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Abstract: Cultivating the soil is a necessary measure to ensure the growth of potatoes, and it has a
significant impact on potato yield. In this study, a soil cultivator with a textured shovel wing was
designed to address the problem that soil cultivators have poor working performance. Based on a
combination of discrete element simulation and a digital soil trench verification test, the effects of the
structure parameters of the surface textures on the traction resistance and soil fragmentation rate of
the soil cultivator with a textured shovel wing were studied. These parameters were optimized to
provide a basis for the design of the soil cultivator. The main research results of this paper are as
follows. (1) The factors influencing the traction resistance of the soil cultivator were as follows: blade
penetration angle > convex hull distance > convex hull diameter. The convex hull diameter was the
main factor affecting the soil fragmentation rate. The traction resistance of the soil cultivator with
a textured wing was reduced by 9.49%, and the soil fragmentation rate was increased by 10.67%,
showing that the quality of soil cultivation was significantly improved. (2) The best parameters for
the texture structure of the shovel wing were a blade penetration angle of 26°, a convex hull diameter
of 34.4 mm, and a convex hull distance of 28.5 mm. (3) The relative errors between the simulation
and the soil trench test for the traction resistance and the soil fragmentation rate were 2.60% and
13.97%, respectively. This study can provide technical support for the design of soil cultivators and is
of great significance in improving the quality of soil cultivators.

Keywords: potato; soil cultivator; surface texture; EDEM simulation

1. Introduction

Soil cultivation during the potato seedling stage is an important measure to improve
the yield and quality of potatoes. The quality of soil cultivation is mainly affected by
the structure and parameters of the cultivator device [1,2]. At present, the types of soil
cultivators in fields include rotary soil cultivators, wall soil cultivators, and spiral soil
cultivators [3]. These devices can be used for potato soil cultivation, but there are problems
such as a low soil fragmentation rate and a high traction resistance when working in heavy
clay soil.

In recent years, the application of bionic and surface processing technology in research
into agricultural soil contact parts has been increasing, and its drag reduction effect has been
clearly proven [4,5]. Yang developed a bionic rotary tillage blade based on the polytoed
structure of the mole, and the power of the tillage device was reduced by about 20% [6].
Matin simulated the toes of the brown bear to improve the shape of the rotary tillage blade,
and the traction resistance of the device was reduced by 14% [7]. Computer simulation can
quickly obtain the optimal structural parameters of devices, and is used by scholars as a
reliable research method in the design of soil contact parts [8,9]. Liu optimized the design
of the potato ridging device based on a simulation model of the contact surface between
earthworms and soil [10,11]. Ucgul established a discrete element simulation model of the
interaction between the soil contact parts and the soil [12,13].
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In summary, the traditional cultivator has a low soil fragmentation rate and a high
traction resistance under heavy clay soil conditions, thus decreasing the yield and quality
of potatoes and increasing the working costs. In this study, a soil cultivator with a textured
shovel wing was designed to address the problem that soil cultivators have poor working
performance. The main working parts of the soil cultivator were the shovel chest with a
semicircular corrugated structure and a wing plate with a convex hull structure, based on
earthworms and rose petals, respectively. Discrete element simulation and a digital soil-bin
test were used to study the influence of structural parameters such as blade penetration
angle, the diameter of the convex hull, and the effect of the convex hull on the soil frag-
mentation rate and traction resistance, with the purpose of designing the optimal structure
parameters for the textured shovel wing to improve the quality of the soil cultivator.

2. Materials and Methods
2.1. The Device of the Soil Cultivator with Textured Shovel Wing

As shown in Figure 1a, the soil cultivator mainly includes the shovel wing, a three-
point hitch mechanism, the frame, and the fixture. The shovel wing is the most important
working part, playing the role of enabling soil loosening and ridge cultivation. The soil
fragmentation rate is used to evaluate the quality of the performance, and the traction
resistance of a soil contact part is a common subject of research. Hence, in this study,
we designed a textured shovel wing to reduce the traction resistance and increase the soil
fragmentation rate, thereby improving the quality of cultivation.

Convex hull

Semicircular [ Structure

Shovel L

wing

corrugated

structure

(a) (b)

Figure 1. The soil cultivator and textured shovel wing structure. 1. Shovel handle; 2. convex hull; 3. wing plate;

4. semicircular corrugation; 5. shovel chest. (a) Soil cultivator; (b) Shovel wing with textured surface. H is the height of

shovel wing, D is the width of shovel wing, o is the soil entry angle of shovel chest.

