 8~9 s are set as intermittent times to ensure that the performance
of soil particles and straw particles can reach the preset effect.
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2.4.4. Simulation Testing Methods

Referring to “Technical Specifications of Quality Evaluation for No-tillage Drilling Machin-
ery” (NY/T1768-2009) [37], combined with the actual corn sowing operation requirements,
the straw cleaning rate and the working resistance of the straw cleaning discs were selected
as the evaluation level of the test.

1. Working resistance

The working resistance of the straw cleaning discs can be monitored by using the
graph module in the analyst option of the EDEM 2018, and the statistical change graph
of its “Force-Time” can be drawn, and the average value of its force can be calculated, as
shown in Figure 11.
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2. Straw cleaning rate

The quantitative change of straw particles before and after the virtual simulation
operation can be obtained in the solve report module of the EDEM 2018. As shown in
Figure 12, a suitable cleaning area is selected for quantitative calibration, and the straw
cleaning rate in the area is calculated.

η =

(
1 − N1

N

)
× 100% (9)

Agriculture 2023, 13, 1373 12 of 21 
 

 

 
Figure 11. Force-Time chart of row cleaner. 

2. Straw cleaning rate 
The quantitative change of straw particles before and after the virtual simulation op-

eration can be obtained in the solve report module of the EDEM 2018. As shown in Figure 
12, a suitable cleaning area is selected for quantitative calibration, and the straw cleaning 
rate in the area is calculated. 𝜂 = ൬1 − 𝑁ଵ𝑁 ൰ × 100% (9) 

In the formula: η—straw cleaning rate, %; 
N—quantity of straw particles before virtual simulation operation; 
N1—quantity of straw particles after virtual simulation operation. 

 
(a) (b) (c) 

Figure 12. Force-Time chart of row cleaner. (a) 8.99 s; (b) 9.54 s; (c) 10.34 s. 

  

Figure 12. Force-Time chart of row cleaner. (a) 8.99 s; (b) 9.54 s; (c) 10.34 s.

In the formula: η—straw cleaning rate, %;
N—quantity of straw particles before virtual simulation operation;
N1—quantity of straw particles after virtual simulation operation.

3. Results and Analysis
3.1. Discrete Element Simulation Test Results and Optimization

The simulation test scheme and results are shown in Table 3, and Design-Expert was
used for data processing and statistical analysis.
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Table 3. Test plan and experimental.

Test Serial
Number

Test Factors Test Index

Forward
Inclination

α/◦

Horizontal
Declination

β/◦

Forward
Speed

v0/m·s−1

Straw Cleaning
Rate
Y1/%

Working
Resistance

Y2/N

1 0 0 0 90.50 184.0
2 1 0 1 91.94 259.8
3 −1 0 −1 89.49 220.7
4 −1 −1 0 88.91 152.7
5 −1 1 0 89.34 167.5
6 0 0 0 91.10 186.2
7 1 −1 0 90.79 138.4
8 0 −1 −1 85.87 112.2
9 0 0 0 90.70 180.5
10 0 −1 1 92.52 166.7
11 0 1 1 91.80 193.2
12 −1 0 1 91.22 231.6
13 1 1 0 92.52 226.9
14 0 1 −1 90.64 198.8
15 1 0 −1 90.50 181.1
16 0 0 0 90.90 179.7
17 0 0 0 90.20 181.8

Quadratic regression analysis and multiple regression fitting were carried out on test
data, significant influencing factors were screened out, the regression equation of the test
index straw cleaning rate Y1 and working resistance Y2 was obtained, and their significance
was tested. The constant in the equation is the result of software fitting.

The variance analysis of the straw cleaning rate is shown in Table 4. The insignificant
factors in the quadratic term and the square term are excluded (p = 0.05), and the overall
model of the test is extremely significant (p < 0.01). The factors α, v0, and βv0 were extremely
significant, and the factor β was significant at p = 0.05. The significance of each factor from
large to small is the forward speed, the forward inclination, and the horizontal declination
of the straw cleaning disc. The regression equation of straw cleaning rate Y1 is:

Y1 = 90.53 + 0.85α + 0.78β + 1.37v0 − 1.37βv0 (10)

Table 4. Variance analysis of cleaning rate.

