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Abstract: In response to the unclear issue ofwhether the dynamic cutting performance and structural
parameters of an industrial hemp blade, which was developed earlier based on the bionic prototype
of the batocera horsfieldi, can be optimized in actual working conditions, this paper analyzes the ef‑
fective clamping conditions of a reciprocating double‑acting cutting blade for stalks and the cutting
motion. To investigate the effect of different structural and motion parameters, as well as their inter‑
actions, of the bionic blade on cutting energy consumption, bionic bladeswith different combinations
of tooth pitch and tooth angle were designed. A Box–Behnken response surface method with three
factors and three levels was used to design an experimental scheme. Utilizing rigid‑flexible coupling
numerical simulation technology, numerical simulation experiments were conducted to investigate
the cutting performance of industrial hemp stalks using the blade. A regression model for cutting
energy consumption was established, and variance analysis indicated that tooth angle, speed ratio,
and the interaction between tooth angle and speed ratio had an extremely significant effect on the re‑
gression model. The primary and secondary orders of factors affecting cutting energy consumption
were determined to be: speed ratio > tooth angle > tooth pitch. Through optimization, the optimal
parameter combination was found to be a blade tooth pitch of 6.61 mm, a tooth angle of 30◦, and a
speed ratio of 1.62. Under these conditions, the cutting energy consumption was 3947.99 mJ. The op‑
timized parameters were verified through numerical simulation cutting experiments, and the results
showed that the error compared with the optimization results was only 8.16%. This indicates that
the optimization results have high credibility and further verifies the reliability of the model. This
study can provide a reference for the development of cutting devices for industrial hemp harvesters
and the selection of motion parameters.

Keywords: industrial hemp; bionic blade; cutting energy consumption; numerical simulation;
parameter optimization

1. Introduction
Industrial hemp, also known as Cannabis sativa L., refers to a non‑psychoactive variety of

cannabis with a THC (tetrahydrocannabinol) content of less than 0.3% [1–3]. Due to its low
THC content, it lacks drug‑related value, but its fibers are highly resilient, moisture‑absorbent,
breathable, antibacterial, and radiation‑resistant, so it is widely used in various fields, such
as textiles, papermaking, environmental materials, and military equipment [4–7]. In recent
years, with themedicinal value of industrial hemp extract cannabidiol (CBD) in anti‑tumor,
neuroprotection, metabolism, and immune regulation being discovered, more and more
countries and regions have announced the legalization of industrial hemp, and the indus‑
trial hemp industry is rapidly developing [8,9], gradually becoming a new global industry
hotspot [10].

Harvesting is a crucial step in the industrial hemp production process. However, due
to the lack of mature harvesting equipment, current industrial hemp harvesting in China
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still relies on traditional manualmethods, which are labor‑intensive, inefficient, and costly,
making it difficult to meet the demands of modern hemp production. In recent years, the
research and development work of industrial hemp harvesters have been carried out by
the author’s team [11]. However, due to the lack of specialized cutting blades with high
adaptability, the harvester can only use reciprocating blades from traditional rice and corn
harvesters. Compared to crops, such as rice, wheat, corn, and flax, industrial hemp plants
are taller and sturdier, with tough and strong hemp fiber and hard woody stalks. The
traditional blades from rice and wheat harvesters are no longer suitable for the cutting
requirements of hemp stalks, which has led to high cutting energy consumption, severe
fiber tearing, low stalk cutting rate, and issues, such as fiber wrapping, stalk blockage, and
high machine failure rate, during harvesting operations. Therefore, cutting has become a
bottleneck issue that urgently needs to be addressed in the field of industrial hemp har‑
vesting [12].

To address the bottleneck issue of poor cutting quality, the author utilized the
biomimetic approach in the early stage, taking the batocera horsfieldi, a common pest with
excellent biting and cutting performance in hemp fields, as the bio‑inspired object. They
designed industrial hemp harvester bionic blades based on the structural characteristics
of the batocera horsfieldi’s mouthpart palates. Comparative experiments were conducted
between the bionic blades and conventional rice and wheat harvester blades for single
stalk cutting performance. The results showed that compared to conventional blades, the
average maximum cutting force and cutting power of the bionic blades were reduced by
7.4% and 8.0%, respectively, and the cutting residues were more even. The bionic blades
demonstrated superior cutting performance [12]. However, this study only focuses on the
horizontal comparison of cutting performance between two types of blades, bionic and or‑
dinary, and the experimental method only involves single stalk cutting at low speed (load‑
ing speed of 25 mm/min) using an electronic universal testing machine. It is still unclear
how the dynamic cutting performance of the blades will be in actual operating conditions,
and whether the blade structure can be further optimized, which requires further research.