The shovel wing with a textured surface is shown in Figure 1b, and is mainly composed
of a wing plate with a convex hull, a shovel chest with semicircular corrugation, and a
shovel handle. These structures were based on the papillae of the rose leaf and the convex
ridges of the earthworm. A convex hull and a semicircular corrugated structure were
constructed on the wing plate and the shovel chest of the shovel wing, respectively.

When the soil cultivator with the textured shovel wing is working, as the shovel wing
moves forward the soil will move back along the semicircular corrugation of the shovel
chest to the wing plate, and large clods will be broken up by the action of the convex hull
on the surface of the wing plate. The soil cultivator has the same size as the standard
cultivator: the height of cultivator H = 550 mm, the width D = 480 mm, and the soil entry
angle o = 32° [14].

2.2. The Surface Texture Structure Design of Shovel Wing

The shovel chest has great resistance when cutting the soil, and therefore drag-
reducing designs are used for the shovel chest by researchers. In this study, a semicircular
corrugated structure was designed for the shovel chest to reduce drag. The soil fragmenta-
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tion rate is mainly affected by the wing plate, and therefore the convex hull structure wing
plate was designed to increase the soil fragmentation rate.

(1) The semicircular corrugated structure of the shovel chest

The convex ridge structure of the earthworm body surface can enable improved
reduction of viscosity and resistance in the soil [15,16]. Measurement shows that the
distance between the ribs and grooves of the earthworm is 1.5 mm under static conditions,
and the convex ridge structure has been simplified to a semicircular corrugation, with a
cross-sectional radius R; = 3 mm and a distance between corrugations d; = 15 mm, as shown
in Figure 2.

The convex ridge structure d:

R \

Figure 2. The semicircular corrugated structure of the shovel chest.

(2) The convex hull structure of the wing plate

The papillary structure of rose petal surface can increase its capacity for water ad-
hesion, which is also considered to increase the soil fragmentation rate. The convex hull
structure was used for the surface of the wing plate, with a diameter Ry = 32 mm, a height
h =9.6 mm, and a distance d; = 30 mm, as shown in Figure 3.

Figure 3. The convex hull structure of the wing plate.

The resistance of the textured shovel wing in the horizontal direction of the soil is
related to the contact area of the wing plate and the blade penetration angle of the shovel
chest. In this paper, the blade penetration angle « (as shown in Figure 1a), the convex hull
diameter, the convex hull height-diameter ratio, and the convex hull distance were taken
as the main factors in the experimental research.

2.3. Experimental Method

The textured shovel wing and virtual soil trench digital models were constructed in
EDEM, and the basic parameters were selected from related research literature data [17-19],
as shown in Table 1.



Agriculture 2021, 11, 1039

4of11

E E E |
= i
= S "
A A A ¢
24° 26° 28° 30°

| | i |
W WD WS
P i C =

10 mm 20 mm

Table 1. Simulation model of soil contact parameters.

Parameters Data

Soil trench size (length x width x height)/m 15 x 15 x5

Bulk density of soil/shovel wing/ (kg«m_3) 2600/7865
Poisson’s ratio of soil/shovel wing 0.3/0.3

Shear modulus of soil/shovel wing/Pa 1 x 10°/8.19 x 1010

Restitution coefficient between soil and soil/shovel wing 0.6/0.6

Dynamic friction factor of soil 0.17/0.105

Static friction factor of soil between soil and soil /shovel wing 0.33/0.46

The authors’ previous research results showed that an appropriate contact model
between soil particles is the Hertz-Mindlin model, and the bonding key will break when
the pressure acting on it is higher than the critical value. As shown in Figure 4, the blade
penetration angles were 24°, 26°, 28°, and 30°, the convex hull diameters were 28, 32, 36,
and 40 mm, the convex hull distances were 10, 20, 30, and 40 mm, and the convex hull
height-diameter ratios were 0.2, 0.3, 0.4, and 0.5.

l U \ [}

v

V=

S
28 mm 32 mm 36 mm

30 mm 40 mm 0.2 0.3 0.4 0.5

Figure 4. The textured shovel wing models with different structural parameters.

In addition to the effect of the structural parameters on the traction resistance and
soil fragmentation rate of the soil cultivator, the speed of the device also affects both
these indicators [20]. Therefore, the speed, blade penetration angle, convex hull diameter,
height-diameter ratio, and distance were selected as the experimental factors in the single-
factor simulation test, to analyze and calculate the traction resistance and soil fragmentation
rate. Then, on the basis of the single-factor simulation test, the quadratic regression
orthogonal rotation combined test was used to obtain the multiple regression model and
the best structural parameters for the surface textures.

