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Abstract: The cutter of the hand-held tea picker is the key cutting component in the efficient tea
harvesting process. In order to solve the problems of large cutting resistance and uneven incision
during tea picking, this study fully applied the bionics principle to combine the excellent cutting
performance of Aeolesthes induta Newman’s mandibles with the tea cutter, which extracted and fitted
the tooth profile structure curve of the upper edge of the Aeolesthes induta Newman’s mandibles.
The trapezoidal teeth on the reciprocating cutter of ordinary hand-held tea-picking harvesters were
optimized by the fitted curve, and a new tea cutter with the shape of Aeolesthes induta Newman teeth
was obtained, which included four kinds of bionic tea-harvesting cutters. The multi-body system
software ADAMS 2020 and finite element analysis software ANSYS 2024R1 were used to compare
the kinematics, statics and explicit dynamics of cutting properties of the four bionic cutters and
common cutters with ordinary trapezoidal teeth and saw teeth. The simulation results showed that
the maximum equivalent elastic strain and the maximum cutting force during the cutting operation
were reduced by 36.7% and 42.89%, respectively, for the cutting teeth of the bionic tea-harvesting
cutter #4 compared with that of the cutter with ordinary trapezoidal teeth. The bionic tea-harvesting
cutter designed in this study has better cutting performance than the cutter with traditional cutting
teeth, which can effectively reduce the cutting force and improve the flatness and cutting quality of
the cutting surface.

Keywords: bionic harvesting; cutting type end-effector; agricultural biomimicry; Aeolesthes
induta Newman

1. Introduction

In the 21st century, tea, a healthy drink, has become more popular in countries around
the world [1]. China is the world’s largest tea producing country and tea consumption
market [2]. However, with the acceleration of global population aging, there is a shortage
of tea farmers’ labor and resulting low efficiency. At the same time, tea harvesting is
the most time-consuming work in tea making. Therefore, it is necessary to improve the
mechanization level of tea harvesting. For a long time, the relevant research of machine
harvesting tea has been carried out at home and abroad. For the study of excellent tea, a
number of scholars introduced the research scheme of “hand-picking” (manual picking
action of fixing and lifting tea leaves [3]) in the tea picking machine. Hao et al. [4] proposed
an electrically driven picking finger prototype based on the mechanics and morphological
characteristics of new green tea tips. Based on this, Liu et al. [5] further completed the
picking finger drive control system hardware circuit design and software development, and
the experimental results show that the picking finger can effectively separate the tea leaves
from their stalks, achieving a bud- and leaf-picking success rate of 90%. Even at present,
the sophisticated tea picking machine has been widely developed but still cannot be widely
used; the reason is that the majority of poor tea farmers cannot afford its expensive cost.

In recent years, more and more scholars have applied the concept of bionics, the power
of nature, to various fields, and the number of related research results has been rising [6,7],
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which will certainly bring a new round of technological innovation in the future [8]. In
this context, the agricultural harvesting field has taken advantage of the trend to deal with
the lack of labor and to alleviate harvesting costs for poor tea farmers through the use of
bionics technology. “What’s taken from the agro-biology is used for the agro-biology”, is a
better choice for future agricultural development [9].

At present, bionics technology that improves the cutting performance of tools with
the help of the power of nature has become a popular research topic in the agricultural
field [10–12]. In a study by Tian et al. [13–15], based on the excellent cutting characteristics
of batocera horsfieldi’s upper jaw teeth on the hard stems of plants, a bionic picking and
cutter with more level stubble and lower resistance and energy consumption was designed
to cut cannabis stalks. Tang et al. [16] designed a bionic single-disc top cutting device for
harvesting carrots based on the forelimb structure of mantises. In addition, Liu et al. [17]
extracted the contours of the upper incisor flap of crickets and designed a bionic cutting
blade for picking wild chrysanthemums. The power consumption of the cutting machine
equipped with the bionic cutting blade could be reduced by 10.80%. Jia et al. [11] designed
a bionic cornstalk cutting blade inspired by grasshopper serrated incisor-cutting plant
fibers, whose average cutting force was 28.17% lower than that of traditional blades, and
cutting energy consumption was 12.85% lower. In conclusion, it is not difficult to see that
most of the above scholars carried out bionic optimization designs of the outline structures
of cutting tools by imitating the sharp structures of the insects, which effectively reduces
the cutting resistance and cutting energy consumption of the cutting tool.