Cutting is a complex process of interaction between rigid blades and flexible stalks,
which is difficult to study theoretically. The use of numerical simulation technology can
establish a visual virtual cutting environment and provide guidance for the development
of cutters [13]. Relevant studies are as follows: Huang H. et al. used Ansys/LS‑Dyna to
simulate and analyze the sugarcane cutting process, and they determined the maximum
stress values and distribution positions of the blade and sugarcane [14]. Qiu M. et al. uti‑
lized numerical simulation techniques to investigate the blade motion and stress wave
propagation patterns during the sugarcane cutting process, revealing the mechanism of
sugarcane cutting [15]. Yang W. et al. simulated the forces acting on the surface of the
sugarcane blade and root system using a finite element and SPH coupling method [16].
Xue Z. combined the constitutive model parameters of cassava stem and used ANSYS to
carry out numerical simulation analysis of the circular cutter cutting cassava stem, analyz‑
ing the stress, deformation, and damage to the cassava stem under different cutter struc‑
tural parameters, providing reference for the optimization design of the cutter [17]. Meng
Y. et al. conducted an explicit dynamic simulation based on Ansys/LS‑Dyna on the pro‑
cess of saw cutting mulberry branches, analyzed the interaction process between the saw
blade and mulberry branches, and optimized the structural parameters of the saw blade
through virtual cutting experiments [18]. Similar research has also been carried out in ar‑
eas, such as sugarcane topping [19], soybean [20], tomato [21], cotton [22], chrysanthemum
stalks [23,24], and wood cutting [25]. The above studies show that numerical simulation
methods represented by the finite element method can intuitively and quantitatively ana‑
lyze the dynamic cutting mechanical properties of the blade on the stalk, and can provide
an effective method for the development of low‑energy‑consumption crop stalk blades.

Considering this, this study will use numerical simulation technology to conduct nu‑
merical simulation experiments on blade cutting under different blade structure parame‑
ters and motion parameters, in order to determine the optimal parameter combination for
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industrial hemp stalk cutting and provide a reference for the development of industrial
hemp harvester cutters.

2. Overall Structure and Working Principle of Industrial Hemp Harvester
The industrial hemp harvester is mainly composed of components, such as a divider,

a cutting platform frame, a lateral conveying device (with three layers of conveying chains),
a cutting device, a longitudinal conveying device, a stalk collection bin, and a chassis. The
overall structure is shown in Figure 1, and the cutting device is illustrated in Figure 2.
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Figure 1. Overall structure andworking principle of industrial hempharvester. 1. Divider; 2. cutting
platform frame; 3. lateral conveying device; 4. cutting device; 5. chassis; 6. stalk collection bin;
7. longitudinal conveying device.

Agriculture 2023, 13, x FOR PEER REVIEW 3 of 13 
 

 

numerical simulation methods represented by the finite element method can intuitively 

and quantitatively analyze the dynamic cutting mechanical properties of the blade on the 

stalk, and can provide an effective method for the development of low-energy-

consumption crop stalk blades. 

Considering this, this study will use numerical simulation technology to conduct 

numerical simulation experiments on blade cutting under different blade structure 

parameters and motion parameters, in order to determine the optimal parameter 

combination for industrial hemp stalk cutting and provide a reference for the 

development of industrial hemp harvester cutters. 

2. Overall Structure and Working Principle of Industrial Hemp Harvester 

The industrial hemp harvester is mainly composed of components, such as a divider, 

a cutting platform frame, a lateral conveying device (with three layers of conveying 

chains), a cutting device, a longitudinal conveying device, a stalk collection bin, and a 

chassis. The overall structure is shown in Figure 1, and the cutting device is illustrated in 

Figure 2. 

 

Figure 1. Overall structure and working principle of industrial hemp harvester. 1. Divider; 2. cutting 

platform frame; 3. lateral conveying device; 4. cutting device; 5. chassis; 6. stalk collection bin; 7. 

longitudinal conveying device. 

