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Abstract: Optimizing the working performance of the cutting device for harvesting Chinese little
greens is crucial to reducing energy consumption in cutting and improving cutting quality. To explore
the mechanical characteristics of leafy vegetables in cutting, the dynamic process of cutting Chinese
little greens with a cutter was simulated numerically by using the finite element method based on
theoretical analysis. In the numerical simulation, the response-surface methodology (RSM) and
central composite rotatable design (CCD) were used to describe the influence rule of sliding–cutting
angle (X1), oblique angle (X2), and the average cutting speed (X3) on cutting stress. Then, the stress
distribution pattern produced by the cutting blade and the stalks were evaluated by using different
working parameters. Subsequently, taking the minimum cutting stress as the target value, the best
combination of cutter structure and working parameters were obtained: the sliding–cutting angle
was 29◦, the oblique angle was 38◦, and the average cutting speed was 500 mm/s. At the condition of
optimal parameter combinations, the ultimate cutting stress of the upper cutting blade was 0.95 Mpa
and that of the bottom cutting blade was 0.77 Mpa. A cutting test was carried out by using a bench test
of the cutting performance, and the mechanical properties of cutting at different cutting speeds were
studied. Test results showed that at the optimal cutting speed of 500 mm/s, the cutting stress on the
cutter was relatively small and the cutting effect reached the best value. The finite element simulation
of cutting the little greens reduced the test cost and provided a reference for the development of a
cutting device with low power consumption.

Keywords: cutting system; numerical simulation; response-surface methodology; parameter
optimization; mechanical properties

1. Introduction

Chinese little greens, whose scientific name is non-heading cabbage, are rich in nutri-
ents and are one of the important vegetable varieties in China. With a large planting density
and a short growth cycle, Chinese little greens can be harvested 18–25 days after sowing [1].
However, at present, the harvest of Chinese little greens is still completed manually with
low harvesting efficiency and high work intensity. Mechanized harvesting operation is the
key to solving this problem.

The stress–strain process for cutting failure of the plant stalk fiber layer can be divided
into three stages: elastic deformation, plastic deformation, and shear failure. First, the
cutter presses the stalk to bend and deform elastically. Then, the cutter continues to bend
the stalk to produce plastic deformation and the fiber tensile stress continues to increase.
Then, the fibers near the blade break off and eventually fail. Eventually, the entire fiber
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layer slips and breaks, causing shear damage to the entire stalk [2]. Studies have found that
the mechanical properties during cutting of crop stalks are closely related to the working
parameters of the cutting device [3,4].

Relevant scholars studied cutting characteristics using the quasi-static experimental
method [5]. Cui et al. [6] designed a shear fixture on a universal materials tester, and
selected the blade distance, sliding–cutting angle, skew cutting angle, and shearing angle
as test factors to study the shearing characteristics of lettuce stems, and obtained the
best cutting combination parameters. Zhang et al. [7] also reported similar results in a
shear stress test of a single rice stem, in which the peak cutting force decreased with the
sliding–cutting angle. Esgici et al. [8] used a material testing machine to study the influence
of grapevine diameter and age on the cutting force, and found that the cutting force was
proportional to the vine diameter and age. Du et al. [9] established a mechanical model of
the cabbage cutting process, and studied the influence of sliding–cutting angle and cutting
speed on fracture, and verified and analyzed it through experimental data. In a study of
cutting red bean stalks, the shear stress generated by the 28◦ bevel angle was smaller than
that generated by the 0◦ bevel [10]. Clementson and Hansen [11] showed that the cutting
force of the machete is smaller than that of the chopper in sugarcane harvesting. However,
the quasi-static experimental method cannot fully reflect the cutting characteristics of
crop stalks, and the influence factors such as the motion parameters of the cutting blade
are ignored.

To simulate the actual operation mode of the cutting process, scholars have analyzed
the effect of cutting and feeding speed on the cutting characteristics by developing a stalk-
cutting test bench [12–14]. Johnson et al. [15] conducted an in-depth study on the cutting
energy of the cutting tool under different working parameters and found that the cutting
energy of miscanthus stalk was proportional to the cutting speed. Mathanker et al. [16]
used the same equipment to evaluate the effect of cutting speed and blade bevel on cutting
energy, and found that the specific cutting energy increased with the increasing cutting
speed. The research of Allameh and Alizadeh found that the cutting speed of the shear
parts had a significant impact on cutting energy. When the cutting speed increased from
1.5 to 2.5 m/s, the cutting energy grew by 77%. At the same time, the interaction between
the cutting angle and the bevel angle had a significant impact on the cutting energy [17].
Zhao et al. [18] selected the blade angle, blade shape, cutting speed, and cutting angle
as the test factors and studied the effects of working parameters on power consumption
by means of mathematical statistics on a self-designed testing system, and obtained the
optimal parameter combination for cutting performance of maize stalks under no-support
cutting status.