(1) The traction resistance

When the soil cultivator is working, the shovel wing performs the functions of cutting,
applying friction, and lifting to the soil. The cutting resistance of the shovel chest is the
main force in the horizontal direction of the soil cultivator, and it is an important component
of the tractor’s traction resistance [21]. Therefore, the working resistance was selected as
the test index for increasing the traction performance of the soil cultivator.

(2) The soil fragmentation rate

Potato growth requires a loose and finely fragmented soil environment and ensuring
this environment is an important way to improve the yield and quality of potatoes. The soil
fragmentation rate is often used to characterize the degree of soil fragmentation, and in the
EDEM software, the bond fracture coefficient is generally used as a quantitative evaluation
index [22]. The calculation formula for the fracture coefficient I is:

Np
I=—"t_ x100% 1
N, + N, M)
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where, N, and N, are the numbers of broken and unbroken soil bonds in the work
area, respectively.

According to the Hertz-Mindlin bonding model, the critical stiffness of the soil bond-
ing key is 5 x 107 N/m?, and the critical pressure is 3 x 10° Pa with a radius of 5 mm.
Therefore, when the pressure or stiffness acting on the soil particles is higher than the
critical value during the solution process, the bonding key is considered to break.

3. Results and Discussion
3.1. The Single-Factor Simulation Test

According to the previous analysis, the factors that affected the quality of the soil
cultivator with a textured shovel wing mainly included speed, blade penetration angle,
convex hull diameter, height-diameter ratio, and distance. The basic working and structural
parameters of the single-factor simulation test research were a speed of 1.0 m/s, a blade
penetration angle of 26°, a convex hull height-diameter ratio of 0.3, a convex hull distance
of 30 mm, and a convex hull diameter of 32 mm. The significance of various factors with
regard to the traction resistance and soil fragmentation rate were investigated, providing
the basis for the orthogonal experiment to obtain the optimal parameter combination.

As shown in Figure 5, the single-factor simulation test results showed the following
characteristics. As the speed increased, the traction resistance of the soil cultivator increased
linearly, and the soil fragmentation rate first increased and then decreased. The authors
believe that the soil fragmentation caused by the cultivator mainly occurs for two reasons.
The first is the direct impact and friction of the shovel wing on the soil, and as the speed
increases, the impact force will increase, so the soil fragmentation rate will gradually
increase. This plays a leading role when the speed is low. However, the soil will be
continuously broken in the process of deformation recovery after the cultivator passes,
and the soil fragmentation rate is related to the disturbance range of the shovel wing in the
soil. As the speed increases, the disturbance range will decrease, so the soil fragmentation
rate will gradually decrease. This plays a leading role when the speed is high. In summary,
as the speed of the cultivator increased, the soil fragmentation rate first increased and then
decreased. When the speed was 1.0 m/s, the soil fragmentation rate reached 72.3%.

With an increase in the blade penetration angle, the traction resistance of the soil
cultivator increased linearly, and the soil fragmentation rate increased slowly. The reason
for this is that as the blade penetration angle increases, the contact area between the
shovel chest and the soil increases; therefore, the frictional resistance increases. However,
the larger the blade penetration angle, the more difficult it is for the wing plate surface
to pass, and as the height of the soil being lifted increases, the soil moves further during
the flip process, and more power is needed to flip the soil to both sides of the shovel wing.
As a result, the traction resistance of the soil cultivator continues to increase as the blade
penetration angle increases.

As the convex hull diameter increased, the traction resistance of the soil cultivator first
decreased and then increased. As the convex hull diameter increases, the proportion of
non-smooth surface structure increases, so the traction resistance will gradually decrease,
and when the convex hull diameter reaches a critical value, the soil adhesion effect will
increase, leading to increased traction resistance. The diameter of the convex hull signifi-
cantly affected the soil fragmentation rate: as the diameter of the convex hull increased,
the soil fragmentation rate increased.

With an increase in the height-diameter ratio, the traction resistance of the soil culti-
vator and the soil fragmentation rate remained basically unchanged, indicating that the
height-diameter ratio has little effect on the traction resistance of the soil cultivator and the
soil fragmentation rate.
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Figure 5. The effect of speed and surface texture structure parameters on the traction resistance and soil fragmentation rate.

As the distance of the convex hull increased, the traction resistance of the soil cultivator
first decreased and then increased, but the increase was slow. When the convex hull diame-
ter was fixed (32 mm), as the distance of the convex hull increased from 10 mm to 30 mm,
the non-smooth surface structure of shovel wing was enhanced, so the soil adhesion effect
decreased and the traction resistance gradually decreased. When the distance of the convex
hull was higher than 30 mm, the soil adhesion effect decreased, leading to increased traction
resistance. Therefore, as the distance of the convex hull diameter increased, the traction
resistance of the soil cultivator first decreased and then increased.