 

Figure 2. Structure diagram of the cutting device. 1. Hydraulic motor; 2. sprocket drive device; 3. 

eccentric disc; 4. articulated bearing components; 5. connecting arm; 6. blade-fixing rod; 7. blade. 

The working principle is as follows: During operation, the divider separates the 

intertwined upper part of the hemp stalk and transfers it to the rear lateral conveying 

device. At the same time, the cutting device located in the lower part of the cutting 

platform cuts off the bottom part of the hemp stalk. The severed hemp stalk is pushed by 

the lateral conveying device towards one side of the cutting platform. When the stalk 

reaches the end of the cutting platform, it turns and enters the longitudinal conveying 

7 6

54

3

2

1

1

2

3

4 5

67

1

3

4

5
6 7

2

1

2

3

4

5
6 7

Figure 2. Structure diagram of the cutting device. 1. Hydraulic motor; 2. sprocket drive device;
3. eccentric disc; 4. articulated bearing components; 5. connecting arm; 6. blade‑fixing rod; 7. blade.

The working principle is as follows: During operation, the divider separates the inter‑
twined upper part of the hemp stalk and transfers it to the rear lateral conveying device.
At the same time, the cutting device located in the lower part of the cutting platform cuts
off the bottom part of the hemp stalk. The severed hemp stalk is pushed by the lateral con‑
veying device towards one side of the cutting platform. When the stalk reaches the end
of the cutting platform, it turns and enters the longitudinal conveying device. Finally, the
longitudinal conveying device transports the hemp stalk to the stalk collection bin. When
the stalk collection bin is full, it is manipulated to tilt and unload the collected hemp stalk.
The cutting device is driven by a hydraulic motor, and power is transmitted through a
sprocket drive to rotate an eccentric disc. The crank‑connecting rodmechanism, composed
of the left and right eccentric discs and articulated bearing components, converts the ro‑
tary motion into linear reciprocating motion, thereby achieving the reciprocating cutting
of the blade.
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3. Stalk Cutting Theoretical Analysis and Bionic Blade Design
3.1. Analysis of Cutting Force on Reciprocating Double‑Acting Blade

For the reciprocating double‑acting blade, the premise for ensuring effective cutting
is that the blade should be able to firmly clamp the stalk and not slip. The force analysis
of the blade when cutting hemp stalks is shown in Figure 3.
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Figure 3. Analysis of cutting force. Note: an arrow indicates the direction of the blade’s motion.

When the left and right blades simultaneously move towards the center for cutting,
the hemp stalk tends to slide forward due to the squeezing force of the blade. At the contact
pointsM andN between the blades and the stalk, the stalk is subjected to normal compres‑
sion force Fn and frictional force Ff along the direction of the blade, and the resultant force
is F. The angle between the normal force Fn and the resultant force F is the friction angle θ,
which can be expressed by the following equation:

Ff = Fn tan θ (1)

According to the force balance condition, the critical equilibrium condition for the
stalk to be clamped and not slide is that themagnitude of the resultant force F at the contact
points M and N between the blades and the stalk is equal and opposite, and they are on
the same line. At this point, the cutting angle α of the blade is equal to the friction angle
θ, which indicates that the condition for the stalk to be stably clamped by the blade is that
the cutting angle of the blade is less than or equal to the friction angle, i.e.,

α ≤ θ (2)

The cutting angleα of the reciprocating cutting blade designed in this study is 19◦ [12].
It is known that the friction angle between the blade and the agricultural crop stalk is
generally greater than 34◦ [26] (p. 913), which means that the blade satisfies the condition
of effective clamping and no slippage.

3.2. Cutting Motion Analysis
The reciprocating cutter is driven by a crank‑rocker mechanism. Compared with a

single‑acting cutter, the cutting stroke S of the double‑acting blade can be reduced by half
after one cutting, that is,

S = b/2 = 2r (3)

where b is the blade width and r is the crank radius.
The movement of the blade of a reciprocating cutter driven by a crank‑link mecha‑

nism can be approximated as intermittent motion. The displacement x, velocity v, and
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acceleration a of any point on the cutting edge are variable (as shown in Figure 2) and can
be expressed by the following equations:

x = −r cos ωt

v = rω sin ωt = ω
√

r2 − x2

a = rω2 cos ωt = −ω2x
(4)

In the equation, ω represents the angular velocity of the crankshaft, measured in rad/s,
and t represents the time elapsed since the crankshaft passed through the left dead point,
measured in s.