In general, the cutting process of plant stalks belongs to the category of typical high-
speed collision and penetration. The contact process between the cutting blade and the stalk
forms a randomly nonlinear interaction relationship; hence, it is difficult for traditional
physical methods to analyze the cutting mechanism between them. At present, numerical
simulation technology has become one of the important tools for solving engineering
practice problems [19]. The dynamic simulation analysis can efficiently simulate the non-
linear dynamic contact conditions in stalk cutting, and visualize the force and deformation
conditions during the cutting process. Meng et al. [20] established a simulation model and
studied the influence of working conditions of the circular cutter to determine the best
cutting parameters. Yang et al. [21] established an analytical three-dimensional model of
the cutting system by using the ANSYS/LS-DYNA software f, and provided a reference
for the optimization of the cutter’s parameters and the cutting method. Huang et al. [22]
studied the dynamic characteristics of the reciprocating cutting system, and evaluated the
dynamic response of the cutting system by factors such as cutting speed and inclination
angle by numerical simulation and cutting experiments. Qiu et al. [23] found that numerical
simulation technology could accurately simulate the cutting process of sugarcane stalks,
and analyzed the influence of external and internal factors in the cutting process on the cut-
ting quality, and finally determined the best working parameters based on the simulation
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results and orthogonal experiments. In summary, although most of the existing studies
on numerical simulation of the cutting process of plant stems are focused on the cutting
method of a circular saw blade, it shows that using computer technology can effectively
solve stem-cutting problems.

Research on crop stalk-cutting devices has matured, but related research is mainly
concentrated on sugarcane, hemp, miscanthus, and other crops. Therefore, it is necessary
to study the structural and working parameters of the cutting devices that specially match
with the mechanized harvesting of Chinese little greens.

2. Materials and Methods
2.1. Experiment Influencing Factors and Evaluation Indexes

During the cutting process, the cutter continues to be subjected to nonlinear force
from the plant stalk until the stalk is cut off. The force for cutting plant stalks is the cutting
force, which is closely related to cutting energy consumption. Large cutting resistance will
inevitably cause greater power consumption in cutting. Therefore, the cutting stress on
the cutter is selected as the evaluation index for cutting power consumption and cutting
quality [24,25].

The reciprocating cutting system of the cutting machine includes a drive motor, an un-
derdriving gear set, an eccentric wheel mechanism, a blade holder, and a cutting blade [14].
The reciprocating cutting blade is driven by an eccentric cam mechanism to create a recipro-
cating linear movement with fast cutting frequency and excellent dynamic balance ability
while it is working. Its structure is shown in Figure 1.
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Figure 1. The structure drawing of the reciprocating cutter system: 1—cutter holder; 2—cutter;
3—transmission mechanism; 4—motor.

In order to facilitate the theoretical analysis of the cutting process, it is assumed that
the stalk is a homogeneous body, and the cutting blade is always in the same plane during
the cutting process, regardless of the vibration during the cutting process. When the cutter
first contacts the stalk, the stalk deforms elastically at the contact point. Since the absolute
speed change is large at this time, the cutting resistance rises rapidly. There is a positive
correlation between cutting feed and cutting resistance before reaching the allowable limit.
When this limit is exceeded, the stalk undergoes plastic deformation. The length of the
line contact between the blade and the stalk continues to change, and the cutting force
presents a fluctuating process. At this time, the force of the stalk on the cutter is mainly
horizontal cutting force Fa, vertical cutting force Fp, and inertial force Fn. In addition, V1
and V2 are the cutting speeds of the upper and lower blades, respectively, and β is the
angle of the blade.

In the XY plane, the moving direction of the unit cutting force P is the same as the
contact point of the cutting blade and the stalk. The movement path of the contact point is
a composite of the lateral movement of the cutting blade and the forward movement of the
harvesting machine. The cutting resistance on the cutting blade is the integral of the unit
cutting force in the contact length between the cutter and the stalk (Figure 2b).



Agriculture 2022, 12, 2131 4 of 18
Agriculture 2022, 12, x FOR PEER REVIEW 4 of 18 
 

 

 

Figure 2. Reciprocating cutter-system cutting force diagram: 1—upper cutting blade; 2—bottom 

cutting blade; 3—stalk. 