Source of
Variance Sum of Square Degrees of

Freedom Mean Square F p

model 33.19 4 8.30 15.74 0.0001
α 5.76 1 5.76 10.93 0.0063
β 4.82 1 4.82 9.14 0.0106
v0 15.07 1 15.07 28.58 0.0002

βv0 7.54 1 7.54 14.29 0.0026

residual 6.33 12 0.53
lack of fit 5.84 8 0.73 5.98 0.0508

sum 39.52 16

Upon analyzing the straw cleaning rate Y1, it can be seen from Formula (10) that the
horizontal declination and the forward speed of the machine have an interactive effect on
the straw cleaning rate. The fixed forward inclination is 0 level, it can be obtained that
within the preset value range, the straw cleaning rate is positively correlated with the
forward speed of the machine and negatively correlated with the horizontal declination;
that is, the smaller the horizontal declination, the faster the forward speed of the machine,
the higher the straw cleaning rate, and the more significant the effect of the forward speed
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of the machine on it. By selecting different levels of forward declination angle, it can be
obtained that the straw cleaning rate is positively correlated with horizontal declination.

The variance analysis of working resistance Y2 is shown in Table 5, and the overall
model of the test is extremely significant (p < 0.01). The factors β, v0, αβ, αv0, α2, β2, and v0

2

were extremely significant, and the factor βv0 was significant at p = 0.05. The significance
of each factor from large to small is the horizontal declination β, the forward speed of the
machine v0, and the forward α. The regression equation is:

Y2 = 182.44 + 4.21α + 27.05β + 17.31v0 + 18.43αβ + 16.95αv0 − 15.03βv0 + 22.26α2 − 33.32β2 + 18.60v2
0 (11)

Table 5. Variance analysis of operation.

Source of
Variance Sum of Square Degrees of

Freedom Mean Square F p

Model 19,623.49 9 2180.39 23.61 0.0002
α 141.96 1 141.96 1.54 0.2549
β 5853.62 1 5853.62 63.40 <0.0001
v0 2397.78 1 2397.78 25.97 0.0014
αβ 1357.92 1 1357.92 14.71 0.0064
αv0 1149.21 1 1149.21 12.45 0.0096
βv0 903.00 1 903.00 9.78 0.0167
α2 2085.41 1 2085.41 22.59 0.0021
β2 4674.62 1 4674.62 50.63 0.0002
v0

2 1457.46 1 1457.46 15.78 0.0054

residual 646.35 7 92.34
lack of fit 618.10 3 206.03 29.17 0.0035

sum 20,269.84 16

Upon analyzing the working resistance Y2, it can be seen from Formula (10) that the
interaction factors between the factors have a significant impact on the working resistance.
The forward speed of the machine is 0 level, and it can be obtained that within the preset
value range, the larger the forward inclination and the smaller the horizontal declination,
the smaller the working resistance will be. When the forward speed is smaller, the contact
time between the straw cleaning discs and the soil is longer, and it is easier for the soil to
accumulate in the front, resulting in an overall increase in the working resistance. However,
when the forward speed is higher, the throwing effect of the straw cleaning discs on the
soil is reduced, and the forward dozing effect is enhanced, which leads to an increase in the
working resistance.

In order to obtain the optimal combination of structure and motion parameters of the
disc teeth staggered row cleaner, the optimal design of the experimental factors was carried
out, and the principle of improving the straw cleaning rate and reducing the working
resistance was followed, according to the boundary conditions of the experimental factors
and the actual operation experience, the multi-objective variable optimization method is
used to establish the parameter-constrained objective function model.

maxy1(α, β, v0)
miny2(α, β, v0)

s.t.


50◦ ≤ α ≤ 70◦

30◦ ≤ β ≤ 45◦

6 km/h ≤ v0 ≤ 10 km/h

(12)

Based on the above analysis, it can be seen that the larger the forward inclination, the
smaller the horizontal declination, the faster the forward speed of the machine, and the
higher the straw cleaning rate; but at the same time, the larger the forward inclination,
the smaller the horizontal declination, and the speed of the machine is 0 level, working
resistance is minimal. Based on Design-Expert, the parameters in the objective function



Agriculture 2023, 13, 1373 15 of 20

are optimized and solved, and a set of reasonable optimization parameter combinations
are selected from the results according to the actual operation requirements. The optimal
combination obtained is α3β1v02, that is, the forward inclination is 70◦, the horizontal
declination is 30◦, and the forward speed of the machine is 8 km/h. At this time, the straw
cleaning rate is 90.60%, and the working resistance is 130 N. According to the optimization
results, the virtual simulation verification test was carried out. The straw cleaning rate was
90.87%, and the working resistance was 136.4 N, which was basically consistent with the
optimization results.