According to Equation (4), the following formula can be obtained:

v2

(rω)2 +
x2

r2 = 1 (5)

It is known that there is an elliptical equation between the movement speed v and the
displacement x of the blade. When x = 0, the blade’s movement speed is at its maximum,
and at this time, vmax = rω. When x = ± r, that is, when a certain point on the cutting edge
is in the extreme left or right position of the blade, the blade’s movement speed is at its
minimum and the acceleration is at its maximum. At this time, v = 0 and vmax = rω2.

A schematic diagram of the cutter movement is shown in Figure 4.
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The average cutting speed of the blade is generally expressed by the ratio of the cutting
distance S to the time t taken to complete a cutting stroke, which is represented by vp. The
formula for vp is:

vp =
nS
30

× 10−3 =
rn
15

× 10−3 (6)

Referring to the average cutting speed range of reciprocating blades for a ramie har‑
vester [27], and taking its middle value, i.e., vp = 1.5 m/s, the crank rotation speed n can be
found to be 1181.1 r/min.

3.3. Bionic Blade Design
To facilitate the comparative study of the effects of different tooth pitch and tooth an‑

gle of bionic blades on cutting energy consumption, three‑times the size of the biomimetic
prototype (mouthparts palate of batocera horsfieldi) dimensions, i.e., 5.0 mm, 7.5 mm, and
10 mm, are used as tooth pitch sizes, and the mouthparts palate of batocera horsfieldi
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is shown in Figure 5. The biomimetic principle involves using MATLAB image process‑
ing software to extract boundary point data of the arc‑shaped contour of the mouthparts
palate of batocera horsfieldi. After the extraction of the boundary points, curve fitting is
performed on these points, and the fitted curve is then used as the design for the blade
edge of the cutting blade [12]. For each tooth pitch, three tooth angles of 0◦, 15◦, and 30◦
are set for the blades. As a result, there are nine different combinations of blades with dif‑
ferent tooth pitches and tooth angles. The different types of blades are shown in Figure 6,
with their respective tooth pitch and tooth angle parameters listed in Table 1.
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Table 1. Blade structure dimension parameter table.

Blade Code Tooth Pitch A/mm Tooth Angle B/◦

a 5.0 0
b 5.0 15
c 5.0 30
d 7.5 0
e 7.5 15
f 7.5 30
g 10 0
h 10 15
i 10 30

Notes: A represents the tooth pitch; B represents the tooth angle.
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4. Numerical Simulation and Analysis of Cutting Tests with Blade–Stalk Coupled
Display of Dynamic Kinetics
4.1. Cutting Simulation Process and Determination of Material Parameters

The process of the numerical simulation of cutting experiments for the nonlinear dis‑
play dynamics of the rigid–flexible coupling of the blade and hemp stalk is as follows:
Based on the measured size of the industrial hemp stalk (stalk diameter of 18 mm), an
industrial hemp stalk model is built in PTC Creo software. Different structural parame‑
ter bionic blade 3D models are designed and constructed, and the bionic blade and stalk
models are assembled according to the actual cutting relationship. After determining the
cutting relationship, the blade–hemp stalk 3D model is imported into the finite element
analysis software ABAQUS through an intermediate format. According to the experimen‑
tal plan, numerical simulation cutting experiments are conducted by defining material
properties, assembling components, creating analysis steps, defining loads and boundary
conditions, dividing the mesh, and submitting calculations. In defining the material prop‑
erties of the model, the blade is set as a rigid body, while the stalk is set as a flexible body.
According to measurements, the density of the stem is determined to be 9.5× 10−9 t/mm3,
and the diameter is taken as the average value of the stemdiameter, which is 18mm. As the
mechanical properties of industrial hemp stalks follow the transverse isotropy constitutive
relationship, the engineering constants can be obtained from the literature [28]. Addition‑
ally, as thematerial characteristics of industrial hemp stalks are highly similar towood, the
anisotropic strength relationship of wood can be referenced to determine the anisotropic
failure strength of industrial hemp stalks [29]. Therefore, the material property parame‑
ters of industrial hemp stalks based on the Hashin failure criterion can be obtained. The
specific parameters are shown in Table 2.

Table 2. Mechanical property parameter table of stalk material of industrial hemp.