Therefore, the sliding friction force at the contact point can be decomposed into the 

component forces in the X and Y directions, and the direction is opposite to the relative 

movement direction [23]. For convenience in the analysis, the cutting resistance force 𝐹𝑅 

at the contact point is decomposed into three mutually perpendicular component forces, 

which are the horizontal force  𝐹𝑥  along the cutting direction, the horizontal force  𝐹𝑦 

along the feed direction, and the force 𝐹𝑧 perpendicular to the XOY plane, as shown in 

Figure 2c. Then, the cutting force 𝐹𝑅 is expressed as follows: 

  𝐹𝑅 = √𝐹𝑥
2 + 𝐹𝑦

2 + 𝐹𝑧
2  (1) 

In this study, the smaller vertical component 𝐹𝑧 was ignored, and only the hori-

zontal direction forces 𝐹𝑥 and 𝐹𝑦 were considered. To avoid the effect of the cutting force 

that is changed with the stalk diameter of Chinese little greens, according to previous 

studies, the maximum cutting stress was taken as the evaluation index of the cutting 

property, and the cutting stress 𝜎 was calculated by Equation (2) [6]: 

  σ =
𝐹𝑚𝑎𝑥

𝐴
  (2) 

where the 𝐹𝑚𝑎𝑥 is the maximum cutting force in horizontal direction, N; and A is the 

cross-sectional area of the stalk at the cutting position, mm2. 

The factors that affect the shear stress are the structural and movement parameters 

of the cutter [26–28]. In this study, the three factors, sliding–cutting angle, oblique angle, 

and average cutting speed, were taken as the factors that affect the cutting mechanical 

property was analyzed. 

2.2. Finite Element Modeling and Analysis 

2.2.1. Geometric Model 

The three-dimensional geometric model of the reciprocating cutting system unit was 

established by applying the modeling software SolidWorks. In order to improve the ac-

curacy of the solution and shorten simulation operation time, the cutting system model 

was appropriately optimized, and a cutting unit was extracted for calculating the simu-

lation when constructing the physical model of the cutting system [23,29]. In Figure 3, the 

simulation model includes three parts: the upper cutting blade, the bottom cutting blade, 

and the stalk of Chinese little greens. 

Figure 2. Reciprocating cutter-system cutting force diagram: 1—upper cutting blade; 2—bottom
cutting blade; 3—stalk.

Therefore, the sliding friction force at the contact point can be decomposed into the
component forces in the X and Y directions, and the direction is opposite to the relative
movement direction [23]. For convenience in the analysis, the cutting resistance force FR
at the contact point is decomposed into three mutually perpendicular component forces,
which are the horizontal force Fx along the cutting direction, the horizontal force Fy along
the feed direction, and the force Fz perpendicular to the XOY plane, as shown in Figure 2c.
Then, the cutting force FR is expressed as follows:

FR =
√

F2
x + F2

y + F2
z (1)

In this study, the smaller vertical component Fz was ignored, and only the horizontal
direction forces Fx and Fy were considered. To avoid the effect of the cutting force that is
changed with the stalk diameter of Chinese little greens, according to previous studies, the
maximum cutting stress was taken as the evaluation index of the cutting property, and the
cutting stress σ was calculated by Equation (2) [6]:

σ =
Fmax

A
(2)

where the Fmax is the maximum cutting force in horizontal direction, N; and A is the
cross-sectional area of the stalk at the cutting position, mm2.

The factors that affect the shear stress are the structural and movement parameters of
the cutter [26–28]. In this study, the three factors, sliding–cutting angle, oblique angle, and
average cutting speed, were taken as the factors that affect the cutting mechanical property
was analyzed.

2.2. Finite Element Modeling and Analysis
2.2.1. Geometric Model

The three-dimensional geometric model of the reciprocating cutting system unit
was established by applying the modeling software SolidWorks. In order to improve
the accuracy of the solution and shorten simulation operation time, the cutting system
model was appropriately optimized, and a cutting unit was extracted for calculating the
simulation when constructing the physical model of the cutting system [23,29]. In Figure 3,
the simulation model includes three parts: the upper cutting blade, the bottom cutting
blade, and the stalk of Chinese little greens.
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The cutting blade was regarded as the same integral rigid body, whose features such
as the drive motor and transmission components were omitted, but the oblique angle was
retained. In the modeling of the greens, it grew with no inclination angle to the ground, and
no branches on the stems. The difference between cortex and xylem was ignored. At the
same time, each stem to be cut was assumed to be relatively independent, and there was
no implicated force between the stems. In addition, the gap between the cutting blade and
stem was narrowed as much as possible to reduce the computing time and the amount of
calculation. In Table 1, the primary geometric parameters are listed. The three-dimensional
geometric model of the reciprocating cutting system unit is shown in Figure 3. The model
was saved in Parasolid (*.x_t) format.

Table 1. Primary parameters of the geometric model.

