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Abstract: Considering the problems of low soil fragmentation rates, high working resistance, and
high energy consumption in the harvesting process of Cyperus esculentus in China, a method of
Cyperus esculentus harvesting based on counter-rotation digging is proposed. The mechanism of inter-
action between the rotary tillage blade and Cyperus esculentus–soil is systematically investigated, and
the vertical and horizontal disturbance performance of the positive and counter-rotating harvesting
methods on soil and Cyperus esculentus is compared and analyzed. The results of the experiment
showed that the intensity of soil and Cyperus esculentus disturbance by counter-rotation increased by
166.67% and 297.78%, respectively, and the effective disturbance time of soil and Cyperus esculentus
increased by 133.33% compared to that of positive rotation. The working depth and rotation speed of
the rotary tillage blade were the most significant for soil and Cyperus esculentus disturbance intensity.
The working depth increased from 150 mm to 170 mm, and the soil disturbance intensity increased
by 17.91% and 21.37% for positive and counter-rotating operation, respectively, and the rotation
speed of the rotary tillage blade increased from 270 rpm to 330 rpm, and the soil disturbance intensity
increased by 28.85% and 35.29%, respectively. Compared with the positive rotation operation, the
Cyperus esculentus counter-rotation soil fragmentation rate increased by 4.09%, the Cyperus esculentus
damage rate decreased by 10.69%, and the buried fruit rate decreased by 7.38%. This paper helps
to understand the interaction mechanism between the rototiller and Cyperus esculentus–soil and
lays a theoretical foundation for the subsequent design and optimization of the Cyperus esculentus
digging device.

Keywords: rotary tillage blade; counter-rotating operation; Cyperus esculentus–soil disturbance; EDEM

1. Introduction

Cyperus esculentus is a new economic crop that integrates oil, food, pasture, forage,
and greenery, with wide adaptability, high oil content, and high nutritional value [1–3].
Cyperus esculentus is mainly harvested by rotary excavation in most areas of China. The
operation mode is divided into forward and counter-rotation according to the rotation
direction of the rotary cutter [4,5]. Moreover, according to relevant studies, counter-rotation
excavation can effectively improve the soil cutting rate [6,7]. In order to improve the
harvesting efficiency of Cyperus esculentus, analysis of the dynamic interaction of the rotary
tillage blade on the soil and the Cyperus esculentus in the forward and reverse rotation
operation mode can lay the foundation for the optimization and design of the structural
parameters and working parameters of the Cyperus esculentus digging device [8–11].

Identifying the mechanism of rotary tillage blade operating with Cyperus esculentus
agglomerates can further improve Cyperus esculentus harvesting efficiency [11,12]. Due to
the influence of soil properties and the complexity of Cyperus esculentus–soil movement
during harvesting, traditional experimental methods cannot effectively measure the root
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system and soil movement patterns of Cyperus esculentus. The discrete element method can
assess the interaction mechanism between tillage tools and soil and reflect the dynamic
changes of soil and root system during the simulation [13–18]. Scanlan and Davies used soil
tracers and digital image analysis to analyze soil movement under four tillage practices, and
the experiment showed that the vertical movement of soil varied between treatments [19].
Lenaerts et al. constructed segmented bendable straw particles in a DE-Meter++ simulation
environment and calibrated their physical properties to realistic straw characteristics [20].
Songül Gürsoy et al. measured and simulated the soil displacement capacity and cutting
forces using discrete element simulation tests [21], which showed that the displacement was
most significant around the center of the machine path and decreased farther away from the
center. Saunders et al. used the discrete element method to simulate the effects of forward
plow speed, working depth, and the working angle on force and soil movement, and the
results showed that EDEM could accurately simulate tillage force and soil movement [22].
Du et al. analyzed the influence law of rotary tillage knives and helical horizontal knives
on soil disturbance capacity under different working conditions by combining a discrete
element simulation test system [23]. The results showed that the tillage depth had the most
significant influence on tillage characteristics. Fang et al. used the tracer block method to
measure soil displacement in soil tank experiments. They analyzed the soil displacement
and movement mechanism in experimental and simulation data [24]. The results showed
that the movement displacement of the shallow soil particles was the largest, followed by
the middle soil, and the smallest in the deep soil.

The harvesting performance of the Cyperus esculentus digging device is mainly deter-
mined by the structural parameters and working parameters, such as rotary tiller structural
parameters, forward speed, rotation speed, and working depth and other working parame-
ters. Currently, domestic and foreign scholars apply the bionic principle to the design work
of structural parameters of tillage components. They further improve the tillage efficiency
by changing the structural parameters such as the radius of rotation of the rotary tillage
blade, the inclination of shovel blade, and the shape of the edge curve [25,26]. Due to the
complexity of soil properties, the current research related to Cyperus esculentus excavation
devices mainly focuses on the analysis of mechanical properties and lacks an analysis of
the root system and soil movement behavior of Cyperus esculentus [27,28].

The purpose of this study is to clarify the root–soil disturbance and movement law of
Cyperus esculentus under the positive and counter-rotating operation mode and establish
a soil–Cyperus esculentus–rotary tillage blade discrete element model. The influence of
the forward speed, rotation speed, and working depth of the rotary tillage blade on the
harvesting efficiency and torque of the blade shaft of the Cyperus esculentus was investigated,
which provides a basis for decisions on the optimization and design of the subsequent
Cyperus esculentus digging device.

2. Materials and Methods
2.1. Machine Configuration

In order to compare and analyze the action law of the rotary tillage blade on the
root soil system of Cyperus esculentus in the positive and counter-rotation state, two
Cyperus esculentus digging devices were selected in the EDEM simulation experiment.
One type is the counter-rotation Cyperus esculentus digging device and the other is the
positive rotation Cyperus esculentus digging device. The counter-rotating Cyperus esculentus
digging device is shown in Figure 1. The rotary tillage blade of the counter-rotating
operation is used counterclockwise to harvest Cyperus esculentus and it consists of a soil-
directed surface, a universal joint, a three-point suspension, a gearbox, a drive shaft, a
counter-rotating rotary tillage blade, chains, and left- and right-side baffles. The positive
rotating Cyperus esculentus digging device is shown in Figure 2; the rotary tillage blade of
the positive rotating operation is used clockwise to harvest Cyperus esculentus.
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Figure 2. The positive-rotating Cyperus esculentus digging device.

To ensure the accuracy of the simulation and field trials, the construction and instal-
lation parameters of the rotary cutter are the same for both positive and counter-rotating
digging devices. In this paper, the rotary tillage blade is arranged in a double-spiral manner
on the counter-rotating Cyperus esculentus digging devices, and the phase angle of the
rotary tillage blade is 45◦. Combined with the Cyperus esculentus planting pattern, the
rotary tillage blade installation spacing is set to 130 mm, and the structural parameters of
the rotary tillage blade are shown in Figure 3.
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2.2. Principle of Positive and Counter-Rotating Harvesting of Cyperus esculentus

For counter-rotation operation, the rotation direction of the blade shaft is opposite
to the rotation direction of the driving wheel of the machine, and the rotary tillage blade
transitions from the operated area to the unoperated area and starts to cut the soil from the
bottom to the ground. Due to the guiding effect of the retainer plate, the Cyperus esculentus
agglomerates are transported backward along the tangential direction of the retainer plate,
and the mechanism of counter-rotation operation of the rotary tillage blade is shown in
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Figure 4a. For positive rotation operation, the rotation direction of the blade shaft is the
same as the rotation direction of the driving wheel of the machine during the positive
rotation operation, and the rotary tillage blade transitions from the unoperated area to the
operated area and starts to cut the soil from top to bottom. The mechanism of rotary cutter
positive rotation is shown in Figure 4b.
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mechanisms of counter-rotation operation, where vm1 is machine advance speed of counter-rotation,
m/s; ω1 is tool shaft rotation speed of counter-rotation, rad/s; S1 is soil cutting pitch of counter-
rotation, mm; d1 is counter-rotating movement of the soil to the cutting thickness, mm; R1 is motion
radius of gyration of counter-rotation, mm. (b) Harvesting mechanisms of positive-rotating, where
vm2 is machine advance speed of positive-rotating, m/s; ω2 is tool shaft rotation speed of positive-
rotating, rad/s; S2 is soil cutting pitch of positive-rotating, mm; d2 is positive-rotating movement of
the soil to the cutting thickness, mm; R2 is motion radius of gyration of counter-rotating, mm.