Mechanical
parameter

EX
/MPa

EY
/MPa

EZ
/MPa

GXY
/MPa

GXZ
/MPa

GYZ
/MPa UXY UXZ UYZ

Value 88 88 1743.50 33.85 31.99 31.99 0.3 0.02 0.02

Mechanical
parameter

XT
/MPa

XC
/MPa

YT
/MPa

YC
/MPa

ZT
/MPa

ZC
/MPa

SXY
/MPa

SYZ
/MPa

SXZ
/MPa

Value 25 10 1 2 1 2 5 2 2
Note: EX represents Young’s modulus in X‑direction; EY represents Young’s modulus in Y‑direction; EZ repre‑
sents Young’smodulus inZ‑direction;GXY represents Shearmodulus of planeXY;GXZ represents Shearmodulus
of plane XZ; GYZ represents Shear modulus of plane YZ; UXY represents Poisson’s ratio in plane XY; UXZ repre‑
sents Poisson’s ratio in planeXZ;UYZ represents Poisson’s ratio in planeYZ;XT represents Ultimate tensile stress
in X‑direction; XC represents Ultimate compressive stress in X‑direction; YT represents Ultimate tensile stress in
Y‑direction; YC represents Ultimate compressive stress in Y‑direction; ZT represents Ultimate tensile stress in
Z‑direction; ZC represents Ultimate compressive stress in Z‑direction; SXY represents Ultimate shear stress in
plane XY; SYZ represents Ultimate shear stress in plane YZ; SXZ represents Ultimate shear stress in plane XZ.

4.2. Experimental Design
Numerical simulation cutting experiments mainly investigated the effects of blade

pitch, tooth angle, cutting speed ratio, and their interaction on blade cutting performance.
In the case where the blade structure parameters are determined, it is necessary to deter‑
mine the range of the speed ratio values. Referring to the speed ratio range of reciprocating
cutters for stalk harvesters in the “Agricultural Machinery Design Manual”, the speed ra‑
tio is set to be between 0.75 and 2 [26] (pp. 917). The experiment uses the three‑factor
three‑level Box–Behnken response surface analysis method and cutting energy consump‑
tion as the index for orthogonal experimental design. The experimental factors and their
level coding table are shown in Table 3.

The speed ratio coefficient is the ratio of the average cutting speed of the blade to
the forward speed. As stated in Section 3.2, in this study, the value of vp is 1500 mm/s.
According to the formula for cutting speed and speed ratio vp = Cvm, the forward speed of
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the blade under different speed ratios can be calculated. WhenC = 0.75, the blade’s forward
speed vm is 2000 mm/s; when C = 1.38, vm is 1090 mm/s; when C = 2, vm is 750 mm/s.

Table 3. Factors and level coding table.

Levels
Factors

Tooth Pitch A/mm Tooth Angle B/◦ Speed Ratio C

−1 5.0 0 0.75
0 7.5 15 1.38
1 10.0 30 2.00

4.3. Test Index
The bionic blade has the advantage of reducing resistance and consumption. This

study focuses on the effect of different structural parameters and motion parameters of
the bionic blade on the energy consumption of cutting, and the test index is the energy
consumption of single stalk cutting.

Numerical simulations using ABAQUS to measure cutting energy consumption were
carried out as follows: two sets, set‑1 and set‑2, were established for the driving constraints
of the left and right blades, respectively. In the time history output of the analysis step, the
reaction forces for these two sets were output separately. After submitting the job, the
force–time curves and data of the two driving reference points could be obtained from the
post‑processing ODB file. The cutting energy consumption was calculated according to
Formula (7).

W =
n

∑
i
(Fi1 + Fi2) · vP · ∆t (7)

In the equation, W represents the cutting energy consumption in mJ; Fi1 and Fi2, re‑
spectively, represent the cutting reaction forces of the left and right blades at the i‑th sam‑
pling point in N; vp is the average cutting speed of the blade in mm/s; ∆t is the sampling
frequency interval time in s.

4.4. Experimental Results and Analysis
4.4.1. Regression Models and Analysis of Variance

The experimental design and analysis using Design‑Expert software, experimental
plan, and results are shown in Table 4. Taking experiment No. 13 as an example, the nu‑
merical simulation results, stubble cutting effect, and cutting force–time curve are shown
in Figure 7.

Table 4. Experiment plan and results.