Parameters Values Parameters Values

Tool holder width S/mm 19 Cutter top width E/mm 8
Cutter unit length L/mm 80 Cutter thickness T/mm 2

Cutter edge height H/mm 31 Oblique angle β/◦ 35, 40, 45
Sliding–cutting angle α/◦ 20, 25, 30 Stalk diameter Φ/mm 5

2.2.2. Material Property Parameters

The ANSYS Workbench has a rich database of materials, and structural steel material
was selected as the material for the cutter. The cutting process of the stalk is essentially a
state of penetration destruction, and large deformation and destruction inevitably occur
as the material fails. The model of the stem adopts linear elastic anisotropic material
properties; the constitutive parameters of the materials are shown in Table 2 [30].

Table 2. Main material parameters of the geometric model.

Material Stalk Blade

Density ρ/ kg·m−3 800 7850
Young’s modulus EX/Mpa 20.5 2.0 × 105

Young’s modulus EY/Mpa 20.5 2.0 × 105

Young’s modulus EZ/Mpa 3.5 2.0 × 105

Shear modulus GXY/Mpa 7.88 7.7 × 104

Shear modulus GXZ/Mpa 1.35 7.7 × 104

Shear modulus GYZ/Mpa 1.35 7.7 × 104

Poisson’s ratio µXY 0.35 0.3
Poisson’s ratio µXZ 0.3 0.3
Poisson’s ratio µYZ 0.3 0.3
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2.2.3. Meshing

The ANSYS Workbench contains multiple built-in meshing methods. In this simu-
lation, a hexahedral meshing method was adopted. In order to ensure the accuracy of
the simulation, proper mesh densification was performed on the part where the cutter
contacts during meshing [31,32]. The model element size of the cutter and the stalk were
both 0.8 mm, and the element size of the dense part of the stalk was 0.6 mm. The total
number of elements in the cutting model was 8280 together with 11,842 nodes. The finite
element model meshing is shown in Figure 4.
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2.2.4. Loads and Constraints

Initial conditions and boundary constraints were determined according to actual
working conditions. It was assumed that there was hard soil. The constraint of the ground
on the stalks was assumed to be a cantilever beam constraint. The stalks were constrained in
the X and Z directions at its bottom to limit the displacement in both the X and Z directions.
The speed in the Y direction was given, and then the same speed of the harvesting machine
was simulated. The influence of the mechanical vibration of the cutter during the cutting
process was ignored, and it was assumed that the cutting blade always moves in the
same plane.

The constraint of the cutting blade was the displacement constraint in the fixed Y
and Z directions; that is, the cutting blade only moves in the opposite direction of the X
direction, and the speeds of the upper cutter and the bottom cutter were equal in reverse.
During the cutting process, the interaction between the cutting blade and the stalk belongs
to the category of stab. Hence, the contact type was defined as surface-to-surface erosion
contact. The dynamic friction coefficient between the cutter and the stalk was set to 0.38,
and the static friction coefficient was set to 0.4 [20].

2.3. Orthogonal Test Design

The central–composite test design was adopted [33]. By taking the maximum cutting
equivalent stress σ1 of the upper cutting blade and the maximum cutting equivalent stress
σ2 of the bottom cutting blade as the target value, then the cutting blade sliding–cutting
angle, oblique angle, and the average cutting speed were the three factors used to design
an orthogonal test with three factors and five levels. The sliding–cutting angle is an
important parameter that affects the shape of the blade, which is the angle between the
absolute motion direction and the normal direction of the cutting edge [7]. The larger the
sliding–cutting angle is, the smaller the cutting force, but a sliding–cutting angle that is too
large is not conducive to stable clamping, so its value ranges from 20◦ to 30◦. The oblique
angle is the edge angle of the cutter. If the oblique angle is too small, the service life of the
cutter is reduced, and if it is too large, the cutting resistance is increased. In this paper, the
oblique angle of the cutter ranges from 35◦ to 45◦ [6]. The average cutting speed is the ratio
of a single cutting displacement to the reciprocating movement time of the cutter. It is an
important indicator to measure the cutting performance. Some studies have found that
when the cutting speed is too fast, the cutting resistance increases, obviously, and when the
cutting speed is too small, the cutting motion becomes difficult [20]. Therefore, the average
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cutting speed was set at 300 to 500 mm/s. The test was divided into 20 groups, and the
coding table of test factor levels is shown in Table 3.

Table 3. Levels and codes of experimental variables.

Level

Test Factors

Sliding–Cutting Angle
X1 (◦)

Oblique Angle
X2 (◦)

Average Cutting Speed
X3 (mm/s)

−1.682 16.59 31.59 231.82
−1 20 35 300
0 25 40 400
1 30 45 500

1.682 33.41 48.41 568.18

2.4. Experiment and Methods

In order to verify the accuracy of the numerical simulation results and detect the
cutting effect under the best parameters of the reciprocating cutting system, the cutting
performance experiment was carried out.