Therefore, this study introduces bionics technology into the hand-held reciprocating
cutting tea-harvesting machine, which is widely used because of its cheap and easy op-
eration, so as to improve the mechanization of tea harvesting and solve the problems of
labor shortage and low efficiency of tea farmers [18,19]. As the main component of a tea
harvesting-machine, the structure of the tea cutter has a crucial impact on cutting resistance,
cutting power consumption and quality during tea harvesting [20,21].

However, due to the fact that most tea picking machines in China are designed to
imitate Japanese machines, the parameters of tea cutters are also directly designed to
imitate [22], and the tooth shape of conventional trapezoid teeth is not further optimized.
Due to the limitations of the structure itself, there is still a lot of room for improvement in
harvesting quality.

For more than 3000 years, nature has been acting as the mentor of human beings, and
the excellent characteristics of biology have inspired human designs. Therefore, in this
study, the mechanism of tea tree stem cutting by Aeolesthes induta Newman when feeding
on tea was studied, and the cutter structure of tea picker was further optimized based on
bionics principles so as to improve the performance and quality of tea cutting. The rest of
this paper is organized as follows: Section 2 introduces the process and extraction of the
fitting curve of the Aeolesthes induta Newman sample in this study. Section 3 analyzes the
bionic design and simulation of tea cutters and compares and analyzes the results. Section 4
presents a discussion of the work. Section 5 introduces the limitations and future directions
of this study.

2. Materials and Methods
2.1. Aeolesthes induta Newman

Aeolesthes induta Newman is a common tea tree pest in domestic tea gardens, which
belongs to Coleoptera, Cerambycidae, and is also known as neem aspen, tea brown aspen
and heartworm. Aeolesthes induta Newman is one of the tea tree boring pests [23] whose
larvae or adults feed on the tea tree branches, causing damage, poor growth of the affected
tea trees and even death, as shown in Figure 1. In the context of natural selection, the
Aeolesthes induta Newman evolved a chewing mouthpiece that can be used to chew food,
dig holes, build nests and hunt enemies. The upper jaw of the Aeolesthes induta Newman’s
mouthparts is a pair of curved mandibles divided into incisors and molar lobes. The incisor
lobe is the curved portion of the tip of the upper jaw that is primarily used for piercing
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and tearing food, while the root structure of the teeth is known as the molar lobe and is
primarily used for chewing and grinding food.
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Figure 1. Aeolesthes induta Newman. (A) Sample; (B) The upper part of the mouth; (C) Single-curved
tooth structure.

The Aeolesthes induta Newman benefits from the curved structure of the upper mouth
of its mouthparts, which makes it easy to cut and tear the tea stalk fibers during its
daily foraging in tea gardens. It is the curved structural characteristics of the upper jaw
mouthpiece of the Aeolesthes induta Newman that reduces drag and energy consumption
as well as improves the quality of the cutting teeth and the cutter’s harvest. Based on the
mandibles used by tea pests (Aeolesthes induta Newman) for cutting tea stems, this study
carried out bionic design of tea-harvesting cutters also used for cutting tea stems, which is
in line with the bionic agricultural concept of “What’s taken from the agro-biology is used
for the agro-biology” [9].

2.2. Sample Processing

Based on bionics theory, by extracting the outer contour curve of the mandibles of the
Aeolesthes induta Newman, the cutting teeth of the cutter are designed and machined with a
similar curved contour structure to achieve an efficient cutting effect. After the Aeolesthes
induta Newman captured from Yinghong Town, Yingde City, Guangdong Province, China
(113.45 N, 24.37 E), died naturally (Figure 1A), the mouthparts of the Aeolesthes induta
Newman were separated from their heads with a medical scalpel (Figure 1B), washed in
distilled water and air-dried. Since the adult tea beetle is relatively hidden in the tea tree,
an adult tea beetle was obtained as the experimental sample after a long period of trapping.

In order to clearly and accurately extract the parameters of the edge profile curve
of the mouthparts, the prepared samples of the maxillary mouthparts of the Aeolesthes
induta Newman were observed under the objective lens of a biological microscope (ML31,
Mshot, China), and the focus of the microscope’s objective lens was adjusted until the
curved, single-toothed structure of the Aeolesthes induta Newman was clearly visible on the
computer display (Figure 1C), and photographs of the structures were taken and stored
using the software that was provided with the microscope.