Test No. Tooth Pitch A/mm Tooth Angle B/◦ Speed Ratio C Cutting EnergyW/mJ
1 −1 −1 0 6014.07
2 0 −1 1 4948.56
3 −1 0 1 4278.28
4 0 0 0 5531.58
5 1 1 0 5190.95
6 0 0 0 5531.58
7 0 0 0 5531.58
8 −1 0 −1 12,397.10
9 0 1 1 3972.02
10 1 0 1 3999.39
11 0 0 0 5531.58
12 −1 1 0 5424.18
13 1 −1 0 7201.73
14 0 −1 −1 16,033.50
15 0 0 0 5531.58
16 1 0 −1 11,869.80
17 0 1 −1 7343.06
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Figure 7. Stalk cutting numerical simulation, stubble cutting effect, and cutting force–time curve.
NOTE: “平均” denotes average.

Through the Design‑Expert, the response analysis of the experimental results was
carried out using second‑order regression, and the regression model equation for cutting
energy consumptionW was obtained as follows:

W = 5531.58 + 18.53A − 1533.57B − 3805.77C − 355.22AB+
62.10AC + 1928.24BC + 244.12A2 + 182.03B2 + 2360.44C2 (8)

Further analysis of variance was conducted on the regression model of cutting energy
consumption, and the results are shown in Table 5.

Table 5. Analysis of variance table for the regression model of cutting energy consumption.

Souces Sum of
Squares df Mean

Square F‑Value p‑Value

Model 1.75 × 108 9 1.94 × 107 19.61 0.0004 **
A 2746.89 1 2746.89 0.0028 0.9594
B 1.88 × 107 1 1.88 × 107 19.02 0.0033 **
C 1.16 × 108 1 1.16 × 108 117.14 <0.0001 **
AB 5.05 × 105 1 5.05 × 105 0.5103 0.4981
AC 15,426.88 1 15,426.88 0.0156 0.9041
BC 1.49 × 107 1 1.49 × 107 15.04 0.0061 **
A2 2.51 × 105 1 2.51 × 105 0.2537 0.6300
B2 1.40 × 105 1 1.40 × 105 0.141 0.7184
C2 2.35 × 107 1 2.35 × 107 23.72 0.0018 **

Residual 6.92 × 106 7 9.89 × 105
Lack of Fit 6.92 × 106 3 2.31 × 106
Cor Total 1.82 × 108 16

R2 0.9618
Note: ** represents highly significant (p < 0.01).

The analysis of variance table above shows that the regression model for cutting en‑
ergy consumption has a significance level p less than 0.01, indicating that the model has
high significance. At the same time, the lack of a fit term in the model is not significant,
and the fitting coefficient R2 is 0.9618, indicating that the regression model obtained has a
high degree of fit with the actual results, and the results are reliable. Therefore, the above
model can be used to predict and analyze changes in cutting energy consumption.

Based on the above analysis of significance, for the cutting energy consumption indi‑
cator W, the factors of tooth angle B, speed ratio C, the interaction between B and C, and
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C2 have extremely significant impacts on the model, while other factors are not significant.
The order of themain influences of each factor on cutting energy consumption is: C > B > A.

After eliminating the non‑significant factors from the regression model of cutting en‑
ergy consumption, the simplified regression model can be obtained as follows:

W = 5720.98 − 1533.57B − 3805.77C + 1928.24BC + 2384.12C2 (9)

4.4.2. Analysis of the Influence of Factor Interaction on Index
As can be seen from the variance analysis of the regression model mentioned above,

the interaction between factors has a significant impact on the model. Therefore, the inter‑
action between factors cannot be ignored. In this study, one factor was fixed at the middle
level, and the interaction effects of the other two factors on the evaluation index were ana‑
lyzed. Response surface plots were generated (as shown in Figure 8) to analyze the effects
of the three factors, namely pitch, tooth angle, and speed ratio, on the cutting energy con‑
sumption index.
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Figure 8. The interaction effect of two factors on cutting energy consumption.