The rotary tillage blade cutting speed is the main factor affecting the fragmentation of
Cyperus esculentus agglomerates. Combined with the rotary tillage blade under positive
and counter-rotation operation for the Cyperus esculentus cutting process, the rotary tillage
blade tip cutting speed was obtained [29]:{

v1 = vm1
√

1 + λ2 − 2λ sin ω1t
v2 = vm2

√
1 + λ2 + 2λ sin ω2t

(1)

where v1 is positive-rotating cutting soil speed, m/s; v2 is counter-rotating cutting soil
speed, m/s; λ is rotary speed ratio; t is time, s.

The thickness of soil cutting is the main factor affecting the fragmentation of Cyperus
esculentus agglomerates. Combined with the rotary tillage blade under positive and counter-
rotation operation for the Cyperus esculentus cutting process, the thickness of soil cutting
was obtained [29]: 

d1 = 2πvm1
z1ω1

sin
(

λ cos ω1t√
λ2−2λ sin ω1t+1

)
d2 = − 2πvm2

z2ω2
sin
(

λ cos ω2t√
λ2+2λ sin ω1t+1

) (2)

where z1 is the number of blades in the same plane of positive-rotating; z2 is the number of
blades in the same plane of counter-rotating.

Investigating the operation mechanism of a rotary tillage blade for Cyperus esculentus
agglomerates in positive and counter-rotation mode, the main operating parameters af-
fecting rotary tillage blade harvesting are forward speed, rotary tillage blade rotation
speed, and working depth. In order to further analyze the operation law of the positive
and counter-rotation operation mode for Cyperus esculentus agglomerates under different
operating parameters, this paper combines a discrete element simulation test and a soil bin
test for systematic research and analysis.
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2.3. EDEM Modeling
2.3.1. Soil Physical Properties and Discrete Element Modeling

Soil physical characteristics tests were conducted at the Cyperus esculentus planting
base in Minquan County, Henan Province. According to the underground distribution
state of Cyperus esculentus, the soil was divided into four areas, i.e., 0~50 mm, 50~100 mm,
100~150 mm, and 150~200 mm for soil test analysis.

The soil particle size test was carried out using a standard inspection sieve of different
pore sizes (GB/T6003.1), and the test soil was poured into the uppermost standard sieve
and sieved at all levels through standard sieves of different pore sizes. Finally, the soil from
each sieve was collected and weighed with an electronic scale (accuracy of 0.01 g). The
test results showed that the proportion of soil particle sizes ranging from 1.5 to 0.1 mm
was 16.73%, 0.1 to 0.075 mm was 21.97%, 0.075 to 0.05 mm was 29.54%, and ≤0.05 mm
was 31.76%.

In this paper, a soil cutting ring knife with a volume V of 100 cm3 was used to take
several samples in the soil areas of 0–50 mm, 50–100 mm, 100–150 mm, and 150–200 mm.
The mass was measured using an electronic scale to record the total mass m1 as well as the
mass of the ring knife m0, respectively, and the soil density was the ratio of the measured
soil mass to the volume, calculated as shown in Equation (4). The test results are shown in
Table 1.

ρ =
m1 −m0

V
(3)

where ρ is Soil density, g/cm3; m1 is total mass of ring knife and soil, g; m0 is Mass of the
ring knife, g; V is volume of soil, cm3.

Table 1. Soil physical parameters.

Parameters

Depth of Soil

0~50 mm 50~100 mm 100~150 mm 150~200 mm

Field EDEM Field EDEM Field EDEM Field EDEM

Density (kg/m3) 1596 1596 1654 1654 1736 1736 1787 1787
Moisture content (%) 6.5 / 7.8 / 8.5 / 10.5 /

The soil moisture content was influenced by the degree of disturbance of Cyperus esculentus–
soil. The soil moisture content test was carried out using aluminum boxes of mass m2
for soil sampling in different soil layers and weighed using an electronic balance with a
total mass of m3. The soil samples were put into the soil and a 101-3A electric blast dryer
was used for drying until the mass was constant and the mass was recorded as m4. The
calculation formula is shown in equation (4), and the test results are shown in Table 1.

Ht =
m3 −m4

m3 −m2
× 100 (4)

where Ht is soil moisture content, %; m2 is the aluminum box mass, g; m3 is the aluminum
box with wet soil mass, g; m4 is the aluminum box with dry soil mass, g.

In recent years, many scholars have used discrete elements and finite elements for soil
environment simulation to study the operating mechanism of soil and tillage components
in depth [30–33]. The discrete element method treats the soil as consisting of particles with
gaps, allowing the soil particles to move, rotate, and deform, while the soil particle gaps
can be compressed, separated, or slid [34,35]. Ucgul et al. conducted a comparative test
of particle models with 5 mm and 10 mm radii for EDEM soil particles. The test results
showed that the most accurate results were obtained when using smaller particles, but
this significantly increased the computational time [36]. To further improve the simulation
efficiency, this paper treats the soil as a discontinuous discrete medium, sets the soil radius
as 2.5 mm, and also simplifies the discrete element modeling of soil particles by dividing the
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soil model into the following three types: single-grain spherical model, two-grain spherical
model, and lumpy particle model, as shown in Figure 5.
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2.3.2. Cyperus esculentus Discrete Element Modeling

In order to further observe the motion trajectory of Cyperus esculentus during the
simulation, a rigid modeling method was used to reorganize the Cyperus esculentus model.
In order to improve the accuracy of the simulation test and accurately simulate the contact
relationship between Cyperus esculentus and soil, the actual physical characteristics of
Cyperus esculentus were combined to simplify the modeling of Cyperus esculentus. The
friction and entanglement between the Cyperus esculentus root whiskers in the process
of root modeling were ignored, and the primary root system was constructed to form a
discrete element model of the rigid body Cyperus esculentus, as shown in Figure 6.
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2.3.3. Discrete Element Model

The soil particle modeling work in this study was performed using EDEM2020. The
modeling of the contact between two particles consisted mainly of springs, damping, and
friction [37], as shown in Figure 7. The interaction between two particles was modeled by a
linear spring Kn with a constant in the normal direction and a linear spring with a constant
Kt in the tangential direction in series with a friction coefficient u [38]. The equation of the
contact force between the particles is as follows [37,38].

Fn1 =
4
3

E∗
√

R∗δ
3
2
n (5)

{
Ft1 = −Stδt

δt = 8G∗
√

R∗δt
(6)

where Fn1 is the normal force between particles, N; E* is the equivalent Young’s modulus,
Pa; R* is the soil particle model equivalence radius, m; δn is the amount of normal overlap,
m; Ft1 is the tangential force between particles, N; G* is the equivalent tangential modulus,
Pa; St is the tangential stiffness, N/m; δt is the amount of tangential overlap, m.
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To further observe the dynamic interaction relationship between the rotary cutter and
the soil, Hertz–Mindlin with bonding is used as a soil particle contact model in this paper,
which can bond two adjacent soil particles together by bonding force while the bonding
force between the soils can withstand tangential and normal displacements [39,40], as
shown in Figure 8. During the actual field operation, there are adhesion forces between
soil and soil, and there is a forced relationship between the rototiller and soil, and the
model can simulate the bonding action between soil particles and the phenomenon of soil
particle fragmentation.
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When the bonding is formed between soils, the following contact relationships exist
between soil particles [41,42]: 
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j
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where Vn is normal velocity, m/s; Vt is tangential velocity, m/s; kn is normal stiffness, N/m;
kt is tangential stiffness, N/m; A is unit contact area, mm2; J is moment of inertia, mm4; δt
is time step, s.

The bond between soil particles will break when the normal and tangential stresses
reach specific extreme values, and when the bond breaks, the following contact relations
exist [41,42]: {

σmax < −Fn
A + 2Mt

J RB

τmax < −Ft
A + Mn

J RB
(8)

where σmax is normal stress, N; τmax is tangential stress, N; RB is radius of particle bond-
ing, mm.

2.3.4. Discrete Element Simulation Parameters

The discrete element particle material properties and contact parameters between
particles are closely related to the establishment of the discrete element test model. In this
paper, to improve the accuracy and efficiency of the discrete element simulation test, the
parameters required for the simulation test were determined by combining the previous
paper for the determination of the fundamental physical parameters of the soil and by
referring to the relevant literature [43,44], as shown in Table 2.

Table 2. Simulation parameters used in the discrete element method.