In summary, the main factors that affect the quality of the soil cultivator with a
textured shovel wing were the blade penetration angle, the diameter, and the distance of
the convex hull.

3.2. The Quadratic Regression Orthogonal Rotation Combined Test

Three factors, including the blade penetration angle, the diameter, and the distance of
the convex hull were selected, and a three-factor quadratic regression orthogonal rotation
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combined test was carried out. The test indicators were traction resistance and soil frag-
mentation rate. Design-Expert 8.0 software was used to design the test factor level coding
table, as shown in Tables 2 and 3. The traction resistance and the soil fragmentation rate
calculated from each group of tests were recorded, as shown in Table 3. The results of the
analysis of variance are shown in Table 4.

Table 2. The test factor level coding table.

Factor
Level
Diameter A (mm) Blade Penetration Angle B (°) Distance C (mm)
-1 28 26 20
0 32 28 30
1 36 30 40
Table 3. The test result table.
Blade Traction Soil
Group Diameter (mm) Penetration Distance (mm) Resistance ~ Fragmentation
Angle (°) (mm) Rate (%)
1 28 30 30 1071.32 67.67
2 32 30 20 1036.14 68.21
3 28 26 30 933.01 62.10
4 32 26 20 926.94 63.16
5 36 26 30 936.42 70.57
6 32 26 40 948.15 63.88
7 36 30 30 1045.56 70.52
8 28 28 40 993.27 56.77
9 32 28 30 984.02 61.19
10 32 28 30 972.65 62.02
11 32 28 30 981.08 65.57
12 36 28 20 951.21 62.72
13 32 28 30 969.46 60.59
14 32 28 30 987.26 63.40
15 36 28 40 989.55 66.38
16 32 30 40 1065.76 7242
17 28 28 20 969.14 54.90
Table 4. Analysis of variance table.
Root Mean Square F Value p Value
Project Traction Soil Fragmentation Traction Soil Fragmentation Traction Soil Fragmentation
Resistance Rate Resistance Rate Resistance Rate
Model 3514.62 36.79 82.20 8.98 <0.0001 0.0043
A 242.00 103.32 5.66 25.23 0.0489 0.0015
B 28,115.32 45.65 657.60 11.15 <0.0001 0.0124
C 1604.61 13.68 37.53 3.34 0.0005 0.1104
AB 212.72 7.90 4.98 1.93 0.0609 0.2075
AC 50.48 0.80 1.18 0.20 0.3132 0.6716
BC 17.68 3.05 0.41 0.74 0.5406 0.4171

The results of the analysis of variance show that the blade penetration angle was
the most important factor that affected the traction resistance of the soil cultivator with
a textured shovel wing, and the effects of the convex hull distance and the diameter
were also significant. For the effect on soil fragmentation rate, the convex hull diameter
and the blade penetration angle were significant, but the convex hull distance had no
significant effect on the soil fragmentation rate. This is consistent with the results of the
single-factor experiment. The interaction between the three factors had no significant effect
on the indicators.
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The order of the influence on the traction resistance of the soil cultivator with a textured
shovel wing was as follows: blade penetration angle > convex hull distance > convex hull
diameter. The convex hull diameter had a greater effect on the soil fragmentation rate than
the blade penetration angle.

Design-Expert 8.0 software was used to calculate the test results, and the quadratic
polynomial regression equations of the influence of various factors on the traction resistance
(y1) and soil fragmentation rate (y,) were obtained.

y1 =2999.70 + 23.03A — 197.31B — 2.74C — 0.91AB + 0.09AC + 0.11BC — 0.03A% + 4.52B% — 0.03C?

yo = 987.03 + 8.61A — 77.70B — 0.50C — 0.18AB + 0.01AC + 0.04BC — 0.05A2 + 1.49B% — 0.02C>

Using the regression equation, the optimal parameter combination for the surface tex-
tures can be obtained. Combining the selection range of experimental factors, the optimization
goal was to minimize the traction resistance and maximize the soil fragmentation rate.
The objective function is shown in Equation (2).

Y1 = Ymin, Y2 = Ymax

A € (28, 36)
()
B € (26, 30)

C € (20, 40)

The optimal combination of structural parameters for the surface textures was a
convex hull diameter of 34.4 mm, a blade penetration angle of 26°, and a convex hull
distance of 28.5 mm. The simulation test of the optimized results showed that the traction
resistance of the soil cultivator with a textured shovel wing was 913.20 N, and the soil
fragmentation rate was 75.16%.