Figure 8a shows the response surface of the interaction between tooth pitch A and
tooth angle B on the cutting energy consumption when the speed ratio is at the middle
level, i.e., C = 1.38. As can be seen from the figure, when the speed ratio is constant, the
cutting energy consumption decreases as the tooth angle increases. Analysis shows that
when the speed ratio is 1.38, the angle between the combined velocity vector of the blade’s
cutting speed and forward speed and the horizontal direction is 36◦ (calculated by arccot
(1.38)). When the tooth angle B is 36◦, the blade can cut into the stalk smoothly along
the tooth groove, which is beneficial to reduce cutting resistance and energy consumption.
Therefore, the closer the tooth angle is to 36 degrees, the lower the cutting energy consump‑
tion will be. This is shown in Figure 8a, where the cutting energy consumption decreases
as the cutting rake angle increases. It can also be seen from Figure 8a that the change in cut‑
ting energy consumption with tooth pitch is not significant, indicating that cutting energy
consumption is less affected by changes in tooth pitch.

Figure 8b shows the response surface plot of the interaction between the tooth pitch
A and the speed ratio C on the cutting energy consumption when the tooth angle is set
to the middle level of B = 15◦. It can be seen from the plot that when the tooth angle is
constant, the cutting energy consumption decreases rapidly with the increase in the speed
ratio. Analysis indicates that to achieve the purpose of cutting with a parallel tooth system
when the tooth angle is 15◦, according to the calculation formula C = cot B, the speed ratio
should be 3.73. Therefore, the cutting energy consumption in the plot decreases with the
increase in the speed ratio. It can also be observed from the plot that the change in cutting
energy consumption with tooth pitch is not significant, indicating that the variation in
cutting energy consumption is less affected by the tooth pitch.

Figure 8c shows the response surface plot of the interaction between the tooth angle
B and the speed ratio C on the cutting energy consumption when the tooth pitch is set to
the middle level of A = 7.5 mm. It can be seen from the plot that when the tooth pitch is
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constant, the cutting energy consumption decreases with the increase in the tooth angle
and the speed ratio, indicating that the interaction between the tooth angle and the speed
ratio has a significant impact on the cutting energy consumption index. The reason is
similar to the analysis in Figure 8a,b.

4.5. Parameter Optimization and Experimental Verification
To further obtain the optimal combination of factor parameters corresponding to the

lowest cutting energy consumption, it is necessary to comprehensively optimize the blade
structure parameters and motion parameters. Design‑Expert software was used for opti‑
mization, with the objective and constraint conditions as follows:

minW

s.t.


5.0mm ≤ A ≤ 10.0mm
0◦ ≤ B ≤ 30◦

0.75 ≤ C ≤ 2

(10)

Via optimization, the optimal combination of blade structure and motion parameters
was obtained, with a blade pitch of 6.61 mm, a tooth angle of 30◦, and a speed ratio of 1.62
(corresponding to a horizontal motion speed of 1.5 m/s and a feed speed of 0.93 m/s). At
this point, the cutting energy consumption was 3947.99 mJ.

To verify the optimization results, a three‑dimensional blade model with a pitch of
6.61mmand a tooth angle of 30◦ was constructed, imported into the finite element analysis
ABAQUS software, and the cutting simulation experiment was conducted again with the
cutting speed ratio set to 1.62. The cutting energy consumption under this parameter was
calculated to be 3625.84 mJ, with an error of only 8.16% compared to the optimization
result. The experiment showed that the optimization results were highly reliable, further
validating the model’s reliability.

5. Conclusions
(1) An analysis was carried out on the critical force condition for effective clamping of

the stalk of the reciprocating double‑acting cutting blade, and the analysis showed
that the designed reciprocating bio‑inspired cutting blade satisfies the conditions of
effective clamping and non‑slip. The motion analysis of the reciprocating double‑
acting cutting blade was carried out, and the analysis showed that compared with
the single‑acting cutting tool, the cutting stroke of the double‑acting cutting blade
can be reduced by half to complete a single cut. The elliptic equation relationship
between the motion speed and displacement of the blade was also determined.

(2) In order to investigate the effects of different structural and motion parameters and
their interactions on cutting energy consumption of bionic blades, a combination of
bionic blades with different tooth pitch and tooth angle was designed. Numerical
simulation experiments were conducted using numerical simulation techniques to
cut industrial hemp stalk with the blades. Based on the experimental results, a re‑
gression optimization model for cutting energy consumption was established, and
the optimal parameter combinationwas determined through optimization as follows:
blade tooth pitch of 6.61 mm, tooth angle of 30◦, and speed ratio of 1.62. The cutting
energy consumption under these conditions was 3948.99 mJ. The accuracy of the nu‑
merical simulation model was verified through validation experiments. This study
can provide reference for the development of an industrial hemp harvester cutter and
the matching of motion parameters.
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