Parameters
Depth of Soil

0~50 mm 50~100 mm 100~150 mm 150~200 mm

Density of soil particles (kg/m3) 1596 1645 1736 1787
Poisson’s ratio of soil 0.3 0.3 0.3 0.3
Shear modulus of sand (Pa) 1.0 × 106 1.0 × 106 1.0 × 106 1.0 × 106

Coefficient of restitution, soil–soil 0.33 0.38 0.38 0.41
Coefficient of static friction, soil–soil 0.42 0.45 0.45 0.47
Coefficient of rolling friction, soil–soil 0.35 0.37 0.37 0.39
Density of steel (kg/m3) 7865 7865 7865 7865
Poisson’s ratio of steel 0.3 0.3 0.3 0.3
Shear modulus of steel (Pa) 7.9 × 1010 7.9 × 1010 7.9 × 1010 7.9 × 1010

Coefficient of restitution, soil–steel 0.21 0.23 0.23 0.25
Coefficient of static friction, soil–steel 0.45 0.46 0.46 0.48
Coefficient of rolling friction, soil–steel 0.55 0.57 0.57 0.59
Density of root (kg/m3) 1070 1070 1070 1070
Poisson’s ratio of root 0.56 0.56 0.56 0.56
Shear modulus of root (Pa) 0.93 × 105 0.93 × 105 0.93 × 105 0.93 × 105

Coefficient of restitution, root–steel 0.42 0.43 0.43 0.45
Coefficient of static friction, root–steel 0.13 0.14 0.14 0.17
Coefficient of rolling friction, root–steel 0.04 0.05 0.05 0.07
Coefficient of restitution, root–soil 0.14 0.15 0.15 0.16
Coefficient of static friction, root–soil 0.42 0.44 0.44 0.45
Coefficient of rolling friction, root–soil 0.05 0.06 0.06 0.08

2.3.5. Discrete Element Model for Cyperus esculentus Agglomerates

In order to improve the efficiency and accuracy of the discrete element simulation test
and to meet the actual growth state of the Cyperus esculentus plant, this paper establishes
1800 mm× 1200 mm× 200 mm (length×width× height). The discrete element simulation
model was combined with the actual planting pattern of Cyperus esculentus. Two particle
factories were set up to generate soil and Cyperus esculentus with an interval of 0.02 s. The
parameters for the location of the Cyperus esculentus root system were set with a cubic posi-
tion type, and the spacing of the Cyperus esculentus plant rows was set to 150 mm× 150 mm.
The time the soil particles reached a stable state was 0.3 s and the simulation duration was
4 s. In reference to the relevant literature [2,6,12,35], the Cyperus esculentus planting depth
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is 150~170 mm, harvesting speed is 0.5~0.9 m/s and the rotation speed of the rotary tillage
blade is 270~330 rpm. To improve the accuracy of discrete element simulation tests the
working depth of the rotary tillage blade is 150 mm, the forward speed is 0.5 m/s, and the
rotation speed of the rotary tillage blade is 270 r/min.

In order to compare and analyze the harvesting performance of positive and counter-
rotating Cyperus esculentus under different working parameters, two discrete meta-areas, A
and B, were established and there are the same soil properties in areas A and B. The A area
was divided into four parts vertically, namely Vertical Section 1, Vertical Section 2, Vertical
Section 3, and Vertical Section 4, and the B area was divided into three sections horizontally,
namely Horizontal Section 1, Horizontal Section 2, and Horizontal Section 3 to compare
and analyze the Cyperus esculentus–soil disturbance in A and B areas during the positive
and reverse rotation harvesting process. The discrete element model of Cyperus esculentus
agglomerates is shown in Figure 9.
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2.4. Cyperus esculentus Field Harvesting Test
Test Method

To further validate the operational performance of the Cyperus esculentus counter-
rotating digging device, Cyperus esculentus harvesting operation tests were conducted by
combining theoretical analysis and simulation test results. The field harvesting test of
Cyperus esculentus was conducted in December 2021 at the demonstration base of Qingdao
Agricultural University, Qingdao, Shandong Province, China. In this paper, soil sampling
within 0~200 mm was carried out using a ring knife, soil moisture content, density, and
other parameters were measured for the sampled soil, and the test results are shown in
Table 1. The analysis of the Cyperus esculentus planting pattern was also conducted, focusing
on testing the Cyperus esculentus row spacing, planting depth, etc., as shown in Figure 10.
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planting pattern; (b) experimental soil sampling.

The main field trial instruments included a YDRZ-4L ring knife (Hangzhou Daji
Photoelectric Instrument Ltd., Hangzhou, China), an LD-JS20 Soil hardness tester (Shan-
dong Lainde Intelligent Technology Ltd., Shandong, China), a WKT-M1 soil moisture
meter (Jiangsu Weikite Instruments Ltd.), WT-CF series high-precision electronic scales
(Changzhou Wantai Balance Instruments Ltd., Changzhou, China, matching power: 60 hp),
and a steel frame tape measure (Hunan Maojun Baogong Electronics Ltd., Changsha, China,
range: 0~150 m, accuracy: 1 mm).

A planting area of 50 m in length and 2 m in width was selected for the field harvesting
comparison test of Cyperus esculentus. To ensure the accuracy of the test, the working
parameters of the counter-rotating digging device and the positive-rotating digging device
were kept the same, the rotation speed of rotary tillage blade was 270 rpm, the forward
speed was 0.5 m/s, and the working depth was 150 mm. With the soil fragmentation rate
Y1,the damage rate of Cyperus esculentus Y2 and the buried fruit rate of Cyperus esculentus
Y3 were used as the test indexes for the analysis of the test results, and the test was repeated
five times. The average value of the test results was taken, and the field operation of the
Cyperus esculentus is shown in Figure 11.

Y1 =
ma −mb

ma
× 100% (9)

Y2 =
md

mx + my + mz
× 100% (10)

Y3 =
my

mx + my + mz
× 100% (11)

where ma is the total mass of soil in the whole tillage layer in the test area, g; mb is
the mass of the soil block with the longest side greater than 3 cm in the test area, g;
mx is the mass of Cyperus esculentus tubers on the ground in the test area, g; my is the
mass of Cyperus esculentus tubers buried in the soil in the test area, g; mz is the mass
of Cyperus esculentus tubers harvested from the test area, g; md is the mass of damaged
Cyperus esculentus tubers harvested from the test area, g.
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3. Results and Analysis
3.1. The Analysis of Cyperus esculentus–Soil Movement Behavior in Discrete Element Method
3.1.1. The Analysis of Cyperus esculentus–Soil Movement Behavior in
Counter-Rotation Operation

To further improve the accuracy of the discrete element simulation test, a simplified
model of the parametric mechanism of the Cyperus esculentus digging device was estab-
lished with the premise of ensuring the primary function of the Cyperus esculentus device,
combined with the basic principle of equivalent simplification of the mechanism, and the
counter-rotating device mainly retained the rotary tillage blade shaft and the retaining plate
for the discrete element simulation test. The movement process of Cyperus esculentus under
the operation of a counter-rotating digging device is shown in Figure 12. In order to analyze
the movement direction of soil particles Cyperus esculentus, the particle morphology was set
as a vector in this paper. As shown in Figure 12 a, at 0.5 s, when the rotary tillage blade just
touched the soil, the soil under the Cyperus esculentus agglomerate began to disturb, and
with the compound movement of the rotary tillage blade, the Cyperus esculentus agglomer-
ate was slightly disturbed by the soil and began to move along the tangential direction of
the retaining plate. As shown in Figure 12b, with the continuous counter-rotation operation,
the rotary tillage blade starts to contact the Cyperus esculentus agglomerates in area A. At
this time, the rotary tillage blade moves from the bottom to the top, from far to near, to carry
out the Cyperus esculentus counter-rotation throwing operation. As shown in Figure 12c,d,
with the simulation test, the root system and soil of Cyperus esculentus under different soil
layers in area A moved backward continuously and in an orderly way along the tangential
direction of the retaining plate under the action of the rotary tillage blade, and when the
rotary tillage blade operated in area B, the disturbance process and movement pattern of
Cyperus esculentus roots system and soil was the same as that in area A.
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The degree of fragmentation of Cyperus esculentus agglomerates is an important index
to evaluate the harvesting performance of Cyperus esculentus. Since the movement of
Cyperus esculentus roots system and soil is caused by the movement of the rotary tillage
blade, the movement speed of both can reflect the operation situation in areas A and B
from the side. This paper uses the speed of Cyperus esculentus and soil in areas A and B to
indicate the degree of fragmentation of Cyperus esculentus agglomerates in order to further
analyze the movement mechanism of soil and Cyperus esculentus roots in two areas, A and
B, under the action of a rotary tillage blade from the microscopic perspective. This paper
focuses on the soil and Cyperus esculentus roots disturbance law in areas A and B under
counter-rotation operation, as shown in Figure 13.
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rotation operation.