2.3. Extraction and Analysis of Maxillary Contour Curve

After obtaining the contour structural images of the maxillary mouthpart samples of
Aeolesthes induta Newman from the bio-microscope, as shown in Figure 2, the images were
pre-processed by grayscaling and binarization in this study. The MATLAB embedding
commands “rgb2gray”, “imbinarize”, “logical”, “im2uint8” and “imcomplement” were
used to ensure that the edges of the complete maxillary mouthparts were clearly segmented
(Figure 2B–D), and the smooth function in MATLAB was then used to ensure robustness
to noise cancellation and passive edges in the original image in order to reduce errors
in image edge detection (Figure 2E). Then we used the bwboundaries function to extract
the outer boundary information of the maxillary mouthparts contour and used the plot
function to draw them into a two-dimensional line graph to complete the edge extraction of
the mouthparts of the Aeolesthes induta Newman, and finally, to establish the contour curve
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with a clear and complete line, which is consistent with the outer contour of the curvature
of the Aeolesthes induta Newman’s mouthparts (Figure 2F).
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Figure 2. Aeolesthes induta Newman and its mouthpiece structure.

In this study, the coordinates of the extracted boundary points are plotted to extract
the polynomial equation of the maxillary profile to simplify the shape of the tooth. In the
fitted curves, the value of the correction coefficient of determination, Adj.R2, is used as an
optimal indicator in the search for the best fitting matching equation. In Figure 3, O is the
origin of the reference coordinate system, and we establish the Cartesian coordinate system
XOY on the two-dimensional plane. In order to optimize the contour structure of the tea
cutter edge, we only analyzed the outer edge curve of the maxillary structure that plays a
cutting role and divided the maxillary contour of the mouth into three curves to express
the contour curve more accurately.
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Figure 3. Extracted contour line of the teeth of the Aeolesthes induta Newman.

In order to improve the fitting effect and bionic degree, this study used the Levenbers
Marquardt optimization algorithm of ORIGIN’s nonlinear regression model to fit the
maxillary contour curves of three mouthparts respectively, and expressed them with a
quintic polynomial function, as shown in Equation (1).

y(x) = a0 + a1x + a2x2 + a3x3 + a4x4 + a5x5 (1)

The fitting parameters of the structure curve of the outer edge of the palate are shown
in Table 1. From Table 1, it is found that the Adj.R2 of all the curves (curvel 1, curvel 2 and
curvel 3) is greater than 0.962; therefore, it is proved that the treatment presents a high
degree of fit.
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Table 1. Parameters of the fitted curves.

Parameters Curvel 1 Curvel 2 Curvel 3

a0 −412.141 −47,254.389 12,169.170
a1 23.791 819.915 −117.612
a2 −0.330 −5.634 0.445
a3 0.0021 0.019 −8.226 × 10−4

a4 −6.096 × 10−6 −3.234 × 10−5 7.421 × 10−7

a5 7.004 × 10−9 2.161 × 10−8 −2.621 × 10−10

Adj.R2 0.994 0.992 0.962

Three fitted curves have upward and downward trends, as shown in Figure 4A. The
peak value of curve 1 is the highest, which is much higher than the maximum value of
other curves, while curve 2 and curve 3 only rise a little and then decrease.
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Figure 4B shows the residuals after fitting curves. The absolute values of residuals on
all curves are within or near ±10. The lower the absolute value of residuals, the higher the
degree of fitting. Then the second derivative functions of 3 fitted curves were obtained, and
the graph analysis diagram was drawn (Figure 4C). The second derivative function can
reflect the concavity of the contour of the upper mouth of the original image. When the
second derivative function is less than 0, it proves that the inner curve in this area shows
the property of convex function. It is not difficult to see that the shapes of curves 1–3 all
protrude outwards, which can increase the contact pressure between the external contour
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of the maxillary mouthparts and the material in the cutting process, where the second
derivative value of curve 1 rises from −0.500 to 0.021 and then drops to about 0.007. The
minimum value of the second derivative of curve 1 is smaller than those of curve 2 and
curve 3, indicating that curve 1 is more convex.