The Chinese little greens variety used were Nanjing Yongxin, with a growth cycle of
35 days. The average height of the selected Chinese little greens selected in the experiments
was 180 ± 30 mm, the length of the cutting position was 10 ± 3 mm, and the diameter
of the stalk was 7 ± 2 mm. Before the cutting test, five Chinese little greens roots were
randomly weighed and recorded. They were then dried continuously in an oven for 24 h
(ASABE standard, 2012). The equation for calculating moisture content follows:

M =
ML
MW

× 100% (3)

where M is the moisture content, %; ML is the weight lost, g; and MW is the sample
weight, g.

The leaves of the root were removed, and the whole plant was transplanted into a
seedling tray and fixed. The test sample is shown in Figure 5a. A reciprocating cutting
stress measurement system for the Chinese little greens was built [34]. The test system
was mainly composed of a stalk-feeding device, a cutting device, and a cutting stress
measurement system. The specific working parameters of the test bench are shown in
Table 4.
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Table 4. Parameters of the reciprocating cutting test system.

Parameters Values

Average cutting speed/mm·s−1 0~1500
Reciprocating cutting stroke/mm 30
Average feeding speed/mm·s−1 0~1000

Resistance strain measurement range/Mpa 0~100
Resistance strain gauge sensitivity factor 2.17 ± 1%

Data collection frequency/Hz 500
Data acquisition channel 1~4

The stalk-feeding device includes a frequency converter, an AC motor, a conveyor belt,
and a stalk-fixing seedling tray. The stalk-fixing tray of greens was placed on the center of
the conveyor belt, which was powered by an AC motor to drive the seedling tray forward.
The frequency converter was used to adjust the feeding speed of the stems, and the specific
structure is shown in Figure 6a. The cutting device was fixed on the frame by fastening
bolts, including a controller, a DC motor, a cutter, a transmission device, and a frame.
In operation, the double eccentric wheel mechanism was driven by the stepping motor.
The phase difference between the two eccentric wheels was transmitted to the eccentric
shaft through the reduction gear, thereby driving the upper and bottom blades to make a
reciprocating linear motion. The average cutting speed can be adjusted by the DC motor,
and its structure is shown in Figure 6b. The test system mainly includes a resistance strain
gauge and a DH5902N solid data acquisition system. A set of adjacent blades for each
of the upper and bottom blades was selected, and the surface of the blades was polished
and cleaned. A set of strain gauges at the center of the blades was installed in rectangular
distribution, so that the principal stresses of the blades in the X and Y directions were
collected. The X direction was in line with the cutting direction, and the Y direction was in
line with the stalk-feeding direction. The strain gauge was connected to the data acquisition
system through wiring. It sends the mechanical signals of the cutter to the dynamic signal
acquisition and analysis system for real-time data recording of stress data. The specific
structure is shown in Figure 6c.
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Before the test, stalks with a diameter of 5 mm were selected, and the leaf crown on
the top of the parsley was constructed and fixed on the conveying device. By adjusting the
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distance between the cutting blade and the conveying device by adjusting the fastening bolt
between the blade holder and the frame, the appropriate cutting position was determined.
In the test, start the test system and motor, and adjust the frequency converter to adjust
the control frequency, and keep the stalk-feeding speed at a constant value of 200 mm/s.
The structural parameters of the cutting blade were kept unchanged, but the frequency
operation of the cutting motor was adjusted by controller to obtain different average
cutting speeds. After the various systems of the test bench enter stable operation, the
motor of the conveying device was started [34]. The installation and wiring diagram of
the resistance strain gauge sensor is shown in Figure 7. The sensor collected four sets of
data for the cutting normal stress of the upper and bottom blades in real time, and then
the data were transmitted to the PC terminal after being processed by the dynamic data
acquisition system. Considering that the maximum cutting stress was an influencing factor
that affects cutting power consumption and effect, the maximum cutting stress was taken
as the test result. Each test was repeated three times, and the average value of the ultimate
cutting stress was taken as the reference value and compared with the results of numerical
simulation [24].
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3. Results
3.1. Post-Processing Results and Analysis of Numerical Simulation