3.3. Soil Trench Verification Test

According to the optimal parameter combination for the surface textures, the soil
cultivator with a textured shovel wing was manufactured at the Northwest Agriculture
and Forestry University Processing Center, and a soil trench verification test was car-
ried out comparing this with a traditional soil cultivator to verify the accuracy of the
simulation research.

Before the test, the soil in the digital soil trough was prepared as shown in Figure 6c,
and the ridge shape of the structure was sprinkled and compacted. The average soil
moisture content of the 0-20 cm tillage layer in the soil trench was 21.77% (w. b.), the soil
compactness was 841 kPa, and the soil bulk density was 1.12 g/ cm?, which are values
found in clay soil. Figure 6a shows the processed semicircular corrugated structure and
the convex hull structure. As shown in Figure 6b, a traditional soil cultivator and a soil
cultivator with a textured shovel wing were manufactured.

The traditional soil cultivator and the soil cultivator with a textured shovel wing
were installed in the soil trench. The depth of the blade penetration was 120 mm and the
speed was 1.0 m/s. After the soil cultivator entered the stable working area, sampling was
carried out at intervals of 0.3 m (10 locations in total), and the test indicators were measured
and recorded. The traction resistance of the soil cultivator was measured using a force
sensor installed on the suspension frame of the soil trench. The soil fragmentation rate was
calculated with reference to the calculation method in the working quality standard of the
rotary tiller. Each test was repeated three times, and the average value was taken as the
data point.
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(c)

Figure 6. Entity processing and soil trench test of soil cultivator. (a) Semicircular corrugated and convex hull structure;

(b) the traditional soil cultivator and soil cultivator with textured shovel wing; (c) the standard ridge.

Table 5 shows the traction resistance and soil fragmentation rate of the traditional soil
cultivator and the soil cultivator with a textured shovel wing. Scholars generally believe
that a non-smooth surface on the soil contact parts can effectively reduce the adhesion
effect of the soil, thereby reducing the traction resistance. The results show that soil contact
parts with surface textures can reduce the traction resistance by about 14-20%. In this study,
compared with the traditional soil cultivator, the traction resistance of the soil cultivator
with a textured shovel wing was reduced by 9.49%, and the soil fragmentation rate was
increased by 10.67%, indicating that the soil cultivator with a textured shovel wing can
improve the quality while reducing the resistance.

Table 5. Comparison of the traditional soil cultivator and soil cultivator with textured shovel wing.

Project Traction Resistance N Soil Fragmentation Rate %

Soil cultivator w1'th textured 937 58 8736
shovel wing

Traditional soil cultivator 1035.93 78.94

Comparing the simulation results with the soil trench test data, the results show that
the relative errors between the simulation results and the experimental data for traction
resistance and soil fragmentation rate were 2.60% and 13.97%, respectively. This shows
that the accuracy of the simulation results is high, and that this a feasible method for the
study of the interaction relationship between the tillage parts and the soil.

Due to the limitation of the length of the soil bench, the maximum speed of the soil
cultivator was 1.0 m/s, whereas the field operation speed can generally reach about 1.4 m/s.
The simulation results showed that the soil fragmentation rate decreased significantly with
an increase in speed, therefore further work should include research into soil cultivators
under conditions of high speed (1.2-1.6 m/s). In recent years, this technical problem
has attracted more and more scholarly attention, from authors such as Lv Jinqing (2017),
Wang Xuezhen (2018), and others.

4. Conclusions

(1) In this study, a semicircular corrugated structure shovel chest and a convex hull
structure wing plate were designed, based on earthworms and rose petals, respectively,
as prototypes. The results of the soil trench test showed that the traction resistance
of the soil cultivator with a textured shovel wing was reduced by 9.49%, the soil
fragmentation rate was increased by 10.67%, and the quality of soil cultivation was
significantly improved.

(2) The results of the quadratic regression orthogonal rotation combined test showed that
the factors influencing the traction resistance of the soil cultivator with a textured
shovel wing were as follows: blade penetration angle > convex hull distance > convex
hull diameter. The convex hull diameter was the main factor affecting the soil frag-
mentation rate. The optimal combination of structural parameters for the surface
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textures were a blade penetration angle of 26°, a convex hull diameter of 34.4 mm,
and a convex hull distance of 28.5 mm.

(3) The results of the simulation and the soil trench verification test showed that the
relative error between the simulation and the soil trench test for the traction resistance
and the soil fragmentation rate were 2.60% and 13.97%, respectively.
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