The sharpness of the contour structure of the inner edge of the maxillary incisor lobes
plays a key role in the feeding process of Aeolesthes induta Newman. It is obvious from
Figure 4D that the curvature value of curve 1 is much greater than other curves, indicating
that curve 1 has greater curvature than curve 2 and curve 3, and the corresponding incisor
lobe is sharper, which is conducive to cutting the stem of tea. Among them, the fitting
equation of curve 1 is shown in Equation (2).

y(x) = −412.1416 + 23.791x − 0.330x2 + 0.0021x3 − 6.096 × 10−6x4 + 7.004 × 10−9x5 (2)

3. Design and Simulation of Bionic Tea Cutters
3.1. Design of the Bionic Cutters

In order to achieve the goal of reducing cutting resistance of the tool and smooth
cutting of the stalk, this study is based on the basic structural parameters and relevant
size parameters of the tea cutter commonly available in the market and ensures that the
working capacity of the portable tea-harvesting machine meets the production requirements.
Therefore, the basic data of the four schemes of bionic tea cutters are set as follows: The
total length of cutter l is 310 mm, cutter thickness i is 1.1 mm, the cutting tooth height of
cutter h is 30 mm, the tooth thickness of cutter s is 30 mm, the space width of cutter t is
10 mm. Each cutter has 10 cutting teeth.

Based on the above dimensions, this study took the fitting curve of the maxillary tooth
profile of the mouth parts of the Aeolesthes induta Newman as the contour structure curve
of the cutting tooth profile of the cutter so as to carry out bionic optimization design of the
tea cutter and establish a three-dimensional model of the bionic tea-harvesting cutter, as
shown in Figure 5.

Each scheme of bionic tea-harvesting cutters is different and has its own characteristics.
Among them, the teeth of in bionic tea-harvesting cutter scheme 1 are distributed along the
handle, the tip points are consistent and the two cutters are assembled with the tip relative
to each other, as shown in Figure 5A. The structure of bionic tea-harvesting cutter #2 is
roughly the same as that of bionic tea-harvesting cutter #1. The difference is that in the
multi-cutting teeth of the same cutter, the tip of the adjacent two cutting teeth face opposite
directions, as shown in Figure 5B. In addition, the bionic tea-harvesting cutters #1 and #2
have the same structural size of cutting tooth used, named bionic cutting tooth 1.

In order to further improve the bionic optimization application degree of the tooth
profile fitting curve of the upper jaw of the Aeolesthes induta Newman on the tea-harvesting
cutters, based on the first two schemes, the cutting tooth contour curve of bionic tea-
harvesting cutter #3 is symmetrically set on both sides of the cutting teeth. In addition, the
cutting tooth design of bionic tea-harvesting cutter #3 is named bionic cutting tooth 2, as
shown in Figure 5C.

From Section 2, it can be seen that the incisor lobe of the maxillary mouthparts of
Aeolesthes induta Newman mainly plays the role of piercing and tearing food. In this study,
it is curve 1, whose curvature is Adj.R2. Therefore, in order to improve the cutting and
tearing ability of tea cutters on tea stems, in this study, curve 1 was selected to model the
saw tooth of the cutter so as to design the cutting tooth of the bionic tea-harvesting cutter
#4, which only consists of curve 1. The cutting tooth design of the bionic tea-harvesting
cutter #4 is based on the ordinary trapezoid tooth, and only curve 1 is used to carry out the
bionic design of the tooth outline structure on both sides of the ordinary trapezoid cutter
tooth edge. In addition, the cutting tooth of bionic tea-harvesting cutter #4 is named as
bionic cutting tooth 3, as shown in Figure 5D.
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Figure 5. Three-dimensional model of four cutter schemes. (A) Bionic tea-harvesting cutter #1; (B) Bionic
tea-harvesting cutter #2; (C) Bionic tea-harvesting cutter #3; (D) Bionic tea-harvesting cutter #4.

3.2. Kinematics Analysis

In this study, after the preliminary analysis of the reciprocating cutting motion of the
four schemes of bionic tea cutters, it is not difficult to find that the cutting teeth of bionic
cutter #1 and #2 are bionic cutting teeth 1 and have three kinds of cutting collocation modes,
that is, the bionic cutting teeth 1 of the two cutters are relative to each other (Figure 6A),
bionic cutting teeth 1 tip in the same direction (Figure 6B) and bionic cutting teeth tip
opposite (Figure 6C). In addition, the bionic cutting teeth 2 and the bionic cutting teeth 3
represented by the bionic cutter #3 and #4 respectively have only one cutting collocation
mode (Figure 6D,E).