After calculating the numerical simulation, the calculation results underwent post-
processing [23]. The equivalent stress distribution cloud diagram was obtained in the
cutting process when the sliding–cutting angle was 20◦, the oblique angle was 35◦, and the
average cutting speed was 300 mm/s. Figure 8 reflects the dynamic change in equivalent
stress during the cutting process. It can be seen from Figure 8a that when t is 0 ms, the
cutting blade and the stalk were out of touch, and the equivalent stress between the cutting
blade and the greens was 0 Mpa. Then the cutting blade moved toward the stalk at
300 mm/s, and contacted the stalk at 25.9 ms. Figure 8b (t = 26.8 ms) shows the cloud
map of the equivalent stress distribution at the initial cutting stage. The cutting blade
compressed the stalk locally to produce significant buckling and plastic deformation, and
the fiber tensile stress continued to increase, and the shear strain exceeded the tensile
strength of the fibers. Hence, the unit was damaged and failed, the fibers of the stalk
broke at the blade edge, and then the cutter gradually cut into the stalk. At this time,
both the upper and bottom cutting blades had stress concentration, and the maximum
equivalent stresses appeared at the contact point on the stalk, which were 0.31 and 0.68 Mpa,
respectively. The sheared part of the stalk showed the maximum equivalent stress, which
was 3.93 Mpa, which was consistent with the actual working conditions. As shown in
Figure 8c (t = 30.3 ms), at the stage of stalk rupture, when the blade cut into about one-half
the diameter of the stalk, and the stem tissues at the tip of the blade were further bent and
deformed, which eventually caused the entire fiber layer to slip and break, resulting in
shear damage to the entire stem. At this stage, stress concentration occurred throughout
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the cutting edge. The reason might be that the stalk exerted greater squeezing and friction
on the cutter at a deeper position. At this time, the cutting cross section had a tendency
to crack, and the surface of the stubble of the cracked part was uneven with poor quality.
Therefore, the relevant cutting parameters should be optimized to reduce this phenomenon.
Figure 8d reflects the process of separating stalks from the stubbles after the cutting was
completed. During this process, the stalks were cut and separated. The stress concentration
of the cutting blade and the stalks gradually disappeared, then reaching the minimum. The
effect force was significantly reduced, but the cutter still had residual stress.
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The equivalent stress curves are shown in Figure 9. It can be seen that the cutting blade
and the stalk contacted each other at about 26 ms, and the cutting operation was completed
at about t = 36 ms. The entire cutting process lasted about 10 ms, during which the cutting
equivalent stress of the process continued to change dynamically, which was consistent
with the actual working conditions of the shearing process. There was no interaction
between the cutter and the stalk after separation; however, since the cutter was still affected
by the residual stress, the stress of the cutter at this stage was not zero. When t = 28.1 ms,
the maximum equivalent stress of the upper cutting blade was 1.05 Mpa. The maximum
equivalent stress of the lower cutting blade occurred at t = 36.6 ms, which was 0.90 Mpa.
The maximum equivalent stress of the cutting blade is much lower than 355 Mpa, which
is the tool material yield limit. It means that the cutter would not undergo significant
plastic deformation.
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Figure 10 shows cloud diagrams for the maximum equivalent stress distribution of the
cutting blade during the cutting process. Taking the description of Figure 10a as an example,
it can be seen that area A, where the upper cutting blade contacts the stalk, received the
greatest reaction stress, and here was the peak value of local stress. In addition, the stress
mainly occurred in the edge area of the cutting blade, which showed that the method and
position of the strain gauges used in this study were reasonable.
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3.2. Orthogonal Test Results and Significance Analysis

According to the test method described in Section 2.2, the numerical simulation of
the cutting orthogonal test was carried out using Design-Expert 10.0.7 software. A total of
20 sets of simulation tests were performed; the test results are shown in Table 5.

Table 5. Design and results of the orthogonal test in numerical simulation.

Test
Number

Test Factors Test Indicators

X1 (α)
◦

X2 (β)
◦

X3 (V)
mm/s

Y1 (σ1)
Mpa

Y2 (σ2)
Mpa

1 0.000 0.000 0.000 1.06 0.83
2 −1.000 −1.000 1.000 1.11 1.02
3 −1.000 1.000 −1.000 1.58 1.65
4 0.000 0.000 0.000 1.07 0.92
5 1.000 1.000 1.000 1.19 1.10
6 1.000 −1.000 1.000 0.90 0.81
7 0.000 0.000 0.000 1.26 0.72
8 −1.000 1.000 1.000 1.48 1.60
9 1.000 −1.000 −1.000 1.17 1.17

10 0.000 1.682 0.000 1.62 1.74
11 0.000 −1.682 0.000 1.25 1.17
12 −1.682 0.000 0.000 1.34 1.31
13 0.000 0.000 −1.682 1.20 1.10
14 0.000 0.000 0.000 1.10 0.96
15 −1.000 −1.000 −1.000 1.05 0.90
16 1.000 1.000 −1.000 1.24 1.17
17 0.000 0.000 0.000 1.08 0.95
18 0.000 0.000 0.000 1.07 0.92
19 1.682 0.000 0.000 1.12 1.10
20 0.000 0.000 1.682 0.99 0.82