In area A, the rotary tillage blade first contacts the soil in Vertical Section 4 and Vertical
Section 3, cutting the soil from bottom to top. The degree of Cyperus esculentus agglomerate
disturbance gradually increased under the action of the rotary tillage blade, and the soil and
Cyperus esculentus roots began to be thrown along the tangential direction of the retaining
plate as the rotary tillage blade kept cutting the soil. As the simulation test proceeded, the
soil disturbance in Vertical Section 2 and Vertical Section 1 gradually increased, and the soil
and Cyperus esculentus disturbance in Vertical Section 2 and Vertical Section 3 were better
than the other two areas from the overall perspective. In area B, the rotary tillage blade
acted on three areas at the same time, and the Cyperus esculentus roots and soil gradually
moved along the tangential direction of the retaining plate with the continuous cutting
of the rotary tillage blade. As the simulation experiment continued, the difference in soil
disturbance in Horizontal Section 1, Horizontal Section 2, and Horizontal Section 3 was
not noticeable.

3.1.2. The Analysis of Cyperus esculentus–Soil Movement Behavior in Positive Operation

The movement pattern of the Cyperus esculentus agglomerates under the positive
digging device is shown in Figure 14. As shown in Figure 14a, when the rotary tillage
blade first touches the soil, the soil in the upper layer of the Cyperus esculentus agglomerate
starts to disturb, and with the compound movement of the rotary tillage blade, the layers
of the soil produce a downward movement. As shown in Figure 14b, with the simulation
test, the rotary tillage blade began to contact the Cyperus esculentus agglomerates in area
A. At this time, the rotary tillage blade moved from top to bottom, from near to far, in
turn, forming the Cyperus esculentus digging operation. As shown in Figure 14c, with the
compound movement of the rotary tillage blade, the Cyperus esculentus roots system, and
soil under different soil layers moved backward continuously and in an orderly way along
the tangential direction of the blade tip under the action of the rotary tillage blade. As
shown in Figure 14d, when the rotary tillage blade operated in area B, the disturbance
process and movement pattern of Cyperus esculentus roots system and soil was the same as
that in area A.
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In order to further analyze the movement mechanism of soil and Cyperus esculentus
roots in two areas, A and B, under the action of a rotary tillage blade from the microscopic
perspective, this paper focuses on the soil and Cyperus esculentus roots disturbance law in
areas A and B under positive rotation operation, as shown in Figure 15.
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Figure 15. Analysis of Cyperus esculentus-soil movement behavior in area A and B under positive operation.

In area A, the rotary tillage blade first touches the soil in Vertical Section 1 and
Vertical Section 2, which protrudes along the tangential direction of the blade tip under
the action of the rotary tillage blade. With the continuous cutting of the rotary tillage
blade, the soil and the root system of Cyperus esculentus start to move along the tangential
di-rection of the blade tip. As the simulation experiment proceeded, the soil disturbance
in Vertical Section 3 and Vertical Section 4 gradually increased, and the soil disturbance
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and fragmentation of Cyperus esculentus aggregated in Vertical Section 1 and Vertical
Section 2 were better than the other two areas in general. In area B, the rotary tillage blade
acted on three areas at the same time, and the Cyperus esculentus roots and soil gradually
moved along the tangential direction of the blade tip as the rotary tillage blade kept cutting.
As the simulation experiment continued, the difference in soil disturbance in the three areas
was not noticeable.

3.2. The Analysis of Cyperus esculentus–Soil Disturbance under Positive and
Counter-Rotation Operations
3.2.1. The Analysis of Soil Disturbance under Positive and Counter-Rotation Operations

In order to analyze the soil disturbance pattern in area A under positive and counter-
rotation operations, this paper focuses on the movement of soil within 0.5~3 s, as shown in
Figure 16. The soil disturbance in the counter-rotation operation is shown in Figure 16a.
Between 0.5~0.8 s, the soil disturbance of each layer was close to a stationary state. Between
0.8~2 s, the disturbance degree of each layer began to show a significant change. In
2~3 s, the disturbance degree of each layer of soil gradually decreased, and at 3 s, the
average speed of each layer of soil was 0.25 m/s. The order of soil disturbance in a vertical
direction of counter-rotation operation was Vertical Section 3 > Vertical Section 2 > Vertical
Section 1 > Vertical Section 4, which verifies the conclusions of the previous analysis of
soil movement.
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Figure 16. Soil disturbance in area A in positive and counter-rotation operation. (a) Soil disturbance
in counter-rotation operation; (b) soil disturbance in positive operation.

The soil disturbance in the positive rotation operation is shown in Figure 16b. Between
0.5 and 0.8 s, the soil disturbance in each layer gradually increased, which was caused by
the rotary tillage blade just contacting the soil. Between 0.8 and 1.6 s, with the rotary tillage
blade cutting continuously, the soil disturbance in each layer began to change significantly,
and at 1.6 s, the soil disturbance in each layer reached the maximum. Between 1.6 and 2 s,
the soil disturbance of each layer reached a relatively stable state. Between 2 and 3 s, the
soil disturbance of each layer gradually decreased and finally tended towards a stationary
state. The sequence of soil disturbance in a vertical direction of positive rotation operation
was Vertical Section 1 > Vertical Section 2 > Vertical Section 3 > Vertical Section 4, which
verifies the conclusions of the previous analysis of soil movement.

Compared with the analysis of soil disturbance in area A by positive rotation and
counter-rotation operation, the disturbance intensity and effective disturbance time of soil
by counter-rotation operation are better than that of positive rotation operation.

In order to compare and analyze the soil disturbance law in area B under positive
and counter-rotation, this paper focuses on the movement of soil in 1.5~4 s, as shown in
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Figure 17. The soil disturbance in the counter-rotation operation is shown in Figure 17a.
Between 1.5~1.6 s, the rotary tillage blade had not yet touched the soil in area B, and the
soil was in a stationary state. Between 1.6 and 3 s, as the rotary tillage blade kept cutting
the soil, the disturbance of soil in each layer of area B gradually increased and reached
the maximum at about 2.8 s. Between 3 and 4 s, the movement speed of soil in each layer
gradually decreased and finally tended to 0.25 m/s. The soil disturbance in the positive
rotation operation is shown in Figure 17b. Between 1.5~1.8 s, the rotary tillage blade had
not yet touched the soil in area B, and the soil was in a stationary state. Between 1.8 and
3 s, as the rotary tillage blade kept cutting the soil, the soil in each layer of the B area was
disturbed gradually under the action of the rotary tillage blade and reached the maximum
disturbance at about 2.7 s. Between 3 and 4 s, the movement speed of the soil in each
layer gradually decreased and finally reached a stationary state. Since the rotary tillage
blade acted on the B area at the same time, the difference in soil disturbance in Horizontal
Section 1, Horizontal Section 2, and Horizontal Section 3 was not noticeable.
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Comparing the disturbance of soil in area B by positive rotation and counter-rotation
operation, the disturbance of soil by counter-rotation operation was better than that by
positive rotation. Compared with the positive rotation operation, the counter-rotation oper-
ation for soil disturbance intensity and effective disturbance time increased by 166.67% and
133.33%, respectively.

3.2.2. The Analysis of Soil Disturbance under Positive and Counter-Rotation Operations

In order to compare and analyze the root movement pattern of Cyperus esculentus
in area A under positive and counter-rotation operation, this paper focuses on the root
movement of Cyperus esculentus in 0.5~3 s, as shown in Figure 18. The disturbance of the
Cyperus esculentus in counter-rotation operation is shown in Figure 18a. Between 0.5 and
1 s, the rotary tillage blade did not touch the Cyperus esculentus, but the movement trend
was generated under the disturbance of the soil. Between 1 and 2 s, the soil in each area
was disturbed to different degrees under the cutting of the rotary tillage blade. Moreover,
the Cyperus esculentus started to move. At the moment of 1.8 s, the movement speed of the
Cyperus esculentus in each row reached the maximum, which is consistent with the counter-
rotation action. At 1.8 s, the root velocity of Cyperus esculentus reached the maximum,
which was consistent with the maximum velocity of soil movement in each layer under the
counter-rotation. Between 2 and 3 s, the velocity of Cyperus esculentus was constant because
the Cyperus esculentus was being thrown along the tangent line of the retaining plate under
the action of the rotary tillage blade and soil.
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positive operation.