It is not difficult to find from Figure 6 that tea stems in the first three bionic cutter
schemes are not completely cut by curve 1 fitted by the incisor lobe, or even mostly cut
by curve 2 and curve 3. Secondly, among the three cutting modes produced by bionic
tea-harvesting cutters #1 and #2, only cutting collocation mode I is cutting with the relative
motion of the bionic fitting curve. It is obvious that cutting collocation mode III produced
by bionic cutters #1 and #2 (Figure 6C) is the result of the tea stem being located between
the outer convex arc outline structure of two bionic cutting teeth. Therefore, the cutting
collocation mode III is prone to the phenomenon of insufficient cutting in the actual cutting
of tea stems, so it is necessary to further carry out the kinematics simulation analysis of the
bionic tea-harvesting cutter scheme.
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Figure 6. The cutting teeth of the four schemes cut the tea stalk (the gray circle represents the tea
stalk, and the gray arrow represents the movement direction of the bionic cutting teeth). (A) Cutting
collocation mode I of bionic cutting teeth 1; (B) Cutting collocation mode II of bionic cutting teeth
1; (C) Cutting collocation mode III of bionic cutting teeth 1; (D) Cutting collocation mode of bionic
cutting teeth 2; (E) Cutting collocation mode of bionic cutting teeth 3.

In this study, the 3D structural model of the bionic tea-harvesting cutter was further
imported into ADAMS and constraints and drivers were added to build a kinematic model
of the bionic tea-harvesting cutter build for testing. It is obvious from Figure 6E that the
tooth shapes of bionic tea-harvesting cutter #4 are all designed based on the curve 1, that
is, bionic tea-harvesting cutter #4 mainly relies on the outline structure designed by the
curve 1 for cutting operations. Therefore, in this section, only the first three scenarios of
the bionic tea-harvesting cutter are specifically simulated and analyzed, and the specific
operations are as follows.

In this study, the two bionic tea-harvesting cutters are set to move forward as a whole,
and the virtual motor drives the cam mechanism to make one of the cutters reciprocate,
which is set to be a moving cutter, and the other cutter only moves forward and is stationary
with respect to the virtual motor-driven cutter, which is a fixed cutter, as shown in Figure 7.
A MARK point is established at the end of the lowest depression of curve 1 of the bionic tea-
harvesting cutter, and the motion trajectory of the MARK point is obtained. The intersection
of the end points at the lowest depression of curve 1 of the two bionic tea-harvesting cutters
is a complete cutting process, and the motion cutting trajectory diagram of the two bionic
tea-harvesting cutters is formed. As shown in Figure 7, point a is the MARK point on the
fixed cutter, and point b and point c are the MARK points on the moving cutter.

From Figure 7, it can be seen that the first two schemes made only one cut in curve
1 in one cutting cycle, while #3 made two cuts in one cutting cycle, which proves that #3
relies more prominently on the bionic contour for the cutting operation than the first two
bionic schemes. Similarly, the bionic tea-harvesting cutter #4, composed only of curve 1,
can better highlight the harvesting operation carried out by the bionic structure.
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3.3. Statics Analysis

Among the four bionic tea-harvesting cutter schemes, there are three kinds of bionic
cutting tooth-shape structures with different shapes, as shown in Figure 6. In view of the
impact of the interaction between bionic tea-harvesting cutter and stalk on the cutting tooth,
the static simulation analysis of the three kinds of bionic tooth-shape structures is carried
out, and the comparison is made with the ordinary trapezoid tooth and the ordinary saw
tooth of cutter. The detailed operations are as follows.

The 3D cutting tooth models of four bionic tea-harvesting cutter schemes were im-
ported into the Static Structural of ANSYS workbench in STP format, and the cutting tooth
material was set as Structural Steel in Engineering Data. Secondly, Mesh is selected to refine
the surface of the cutting tooth edge of the bionic tea-harvesting cutter. Since the bionic
cutting tooth and the tea-harvesting cutter structure are integrated, that is, static relative to
the cutter, a fixed support constraint is added to the bottom of the bionic cutting tooth, and
3N resistance is assumed on the edge surface of the left and right sides of the bionic cutting
tooth, applied in opposite directions, as shown in Figure 8.
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Figure 9 shows the total deformation cloud map of common trapezoid teeth, the saw
tooth and three bionic cutting teeth. The red part is the part with large total deformation.
It can be clearly seen that this part is the contact position between the bionic cutting
tooth and the tea stalk, that is, the cutting edge of the bionic cutting tooth. The total
deformation gradually increases from the root part to the cutting tooth edge part, and
the total deformation of the middle part of the cutting tooth is smaller than that of the
horizontal sides.