The test results were analyzed by multiple regression fitting using Design-Expert
10.0.7 software, and the regression equation between maximum cutting equivalent stresses
and each influencing factor were established. The insignificant terms were then removed.
Regression equations are shown in Equations (4) and (5):

Y1 = 1.11 − 0.08X1 + 0.14X2 − 0.052X3 − 0.067X1X2 + 0.11X22 (4)

Y2 = 0.88 − 0.093X1 + 0.19X2 − 0.061X3 − 0.13X1X2 + 0.10X12 + 0.19X22 (5)

The variance analysis of the regression equation is shown in Tables 6 and 7. According
to the variance analysis of the maximum cutting equivalent stresses Y1 and Y2 of the cutter,
it can be seen that the significance level p values of the two models were both less than 0.01,
indicating that the models were extremely significant. The values for the lack-of-fit items of
the regression model were all greater than 0.05, indicating that the regression model had a
high fitting accuracy. The coefficients of determination R2 for the two models were 90.4%
and 93.9%, respectively, indicating 90.4% and 93.9% of the total variation in the limit cutting
force can be explained by this model, so that both models had high reliability [35–37].
Therefore, the structural and working parameters of the reciprocating cutting system can
be optimized and analyzed by models.

It can be seen from the results of the variance analysis that various factors had different
effects on the indicators. The p value reflected the degree of influence for each parameter
of the regression equation. The smaller p value had more significant effect. The oblique
angle had the greatest influence, followed by the sliding–cutting angle and average cutting
speed, and these three factors were significant items (p < 0.05).
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Table 6. Variance analysis results for Y1.

Source Sum of Squares Freedom Mean Square F-Value p-Value

Model 0.61 9 0.068 10.48 0.0005
X1 0.087 1 0.087 13.43 0.0044
X2 0.26 1 0.26 40.04 <0.0001
X3 0.037 1 0.037 5.75 0.0375

X1X2 0.036 1 0.036 5.63 0.0392
X1X3 0.0098 1 0.0098 1.51 0.2469
X2X3 0.00045 1 0.00045 0.069 0.7975

X2
1 0.016 1 0.016 2.52 0.1437

X2
2 0.16 1 0.16 25.05 0.0005

X2
3 0.0028 1 0.0028 0.44 0.5214

Residual 0.065 10 0.0064
Lack of Fit 0.036 5 0.0071 1.22 0.4149
Pure Error 0.029 5 0.0058
Cor. Total 0.68 19

Table 7. Variance analysis results for Y2.

Source Sum of Squares Freedom Mean Square F-Value p-Value

Model 1.46 9 0.16 17.18 <0.0001
X1 0.12 1 0.12 12.56 0.0053
X2 0.49 1 0.49 51.53 <0.0001
X3 0.051 1 0.051 5.35 0.0433

X1X2 0.14 1 0.14 14.31 0.0036
X1X3 0.031 1 0.031 3.31 0.0990
X2X3 0.0018 1 0.0018 0.19 0.6718

X2
1 0.15 1 0.15 16.36 0.0023

X2
2 0.53 1 0.53 56.20 <0.0001

X2
3 0.0041 1 0.0041 0.44 0.5227

Residual 0.094 10 0.00093
Lack of Fit 0.052 5 0.010 1.21 0.4207
Pure Error 0.043 5 0.0086
Cor. Total 1.56 19

According to Tables 6 and 7, it can be seen that the interaction terms of factor X1 and
X2 had a significant impact on the two indicators (p < 0.05), and the three-dimensional
response surface of the two-factor interaction effect are shown in Figures 11 and 12 [38,39].
The change rate of the test index for the upper cutter and bottom cutter along the factor
X2 direction was faster than that along the factor X1 direction. At the same time, as the
sliding–cutting angle increased, the cutting resistance on the cutter gradually decreased.
The reason is that the cutting has a sliding progression during the cutting process. The
larger sliding–cutting angle of the cutter can make more tangential slip. When the oblique
angle of the cutter was 35~38◦, the stress on the cutter gradually decreased, and then when
the oblique angle continued to increase, the stress on the cutting knife gradually increased.
It can be seen from the contour map that the rate of change in the test index along the factor
X2 direction is faster than for the factor X1, which means that the oblique angle has a more
significant influence on the cutting stress than the sliding angle.
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3.3. Regression Model Optimization

In order to optimize the working parameters of the reciprocating cutting system, the
maximum cutting stress of the upper cutter and the bottom cutter were set as the optimal
object, and the optimization model was established as follows:

f = minY1
f = minY2

20◦ ≤ X1 ≤ 30◦

35◦ ≤ X2 ≤ 45◦

300 mm/s ≤ X3 ≤ 500 mm/s

(6)

The model was optimized by using Design-Expert 10.0.7 software’s data optimization
module, Optimization and the optimal cutting parameter combination for the reciprocating
cutting system of greens was obtained: sliding–cutting angle was 29◦, oblique angle was
38◦, and average cutting speed was 500 mm/s. The maximum equivalent stress in cutting
of the upper cutter and the bottom cutter is the minimum value, and their predicted values
are 0.95 and 0.77 Mpa, respectively.