The disturbance of the Cyperus esculentus in positive rotation operation is shown in
Figure 18b. Between 0.5~1 s, the rotary tillage blade was cutting soil but did not touch
the Cyperus esculentus, and the Cyperus esculentus produced a movement trend under the
disturbance of the soil. Between 1 and 2 s, with the reciprocal movement of the rotary
tillage blade, each layer of soil was disturbed to different degrees under the rotary tillage
blade cutting, and the root system of Cyperus esculentus started to move because the root
system of Cyperus esculentus in row A2 received two groups of rotary cutter disturbance
at the same time, resulting in its movement speed being higher than the root system of
Cyperus esculentus in groups A1 and A3. At 1.6 s, the motion speed of the Cyperus esculentus
in each row reached the maximum, which was consistent with the moment when the
movement speed of each soil layer reached the maximum. Between 2 and 3 s, the movement
speed of the Cyperus esculentus gradually decreased because the soil disturbance ability
of the rotary tillage blade gradually decreased. As the experiment proceeded, the root
velocities of all the roots of the Cyperus esculentus eventually tended to 0 m/s.

Comparing the positive rotation and counter-rotation operation on the root movement
of Cyperus esculentus in area A, the disturbance intensity and effective disturbance time of
the counter-rotation operation were better than those of the positive rotation operation.

In order to compare and analyze the root movement pattern of Cyperus esculentus in
area B under positive rotation and counter-rotation operation, this paper focuses on the
root movement of Cyperus esculentus in 1.5~4 s, as shown in Figure 19.

The disturbance of the Cyperus esculentus in counter-rotation operation is shown in
Figure 19a. Between 1.5~2 s, the movement trend of the Cyperus esculentus is consis-
tent with that of positive rotation excavation. Between 2~3 s, the motion velocity of the
Cyperus esculentus in each region gradually increased under the action of soil motion, and
the motion velocity of the Cyperus esculentus reached the maximum at 2.8 s. Between 3~4 s,
the Cyperus esculentus in each region made a throwing motion along the tangent line of the
retaining plate, and the motion velocity reached a steady state.

The root disturbance of Cyperus esculentus in positive rotation operation is shown in
Figure 19b. Between 1.5~2 s, the root system of Cyperus esculentus gradually produced the
movement trend under soil disturbance. Moreover, between 2~3.3 s, with the compound
movement of the rotary tillage blade, the degree of soil disturbance in each area gradually
increased, and the movement speed of Cyperus esculentus gradually increased under the
action of soil movement, and the movement speed of Cyperus esculentus reached the maxi-
mum at 2.7 s. Due to the root system of Cyperus esculentus, row B2 received two groups of
rotary tillage blade disturbance at the same time, which led to its movement speed being
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higher than that of the B1 and B3 groups of Cyperus esculentus. Between 3.3 and 4 s, the
speed of the Cyperus esculentus decreased due to the decrease of the rotary tillage blade’s
ability to disturb the soil and finally reached a stationary state.
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Figure 19. Cyperus esculentus disturbance in area B in positive and counter-rotation operation.
(a) Cyperus esculentus disturbance in counter-rotation operation; (b) Cyperus esculentus disturbance in
positive operation.

Comparing the positive and counter-rotation operation on the root movement of
Cyperus esculentus in area B, the disturbance of Cyperus esculentus by counter-rotation
operation was better than that by positive rotation. Compared with the forward rotation
operation, the intensity and effective disturbance time of counter-rotation operation on the
Cyperus esculentus increased by 297.78% and 133.33%, respectively.

3.3. The Effect of Different Operating Parameters on the Intensity of Cyperus
esculentus–Soil Disturbance
3.3.1. The Effect of Rotation Speed of Rotary Tillage Blade on the Intensity of Cyperus
esculentus–Soil Disturbance

In order to analyze the dynamic relationship between the rotary tillage blade and the
soil and Cyperus esculentus under different working parameters, this paper systematically
studied the influence of rotation speed of the rotary tillage blade, forward speed, and
working depth on the movement characteristics of the soil and Cyperus esculentus. The
specific working parameters are shown in Table 3.

Table 3. The working conditions in the simulation.

No. Rotary Speed (rpm) Forward Speed (m/s) Working Depth (mm)

1 270 0.5 150
2 300 0.5 150
3 330 0.5 150
4 270 0.5 150
5 270 0.7 150
6 270 0.9 150
7 270 0.5 150
8 270 0.5 160
9 270 0.5 170

Tests 1, 2, and 3 in the table of working parameters were conducted to compare
the rotation speed of the rotary tillage blade on the movement characteristics of the soil
and root system of Cyperus esculentus. The disturbance pattern of rotation speed of the
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rotary tillage blade on soil and Cyperus esculentus in area A is shown in Figure 20. The
disturbance pattern of rotation speed of the rotary tillage blade on soil in area A is shown in
Figure 20a. In the vertical direction, the degree of disturbance of soil and Cyperus esculentus
by positive and counter-rotation operation increases with the increase of the rotation speed
of the rotary tillage blade. For the positive rotation operation, with the increase of rotation
speed of the rotary tillage blade, the soil disturbance intensity increased by 33.33%, 28.89%,
and 21.62% in Section 1, Section 2, and Section 3, respectively, and the soil disturbance
intensity increased significantly to 91.67% in the Section 4 area. For the counter-rotation
operation, the soil disturbance intensity increased by 21.55%, 26.77%, and 32.35% for
Section 1, Section 2, and Section 3, respectively, with the increase of rotation speed of the
rotary tillage blade, and the soil disturbance intensity increased significantly to 123.53% in
the Section 4 area. The disturbance pattern of rotation speed of the rotary tillage blade
on Cyperus esculentus in area A is shown in Figure 20b. The most significant effect of the
rotation speed of the rotary tillage blade variation on the root disturbance intensity of
Cyperus esculentus was in row A2. The disturbance intensity of positive rotation operation
on the root system of Cyperus esculentus increased by 28.85% at A2 and 35.29% at A2 by
counter-rotation operation.
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Figure 20. Effect of the rotation speed of the rotary tillage blade on Cyperus esculentus-soil disturbance
in area A. (a) Soil disturbance in area A; (b) Cyperus esculentus disturbance in area A.

The disturbance pattern of rotation speed of the rotary tillage blade on soil and
Cyperus esculentus in area B is shown in Figure 21. In the horizontal direction, the degree of
disturbance of soil and Cyperus esculentus by positive and counter-rotation increases with
the increase of rotation speed of the rotary tillage blade. The soil disturbance pattern of
rotation speed of the rotary tillage blade in area B is shown in Figure 21a. For positive
rotation operation, with the increase of rotation speed of the rotary tillage blade, Section 1,
Section 2, and Section 3 areas increased by 12.07%, 17.18%, and 12.28%, respectively. For
counter-rotation operation, Section 1, Section 2, and Section 3 areas increased by 13.82%,
17.42%, and 14.40%, respectively. The pattern of rotation speed of the rotary tillage blade on
root disturbance of Cyperus esculentus in area B is shown in Figure 21b. The most significant
effect of the rotation speed of the rotary tillage blade variation on root disturbance intensity
of Cyperus esculentus was in row B2. There was a 27.40% and 29.06% increase in root
disturbance intensity at B2 by positive and counter-rotation operation, respectively.
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The comparative analysis of rotation speed of the rotary tillage blade on the root
and soil disturbance patterns of Cyperus esculentus in areas A and B showed that the
increase in rotation speed of the rotary tillage blade improved the harvesting efficiency of
Cyperus esculentus to some extent.

3.3.2. The Effect of Forward Speed on the Intensity of Cyperus esculentus–Soil Disturbance

Tests 4, 5, and 6 in the table of working parameters were conducted in order to
compare the forward speed on the movement characteristics of soil and root system of
Cyperus esculentus; the disturbance pattern of forward speed on soil and Cyperus esculentus
in area A is shown in Figure 22. The soil disturbance pattern of the rotary tillage blade
forward speed on area A is shown in Figure 22a. With the increase in forward speed, the
degree of disturbance of soil by positive rotation operation gradually decreased, and the
soil disturbance intensity decreased by 12.31% at Section 1. With the increase in forward
speed, the degree of soil disturbance by counter-rotating operation only increased by
5.92% in Section 3. The disturbance pattern of rotary tillage blade forward speed on the
Cyperus esculentus in area A is shown in Figure 22b. The disturbance intensity of the
Cyperus esculentus gradually decreased with the increase of forward speed in the positive
rotation operation and only increased by 7.83% in the counter-rotation operation at A2.
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The disturbance pattern of forward speed on soil and Cyperus esculentus in area B is
shown in Figure 23. The soil disturbance pattern of the rotary tillage blade forward speed on
area B is shown in Figure 23a, the intensity of soil disturbance in Section 2 and Section 3 was
reduced by 12.07% and 12.59% by positive and counter-rotating operations, respectively.
The disturbance pattern of rotary tillage blade forward speed on the Cyperus esculentus in
area B is shown in Figure 23b. The intensity of root disturbance of Cyperus esculentus in
Section 2 and Section 3 was reduced by 16.13% and 7.98% for positive and counter-rotation
operations, respectively.
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The comparative analysis of the forward speed on the Cyperus esculentus and soil
disturbance pattern of Cyperus esculentus in areas A and B showed that the increase in
forward speed reduced the harvesting efficiency of Cyperus esculentus to some extent.