3.2. Field Test Verification

In order to verify the actual operating performance of the disc teeth staggered row
cleaner and its advantages compared with the traditional flat disc separated row cleaner, a
soil bin test was conducted in the soil bin laboratory of Shandong University of Technology
in October 2021. The soil type was loam, and the temperature in the laboratory was
20~26 ◦C during the experiment.

Before the test, the straw was pre-laid on the ground, and the laying range was a long
strip area of 20 m × 1 m, and then the parameters of straw and soil were measured. Table 6
shows the main parameters obtained in the soil bin. Among them, soil moisture content and
soil temperature were measured with a TZS-IIW soil moisture and temperature measuring
instrument; soil compaction was measured with a TJS-450G soil compaction instrument.

Table 6. Soil tank test.

Parameter Numerical Value

0~100 mm
soil layer

compaction/MPa 0.658
moisture content/% 50.03

test weight/(g·cm−3) 1.52
temperature/°C 27.78

surface straw

length/mm 50~200
Cover thickness/mm 30~80
moisture content/% 26.73

unit coverage/(kg·m−2) 0.9375

3.2.1. Test Methods

As shown in Figure 13, the disc teeth staggered row cleaner and the flat disc separated
row cleaner were installed on the frame of the soil bin testing vehicle, respectively, so that
the test could be carried out under the same working conditions. The test was performed
by aligning the row cleaner with the preset ditching area, adjusting the immersion depth
of 55 mm, and setting the forward speed of the soil bin testing vehicle to 8 km/h. The
following indicators were measured and calculated accordingly during and after the test.

1. Straw cleaning rate of seedbed

Before the start of the test, the five-point sampling method was used to select points
in the stable operation area randomly, and the electronic scales were used to weigh all the
straws in the same area of each sampling point before and after the operation to obtain the
initial mass G0 and the post-operation mass G1, the straw cleaning rate in the measurement
area is further calculated. Each group of row cleaner test was repeated five times, and the
average cleaning rate of each group was obtained [38].

λ =

(
1 − G1

G0

)
× 100% (13)

In the formula: λ—straw cleaning rate of the seedbed, %;
G0—straw quality in the frame before operation, kg;
G1—straw quality in the frame after operation, kg.
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2. Working width

After the test, use the five-point sampling method to select five observation points,
measure the working width of the points with a tape measure, and take the average value,
as shown in Figure 14.
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3. Passability

During the process, the row cleaner is at the preset speed, and the operation process
of the teeth of the disc staggered row cleaner and the flat disc separated row cleaner are
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monitored. According to the agricultural industry standard “Technical Specifications of Qual-
ity Evaluation for No-tillage Drilling Machinery” (NY/T1768-2009) [37] and the performance
testing requirements of no-till planters at the agricultural machinery appraisal station of
the Ministry of Agriculture, observe whether the two sets of row cleaners can complete
the operation normally, and the number of times of blockage or stoppage. The number of
rotations was carried out five times for each group of row cleaners, and their performance
was compared.

3.2.2. Test Results and Analysis

The test results are shown in Table 7. During the soil bin test, the disc teeth staggered
row cleaner did not become blocked and stopped, the average cleaning rate was 90.59%,
and the working width was 169.6 mm; There were two minor blockages and one moderate
blockage during the operation of the flat disc separated row cleaner, the average cleaning
rate was 65.65%, and the working width was 90.8 mm. It can be seen that the disc teeth
staggered row cleaner forms a meshing structure similar to “scissors” in the middle of
the seedling belt, forming a staggered and overlapping state, which is more conducive to
tearing the straw in the middle and throwing it to the two sides. Therefore, the leakage
area easily formed by the traditional flat disc separated row cleaner is eliminated, and the
straw within the working width is more fully cleaned so as to further improve the straw
cleaning rate of the seedbed. At the same time, the cutting edge set on the top of the claw
teeth of the straw cleaning discs of the disc teeth staggered row cleaner is more helpful for
cutting the straw and cutting into the soil, and the operation performance is better.

Table 7. Test results.