3.4. Analysis of Cutting Performance Test Results

The root moisture calculated by Equation (3) was 88.7% ± 2.1%, and the difference in
moisture content between samples was small, indicating that the root moisture content had
little effect on the test results. In order to verify the accuracy of the numerical simulation
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results and the actual cutting effect, the cutting performance test was carried out according
to the equipment and methods described in Section 2.4.

The resistance strain gauge collected normal stress of both blades and obtained four
sets of data. Figure 13 shows the maximum normal cutting stress results when the
sliding–cutting angle is 29◦, the oblique angle is 38◦, and the average cutting speed is
300, 400, and 500 mm/s. In three sets of physical tests, the maximum cutting stress in the X
direction of each group is less than the maximum cutting stress in the Y direction, which is
consistent with the numerical simulation results. As the average cutting speed decreases,
the maximum cutting stress shows an increasing trend, and the test index is the minimum
when the average cutting speed is 500 mm/s. The physical test verifies the reliability of the
test platform. The parameters of the Chinese little greens cutting device were optimized.
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4. Discussion

The cutting mechanical properties of the stalks of Chinese little greens were inves-
tigated by numerical simulation technology, and then the optimal cutting combination
parameters were obtained. Finally, the simulation results were verified to be sensitive and
reliable by physical experiments. The results of this study showed that the sliding–cutting
angle, oblique angle, and the average cutting speed all had a significant effect on the
maximum cutting stress, and the optimal cutting combination parameters were 29◦, 38◦,
and 500 m/s, respectively. Results indicated that dynamic simulation techniques are simple
and effective compared to traditional physical testing methods.

We found that the oblique edge angle had the most significant effect on the maximum
cutting stress, reaching the optimum value at 38◦. When the oblique angle was 35~38◦,
the cutting stress was proportional to the oblique angle. This is because the squeezing
and rubbing effect of the stalk fibers on the cutter become stronger when the blades are
gradually cut into the stalk, and the resistance of the cutting blade to destroy the stalk fibers
increases, so stress concentration is prone to occur. Furthermore, the cutting stress was
inversely proportional to sliding angle. This result is comparable to the results of the study
by Cui et al. [6] and Zhang et al. [7], which proved that the stalk of Chinese little greens has
similar cutting mechanical properties to that of lettuce and rice. However, a sliding angle
that is too large will cause problems such as unstable clamping and cutting failure. The
cutting stress is smaller for high-speed cutting progress, and it was in agreement with millet
stalk [40]. In addition, the cutting power consumption was proportional to the cutting
speed in some studies [15,18]. This result may be due to the inconsistent physical properties
of apple tree branches and greens. It also may be because the cutting-stress speed curve is a
U-shaped curve. When cutting progresses at low speed, the cutting blades generate impact
kinetic energy, and the impact force at the moment of contact with the stalk will cause the
fiber structure to rupture and reduce the cutting resistance. When a certain threshold is
reached, however, the cutting stress increases with the increase in cutting speed.



Agriculture 2022, 12, 2131 16 of 18

However, it is worth noting that the explicit dynamic analysis technology still has
certain limitations, such as an inability to realize the simulation of continuous and recipro-
cating cutting progress, which has a certain error with the actual operating conditions. In
addition, mechanical vibration during cutting also affects simulation accuracy. Considering
the short harvest period for vegetables and the cultivation mode of facility agriculture, the
effect of constitutive parameters among plant materials, such as differences in moisture
content on cutting resistance, was also not considered in this study. Further studies would
help to optimize cutting parameters according to material constitutive parameters.

5. Conclusions

A simulation model of the cutting system for Chinese little greens was established, and
the influence law of the working parameters of the cutting device on cutting characteristics
was studied. The optimal cutting parameters were obtained by using the method of
combining numerical simulation and orthogonal experiment. The result showed that
significant influence on the maximum cutting stress was related, in decreasing order, to
the oblique angle, the sliding–cutting angle, and the average cutting speed. The ultimate
cutting equivalent stress of the upper cutting blade was 0.95 Mpa, and that of the bottom
cutter was 0.77 Mpa, at the condition of optimal parameter combinations. Physical tests
of stalk cutting showed that the test index was the smallest under the optimal parameter
combination. The optimal parameter combination of the cutter in tests significantly reduces
the cutting resistance, which provides a reference for the optimization of the cutting device
for the Chinese little greens.
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