3.3.3. The Effect of Working Depth on the Intensity of Cyperus esculentus–Soil Disturbance

Tests 7, 8, and 9 in the table of working parameters were conducted in order to compare
the working depth for the study of the movement characteristics of Cyperus esculentus
agglomerates; the disturbance pattern of working depth on soil and Cyperus esculentus
in area A is shown in Figure 24. The soil disturbance pattern of the rotary tillage blade
working depth in area A is shown in Figure 24a. With the increase of working depth, the
intensity of soil disturbance in all layers of positive rotation excavation gradually increased
by 20.97%, 23.40%, and 23.68% in Section 1, Section 2, and Section 3, respectively, and
sharply increased by 92.86% in Section 4. The counter-rotating operation increased by
9.72% and 106.67% in Section 3 and Section 4, respectively, although the intensity of soil
disturbance decreased in Section 1 and Section 2.

The disturbance pattern of rotary tillage blade working depth on the Cyperus esculentus
in area A is shown in Figure 24b. With the increase of working depth, the disturbance inten-
sity of positive and counter-rotating operation on the root system of Cyperus esculentus in
area A gradually increased and was most significant at A2, which increased by 18.18% and
10.92%, respectively.
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The disturbance pattern of working depth on soil and Cyperus esculentus in area B is
shown in Figure 25. The pattern of soil disturbance in area B at the working depth of the
rotary tillage blade is shown in Figure 25a. With the increase in working depth, the intensity
of soil disturbance in all layers of the positive rotary operation gradually increased, with
the highest increase of 17.91% in Section 3. The intensity of soil disturbance in Section 1 and
Section 3 decreased with the increase in the working depth of counter-rotating operation but
increased by 21.37% in Section 2. The disturbance pattern of rotary tillage blade operating
depth on the root system of Cyperus esculentus in area B is shown in Figure 25b. With
the increase of working depth, the disturbance intensity of positive and counter-rotating
operation on the root system of Cyperus esculentus in area B gradually increased.
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The comparative analysis of the working depth on the Cyperus esculentus and soil
disturbance pattern of Cyperus esculentus in areas A and B showed that the increase in
working depth improved the harvesting efficiency of Cyperus esculentus to a certain extent.

3.4. The Results of the Field Test

The purpose of the field test was to verify whether the Cyperus esculentus counter-
rotation digging device had the efficient operation, and the test results are shown in Table 4.
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The test results showed that the maximum value of soil fragmentation rate was 94.27%, the
minimum value was 92.48%, the average value was 93.50%, and the maximum value of
Cyperus esculentus damage rate was 1.52%, the minimum value was 1.35%, and the average
value was 1.42%, and the maximum value of Cyperus esculentus buried fruit rate was 1.51%,
the minimum value was 1.28%, and the average value was 1.38% during the operation of
the counter-rotation digging device.

Table 4. The results of the comparative field test of Cyperus esculentus.

No.
Counter-Rotating Excavation Positive-Rotating Excavation

Soil Fragmentation
Rate/%

Damage
Rate/%

Buried Fruit
Rate/%

Soil Fragmentation
Rate/%

Damage
Rate/%

Buried Fruit
Rate/%

1 93.56 1.35 1.28 90.67 1.56 1.37
2 92.48 1.41 1.36 89.96 1.54 1.43
3 93.74 1.45 1.33 88.57 1.61 1.45
4 93.45 1.38 1.42 90.28 1.57 1.56
5 94.27 1.52 1.51 89.67 1.68 1.64

Average value 93.50 1.42 1.38 89.83 1.59 1.49

The maximum value of the soil fragmentation rate was 90.67%, the minimum value
was 88.57%, the average value was 89.83%, and the maximum value of the Cyperus esculentus
damage rate was 1.68%, the minimum value was 1.54%, and the average value was
1.59%, and the maximum value of the Cyperus esculentus buried fruit rate was 1.64%,
the minimum value was 1.37%, and the average value was 1.49% during the operation
of the positive rotation excavation device. Compared with the positive rotation opera-
tion, the Cyperus esculentus counter-rotation soil fragmentation rate increased by 4.09%, the
Cyperus esculentus damage rate increased by 10.69%, and the buried fruit rate increased
by 7.38%.

Compared with the positive rotation operation, the Cyperus esculentus counter-rotation
harvesting operation can improve the soil cutting speed and operational stability and
realize the parabolic movement of Cyperus esculentus–soil along the tangential direction
of the soil guide plate. Meanwhile, it can enhance the degree of disturbance between
Cyperus esculentus and soil, ensure the efficiency of Cyperus esculentus agglomerate frag-
mentation and Cyperus esculentus harvesting efficiency, and meet the basic requirements of
Cyperus esculentus harvesting.

4. Discussion

At present, many scholars have conducted in-depth research on the mechanized harvest-
ing mechanism of Cyperus esculentus to improve the harvesting efficiency of Cyperus esculentus
further. Zhu et al. [2] accurately simulated the breakage of the Cyperus esculentus plant
and the rotating tiller and the plant–soil–rotating tiller discrete element model was con-
structed to conduct simulation tests with power consumption and plant breakage rate
as evaluation indicators. The results showed that the average power consumption of
the IT245P rotary tillage knife was reduced by 13.10%, and the plant breakage rate was
increased by 11.75% compared to the IT245. He et al. [6,12] solved the problems of high
working resistance, low soil breaking rate, and high buried fruit rate in the harvesting
process of Cyperus esculentus and a new rotary tillage knife was designed by combining
EDEM discrete element simulation tests. The results showed that, compared with the
standard rotary tillage knife, the new rotary tillage knife reduced the buried fruit rate of
Cyperus esculentus by 1.2% and increased the soil breaking rate by 1.3%, thus improving the
harvesting efficiency of Cyperus esculentus.

This paper proposed a method of Cyperus esculentus harvesting based on counter-
rotation digging. The mechanism of interaction between the rotary tillage blade and
Cyperus esculentus–soil was systematically investigated, and the vertical and horizontal
disturbance performance of the positive and counter-rotating harvesting methods on soil
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and Cyperus esculentus was compared and analyzed. Compared with the positive rotation
operation, the Cyperus esculentus counter-rotation soil fragmentation rate increased by
4.09%, the Cyperus esculentus damage rate decreased by 10.69%, and the buried fruit rate
decreased by 7.38%. To further verify the advanced state of the test results, combined
with related research [2,6,12,35], a comparative analysis with related studies was carried
out in this paper, and the test results are shown in Table 5. This indicates that the design
of the counter-rotating digging device can further improve the harvesting efficiency of
Cyperus esculentus.

Table 5. The results of comparisons and discussions in the field test.

Type of Excavators Soil Fragmentation Rate/% Damage Rate/% Buried Fruit Rate/%

Counter-rotating excavation 93.50 1.42 1.38
New rotary tillage knife 92.18 / 2.07

IT245P 91.73 1.75 /

5. Conclusions

(1) To study the dynamic relationship between Cyperus esculentus–soil and rotary tillage
blade under positive and counter-rotation operation, a discrete element model of
Cyperus esculentus–soil–rotary tillage blade was established in this paper, and the move-
ment behaviors of soil and Cyperus esculentus were analyzed. The experiments showed
that in the AB area, the disturbance intensity of soil and Cyperus esculentus increased
by 166.67% and 297.78% for counter-rotation operation compared with the positive
rotation operation, and the effective disturbance time for Cyperus esculentus and soil
increased by 133.33% compared with the positive rotation operation, indicating that
counter-rotation operation increased the harvesting efficiency of Cyperus esculentus to
some extent.