Device Type
Straw Cleaning Rate/% Working Width/mm

Passability
Measurements Average Value Measurements Average Value

disc teeth staggered
row cleaner

91.33

90.59

156

169.6

No blockage
89.57 188 No blockage
92.31 169 No blockage
88.94 162 1 minor blockage
90.80 173 No blockage

flat disc separated
row cleaner

64.53

65.65

93

90.8

1 minor blockage
73.06 90 No blockage

70.27 85 1 moderate
blockage

60.90 88 1 minor blockage
61.49 98 No blockage

In addition, since the straw cleaning discs are set so that the claws are staggered, if
one side of the straw cleaning disc is blocked and stopped during the operation, the other
sides discs will be able to provide torque to it through the meshing point, causing it to
break the blockage and resume the rotation again. Therefore, compared with the multiple
blockages found in the control group during the test, the experimental group did not have
such a situation.

Upon comparing data obtained after the soil bin test with the results obtained from
the previous virtual simulation experiment, it can be seen that the results of the two are
basically the same, but the straw cleaning rate of the soil bin test is slightly lower than that
of the simulation experiment. The reason may be that the soil moisture content is too large
during the soil bin test, while the straw moisture content is slightly smaller, but the error
mean is acceptable. The soil bin test results show that the disc teeth staggered row cleaner
can achieve a good operation effect, and the operation quality can meet the agronomic
requirements of no-tillage seeding operation.
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4. Discussion

This article studies methods to improve the effectiveness of straw cleaning and block-
age prevention during the zero-tillage sowing process of corn in the double cropping
area. As far as we know, there is currently relatively little research on interlocking disc
tooth type-opposed straw-cleaning devices, which have a certain degree of innovation and
scientificity at present. Jia et al. [13] designed and developed a concave disc-type straw
cleaning and anti-blocking device. This device uses a front and rear misaligned concave
disc, which can increase the overlapping operation area, reduce the missed cleaning area,
and throw the straw away along the concave curve, effectively carrying out straw cleaning
operations. The similarity with this design lies in the use of opposed discs as key compo-
nents and the addition of overlapping work areas in the middle through different methods
to reduce missed areas. The difference lies in the structures of the straw cleaning disc,
and the principle of reducing the leakage area is also different. The specific performance
is as follows: This design innovation has designed the installation method of the straw
cleaning disc, with the disc teeth alternating with each other, reducing the leakage area and
improving the occurrence of congestion. Due to the differences in straw coverage and soil
conditions, the experimental results are not comparable. From the soil tank comparison
experiment, it can be seen that the average straw cleaning rate of the traditionally opposed
disc non-staggered straw cleaning device is 65.65%, and there has been congestion during
the experiment process; The average straw cleaning rate of the disc tooth staggered straw
cleaning device is 90.80%, and there was no significant congestion during the experimental
process, resulting in better operational performance.

This study has conducted some innovative device structural designs, but there are
also some limitations. The specific content is as follows.

The mainstream discrete element model of wheat straw is currently a rigid body. In
the future, detailed parameters should be determined through physical property tests, and
a flexible test model should be set to further improve simulation accuracy.

The passive straw cleaning device designed in this article still carries the risk of
straw congestion. It is necessary to further design a low-energy consumption and high-
performance active straw cleaning device to further reduce congestion and improve
sowing accuracy.

5. Conclusions

1. Complete the overall structural design of the straw cleaning and anti-blocking device
of the disc teeth staggered seeder, which is mainly composed of two circular straw
cleaning disks installed alternately by disc teeth through appropriate installation angle
adjustment. Through kinematics analysis, establish its collaborative parameter model,
verify the feasibility of the device through discrete element model establishment
and simulation tests, and find out the best operating parameter combination of the
combinations available. It can greatly improve the congestion situation during the
corn no-tillage sowing process;

2. The key collaborative operation parameters of the device were optimized through
regression analysis. When α = 70◦, β = 30◦, and v0 = 8 km/h, the device has the
highest straw cleaning rate (95.87%);

3. In order to verify the reliability, scientificity, and feasibility of the straw cleaning
and blocking prevention device of the disc tooth staggered seeder, a soil groove test
was conducted. Compared with the traditional double disc opposed non-staggered
straw cleaning device, when the straw coverage is 0.9375 kg/m2, the disc tooth
staggered device does not block, and the average cleaning rate is 90.59%. The op-
erating effect is significantly better than the traditional double disc opposed non-
staggered straw cleaning device, verifying the feasibility of the disc tooth staggered
device. It is basically consistent with the results of the discrete element simulation test,
which verifies the scientificity, feasibility, and accuracy of the quadratic polynomial
regression model.
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