(2) This paper systematically analyzed the disturbance law of rotary tillage blade ro-
tation speed, forward speed, and working depth on the root system and soil of
Cyperus esculentus. The test showed that the working depth was the most signifi-
cant for soil disturbance intensity, with the working depth increasing from 150 mm
to 170 mm, the soil disturbance intensity increased by 17.91% and 21.37% for pos-
itive and counter-rotation rotation, respectively. The rotation speed of the rotary
tillage blade was the most significant for the disturbance intensity of the root sys-
tem of the Cyperus esculentus. With the increase of the rotary tillage blade rotation
speed from 270 rpm to 330 rpm, the disturbance intensity of the root system of
the Cyperus esculentus increased by 28.85% and 35.29% for the positive and counter-
rotation operations, respectively.

(3) This paper conducted a comparative field test of Cyperus esculentus harvesting. It system-
atically analyzed the field test results using soil fragmentation rate and Cyperus esculentus
damage rate as the test indexes. The results showed that compared with the positive
rotation operation, the Cyperus esculentus counter-rotation soil fragmentation rate
increased by 4.09%, the Cyperus esculentus damage rate decreased by 10.69%, and the
buried fruit rate decreased by 7.38%.

Author Contributions: Conceptualization, Z.Z. and D.W.; methodology, Z.Z.; software, Z.Z.; val-
idation, Z.Z.; formal analysis, Z.Z.; investigation, Z.Z., Z.C. and N.X.; resources, Z.Z. and X.Z.;
data curation, Z.Z.; writing—original draft preparation, Z.Z.; writing—review and editing, Z.Z.;
visualization, Z.Z. and P.G.; supervision, Z.Z. and Z.G.; project administration, X.H., S.S. and J.H.;
funding acquisition, X.H. and D.W. All authors have read and agreed to the published version of
the manuscript.



Agriculture 2023, 13, 358 24 of 25

Funding: This research was funded by the Autonomous Region Science and Technology Support
Project Plan (Grant NO.2020E02112) and Major Science and Technology Projects in Henan Province
(Grant NO.211100110100) and Natural Science Foundation of Shandong Province Youth Project
(Grant NO. ZR2022QE167).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yang, X.D.; Li, Z.Y. Tiger nut industry in China: Current status of development, potential and adaptive suggestions. Chin. J. Oil

Crop Sci. 2022, 44, 712–717.
2. Zhu, H.; He, X.; Shang, S.; Zhao, Z.; Wang, H.; Tan, Y.; Li, C.; Wang, D. Evaluation of Soil-Cutting and Plant-Crushing

Performance of Rotary Blades with Double-Eccentric Circular-Edge Curve for Harvesting Cyperus esculentus. Agriculture 2022,
12, 862. [CrossRef]

3. Hang, C.; Gao, X.; Yuan, M.; Huang, Y.; Zhu, R. Discrete element simulations and experiments of soil disturbance as affected by
the tine spacing of subsoiler. Biosyst. Eng. 2018, 168, 73–82. [CrossRef]

4. Zhou, H.; Zhang, C.; Zhang, W.; Yang, Q.; Li, D.; Liu, Z.; Xia, J. Evaluation of straw spatial distribution after straw incorporation
into soil for different tillage tools. Soil Tillage Res. 2020, 196, 104440. [CrossRef]

5. Han, L.; Yuan, W.; Yu, J.; Jin, J.; Xie, D.; Xi, X.; Zhang, Y.; Zhang, R. Simulation and Experiment of Spiral Soil Separation
Mechanism of Compound Planter Based on Discrete Element Method (DEM). Agriculture 2022, 12, 511. [CrossRef]

6. He, X.N.; Zhang, X.J.; Zhao, Z.; Shang, S.Q.; Wang, D.W.; Yang, S. Design and Optimisation Tests of Reverse Spin-throwing
Cyperus esculentus Starting Device. Trans. Chin. Soc. Agric. Mach. 2022, 53, 34–43.

7. Ibrahmi, A.; Bentaher, H.; Maalej, A. Soil-blade orientation effect on tillage forces determined by 3D finite element models. Span.
J. Agric. Res. 2014, 12, 941–951. [CrossRef]

8. Zhai, L.; Xu, P.; Zhang, Z.; Li, S.; Xie, R.; Zhai, L.; Wei, B. Effects of Deep Vertical Rotary Tillage on Dry Matter Accumulation and
Grain Yield of Summer Maize in the Huang-Huai-Hai Plain of China. Soil Tillage Res. 2017, 170, 167–174. [CrossRef]

9. Zeng, Z.; Chen, Y.; Zhang, X. Modelling the interaction of a deep tillage tool with heterogeneous soil. Comput. Electron. Agric.
2017, 143, 130–138. [CrossRef]

10. Tamás, K.; Jóri, I.J.; Mouazen, A.M. Modelling soil–sweep interaction with discrete element method. J. Soil. Res. 2013, 134,
223–231. [CrossRef]

11. Fang, H.M.; Ji, C.Y.; Guo, J.; Zhang, Q.Y. Force analysis of rotary tillage knives based on the discrete element method. Trans. Chin.
Soc. Agric. Eng. 2016, 32, 54–59.

12. He, X.N.; Zhang, X.J.; Zhao, Z.; Shang, S.Q.; Wang, D.W.; Yuan, X.W. Design and testing of a discrete element method-based oil
soya bean resistance reduction excavation device. Trans. Chin. Soc. Agric. Mach. 2021, 52, 124–133.

13. Shmulevich, I. State of the art modeling of soil–tillage interaction using discrete element method. Soil Tillage Res. 2010, 111, 41–53.
[CrossRef]

14. Bravo, E.L.; Tijskens, E.; Suárez, M.H.; Gonzalez Cueto, O.; Ramon, H. Prediction model for non-inversion soil tillage implemented
on discrete element method. Comput. Electron. Agric. 2014, 106, 120–127. [CrossRef]

15. Pirchio, M.; Fontanelli, M.; Labanca, F.; Sportelli, M.; Frasconi, C.; Martelloni, L.; Raffaelli, M.; Peruzzi, A.; Gaetani, M.; Magni,
S.; et al. Energetic Aspects of Turfgrass Mowing: Comparison of Different Rotary Mowing Systems. Agriculture 2019, 9, 178.
[CrossRef]

16. Matin, M.A.; Fielke, J.M.; Desbiolles, J.M.A. Torque and energy characteristics for strip-tillage cultivation when cutting furrows
using three designs of rotary blade. Biosyst. Eng. 2015, 129, 329–340. [CrossRef]

17. Jian, J.M.; Chen, H.K.; Hou, S.L.; Zhou, M.; Wang, L.; Tian, J.Y.; Bi, T. A Low Loss Spiral Digging and Vertical Sieve Type Screening
Cyperus esculentus Harvester. China Patent CN216313995U, 13 July 2021.

18. Song, W.; Jiang, X.H.; Li, L.K.; Ren, L.L.; Tong, J. Increasing the width of disturbance of plough pan with bionic inspired subsoilers.
Soil Tillage Res. 2022, 220, 105356. [CrossRef]

19. Scanlan, C.A.; Davies, S.L. Soil mixing and redistribution by strategic deep tillage in a sandy soil. Soil Tillage Res. 2019, 185,
139–145. [CrossRef]

20. Lenaerts, B.; Aertsen, T.; Tijskens, E.; De Ketelaere, B.; Ramon, H.; De Baerdemaeker, J.; Saeys, W. Simulation of grain–straw
separation by Discrete Element Modeling with bendable straw particles. Comput. Electron. Agric. 2014, 101, 24–33. [CrossRef]

21. Songül Gürsoy, S.; Chen, Y.; Li, B. Measurement and modelling of soil displacement from sweeps with different cutting widths.
Biosyst. Eng. 2017, 161, 1–13. [CrossRef]

22. Saunders, C.; Ucgul, M.; Godwin, R.J. Discrete element method (DEM) simulation to improve performance of a mouldboard
skimmer. Soil Tillage Res. 2021, 205, 104764. [CrossRef]

23. Du, J.; Heng, Y.; Zheng, K.; Luo, C.; Zhu, Y.; Zhang, J.; Xia, J. Investigation of the burial and mixing performance of a rotary tiller
using discrete element method. Soil Tillage Res. 2022, 220, 105349. [CrossRef]

http://doi.org/10.3390/agriculture12060862
http://doi.org/10.1016/j.biosystemseng.2017.03.008
http://doi.org/10.1016/j.still.2019.104440
http://doi.org/10.3390/agriculture12040511
http://doi.org/10.5424/sjar/2014124-5766
http://doi.org/10.1016/j.still.2017.03.013
http://doi.org/10.1016/j.compag.2017.10.005
http://doi.org/10.1016/j.still.2013.09.001
http://doi.org/10.1016/j.still.2010.08.003
http://doi.org/10.1016/j.compag.2014.05.007
http://doi.org/10.3390/agriculture9080178
http://doi.org/10.1016/j.biosystemseng.2014.11.008
http://doi.org/10.1016/j.still.2022.105356
http://doi.org/10.1016/j.still.2018.09.008
http://doi.org/10.1016/j.compag.2013.12.002
http://doi.org/10.1016/j.biosystemseng.2017.06.005
http://doi.org/10.1016/j.still.2020.104764
http://doi.org/10.1016/j.still.2022.105349


Agriculture 2023, 13, 358 25 of 25

24. Fang, H.M.; Ji, C.Y.; Chandio, F.A.; Guo, J.; Zhang, Q.Y.; Arslan, C. Analysis of soil movement behaviour during rototilling based
on the discrete element method. Trans. Chin. Soc. Agric. Mach. 2016, 47, 22–28.

25. Tong, J.; Jiang, X.-H.; Wang, Y.-M.; Ma, Y.-H.; Li, J.-W.; Sun, J.-Y. Tillage force and disturbance characteristics of different
geometric-shaped subsoilers via DEM. Adv. Manuf. 2020, 8, 392–404. [CrossRef]

26. Matin, A.; Fielke, J.M.; Desbiolles, J.M.A. Furrow parameters in rotary strip-tillage: Effect of blade geometry and rotary speed.
Biosyst. Eng. 2014, 118, 7–15. [CrossRef]

27. Matin, M.A.; Desbiolles, J.M.A.; Fielke, J.M. Strip-tillage using rotating straight blades: Effect of cutting edge geometry on furrow
parameters. Soil Tillage Res. 2016, 155, 271–279. [CrossRef]

28. Zhao, H.; Li, H.; Ma, S.; He, J.; Wang, Q.; Lu, C.; Zheng, Z.; Zhang, C. The effect of various edge-curve types of plain-straight
blades for strip tillage seeding on torque and soil disturbance using DEM. Soil Tillage Res. 2020, 202, 104674. [CrossRef]

29. Zheng, K.; He, J.; Li, H.W.; Zhao, H.B.; Hu, H.N.; Liu, W.Z. Design and testing of a counter-rotating deep pine combine tiller.
Trans. Chin. Soc. Agric. Mach. 2017, 48, 61–71.

30. Mak, J.; Chen, Y.; Sadek, M. Determining parameters of a discrete element model for soil–tool interaction. Soil Tillage Res. 2012,
118, 117–122. [CrossRef]

31. Ucgul, M.; Saunders, C.; Fielke, J.M. Discrete element modelling of tillage forces and soil movement of a one-third scale
mouldboard plough. Biosyst. Eng. 2017, 155, 44–54. [CrossRef]

32. Xu, G.M.; Xie, Y.X.; Matin, M.A.; He, R.Y.; Ding, Q.S. Effect of Straw Length, Stubble Height and Rotary Speed on Residue
Incorporation by Rotary Tillage in Intensive Rice–Wheat Rotation System. Agriculture 2022, 12, 222. [CrossRef]

33. Ucgul, M.; Saunders, C. Simulation of tillage forces and furrow profile during soil-mouldboard plough interaction using discrete
element modelling. Biosyst. Eng. 2020, 190, 58–70. [CrossRef]

34. Ucgul, M.; Saunders, C.; Li, P.; Lee, S.-H.; Desbiolles, J.M. Analyzing the mixing performance of a rotary spader using digital
image processing and discrete element modelling (DEM). Comput. Electron. Agric. 2018, 151, 1–10. [CrossRef]

35. Zhang, Y.; Liu, J.; Yuan, W.; Zhang, R.; Xi, X. Multiple Leveling for Paddy Field Preparation with Double Axis Rotary Tillage
Accelerates Rice Growth and Economic Benefits. Agriculture 2021, 11, 1223. [CrossRef]

36. Ucgul, M.; Fielke, J.M.; Saunders, C. Three-dimensional discrete element modelling (DEM) of tillage: Accounting for soil cohesion
and adhesion. Biosyst. Eng. 2015, 129, 298–306. [CrossRef]

37. Fan, Y. Research on Potato Digging Mechanism and Bionic Shovel Design Based on Discrete Element Method. Ph.D. Thesis,
Shenyang Agricultural University, Shenyang, China, 2020.

38. Asaf, Z.; Rubinstein, D.; Shmulevich, I. Determination of discrete element model parameters required for soil tillage. Soil Tillage
Res. 2007, 92, 227–242. [CrossRef]

39. Makange, N.R.; Ji, C.; Torotwa, I. Prediction of cutting forces and soil behavior with discrete element simulation. Comput. Electron.
Agric. 2020, 179, 105848. [CrossRef]

40. Tsuji, T.; Nakagawa, Y.; Matsumoto, N.; Kadono, Y.; Takayama, T.; Tanaka, T. 3-D DEM simulation of cohesive soil-pushing
behavior by bulldozer blade. J. Terramech. 2012, 49, 37–47. [CrossRef]

41. Shaikh, S.A.; Li, Y.; Ma, Z.; Chandio, F.A.; Tunio, M.H.; Liang, Z.; Solangi, K.A. Discrete element method (DEM) simulation of
single grouser shoe-soil interaction at varied moisture contents. Comput. Electron. Agric. 2021, 191, 106538. [CrossRef]

42. Potyondy, D.O.; Cundall, P.A. A bonded-particle model for rock. Int. J. Rock Mech. Min. Sci. 2004, 41, 1329–1364. [CrossRef]
43. Rahman, S.; Chen, Y. Laboratory investigation of cutting forces and soil disturbance resulting from different manure incorporation

tools in a loamy sand soil. Soil Tillage. Res. 2001, 58, 19–29. [CrossRef]
44. Qi, J.; An, S.; Kan, Z.; Meng, H.; Li, Y.; Zhao, X. Discrete element-based calibration of simulation parameters of Cyperus esculentus

L. (tiger nut) planted in sandy soil. J. Food Process. Preserv. 2021, 45, 15631. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s40436-020-00318-x
http://doi.org/10.1016/j.biosystemseng.2013.10.015
http://doi.org/10.1016/j.still.2015.08.016
http://doi.org/10.1016/j.still.2020.104674
http://doi.org/10.1016/j.still.2011.10.019
http://doi.org/10.1016/j.biosystemseng.2016.12.002
http://doi.org/10.3390/agriculture12020222
http://doi.org/10.1016/j.biosystemseng.2019.11.022
http://doi.org/10.1016/j.compag.2018.05.028
http://doi.org/10.3390/agriculture11121223
http://doi.org/10.1016/j.biosystemseng.2014.11.006
http://doi.org/10.1016/j.still.2006.03.006
http://doi.org/10.1016/j.compag.2020.105848
http://doi.org/10.1016/j.jterra.2011.11.003
http://doi.org/10.1016/j.compag.2021.106538
http://doi.org/10.1016/j.ijrmms.2004.09.011
http://doi.org/10.1016/S0167-1987(00)00181-1
http://doi.org/10.1111/jfpp.15631

	Introduction 
	Materials and Methods 
	Machine Configuration 
	Principle of Positive and Counter-Rotating Harvesting of Cyperus esculentus 
	EDEM Modeling 
	Soil Physical Properties and Discrete Element Modeling 
	Cyperus esculentus Discrete Element Modeling 
	Discrete Element Model 
	Discrete Element Simulation Parameters 
	Discrete Element Model for Cyperus esculentus Agglomerates 

	Cyperus esculentus Field Harvesting Test 

	Results and Analysis 
	The Analysis of Cyperus esculentus–Soil Movement Behavior in Discrete Element Method 
	The Analysis of Cyperus esculentus–Soil Movement Behavior in Counter-Rotation Operation 
	The Analysis of Cyperus esculentus–Soil Movement Behavior in Positive Operation 

	The Analysis of Cyperus esculentus–Soil Disturbance under Positive and Counter-Rotation Operations 
	The Analysis of Soil Disturbance under Positive and Counter-Rotation Operations 
	The Analysis of Soil Disturbance under Positive and Counter-Rotation Operations 

	The Effect of Different Operating Parameters on the Intensity of Cyperus esculentus–Soil Disturbance 
	The Effect of Rotation Speed of Rotary Tillage Blade on the Intensity of Cyperus esculentus–Soil Disturbance 
	The Effect of Forward Speed on the Intensity of Cyperus esculentus–Soil Disturbance 
	The Effect of Working Depth on the Intensity of Cyperus esculentus–Soil Disturbance 

	The Results of the Field Test 

	Discussion 
	Conclusions 
	References