From Table 2, it can be seen that the maximum equivalent force values of bionic cutting
tooth 1, bionic cutting tooth 2 and bionic cutting tooth 3 have been reduced by 78.07%,
81.28% and 81.83%, respectively, with respect to the maximum equivalent force values of
normal trapezoidal teeth. It is clearly seen that the maximum equivalent force value of the
bionic cutting tooth 3 is much lower than that of the normal trapezoidal tooth, and lower
than that of the bionic cutting tooth 1 and the bionic cutting tooth 2. Compared with the
maximum equivalent force value of ordinary saw tooth, the bionic cutting tooth 3 reduces
by 29.54%. The smaller the maximum equivalent force value, the less stress concentration
phenomenon, which proves that the bionic cutting tooth 3 is less prone to fracture failure
in the actual cutting operation.

Table 2. Static simulation data results.

Cutting Tooth Maximum Equivalent
Stress/MPa

Maximum Equivalent
Elastic Strain

Maximum Total
Deformation/mm

Ordinary trapezoidal tooth 1.090 5.527 × 10−6 8.805 × 10−6

Bionic cutting tooth 1 0.239 1.194 × 10−6 7.048 × 10−6

Bionic cutting tooth 2 0.204 1.024 × 10−6 5.796 × 10−6

Ordinary saw tooth 0.281 1.405 × 10−6 5.207 × 10−6

Bionic cutting tooth 3 0.198 9.943 × 10−7 4.853 × 10−6

Compared with the maximum equivalent elastic strain value of ordinary trapezoidal
teeth, the bionic cutting teeth 1, 2 and 3 decreased by 78.4%, 81.47% and 82.01%, respectively.
It is obvious that the maximum equivalent elastic strain value of bionic cutting tooth 3 is
much lower than that of the ordinary trapezoidal tooth, and lower than bionic cutting tooth
1 and bionic cutting tooth 2. Compared with the maximum equivalent elastic strain value
of the ordinary saw tooth, the bionic cutting tooth 3 is reduced by 29.23%.
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Figure 9. Static simulation test of cutting teeth. (A) Ordinary trapezoidal tooth. (B) Ordinary saw
tooth. (C) Bionic cutting tooth 1. (D) Bionic cutting tooth 2. (E) Bionic cutting tooth 3.

Compared with the maximum total deformation of ordinary trapezoid tooth, the
bionic cutting teeth 1, 2 and 3 are reduced by 19.95%, 34.17% and 44.88%, respectively. It is
obvious that the maximum total deformation of bionic cutting tooth 3 is much lower than
that of ordinary trapezoidal tooth, and lower than bionic cutting tooth 1 and bionic cutting
tooth 2. The maximum total deformation of the bionic cutting tooth 3 is reduced by 6.80%
relative to the maximum total deformation of the ordinary saw tooth. The smaller the
maximum total deformation, the less likely the bionic cutting tooth 3 is to deform during
actual cutting operations.

In summary, the maximum values of equivalent stress, equivalent elastic strain and
total deformation of the bionic cutting tooth 3 are the smallest among all the cutting teeth
under the same constraints and loads, proving that the bionic cutting tooth 3 represents
the best cutting performance of the bionic tea-harvesting cutter scheme 4 in the practical
application process.

3.4. Explicit Dynamic Analysis

In order to study the changes in the tea stalks during the harvesting of tea leaves by
the cutter, the contact between the cutting teeth of bionic cutters and the stems was taken as
the starting point and the stem breakage was taken as the end point. In this study, ANSYS
Explicit Dynamics was used to conduct the explicit dynamic simulation test for the above
work process. The detailed operations are as follows.
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In this study, the bionic tea-harvesting cutter was set 70 mm away from the root of the
tea stalk to cut the tea stalk. The 3D cutting tooth models of four bionic tea-harvesting cutter
schemes are imported into the Explicit Dynamics of ANSYS workbench in STP format,
and then the cutting teeth of the bionic tea-harvesting cutter and the cutting mechanical
property parameters of tea stems are set in Engineering Data, as shown in Table 3. Secondly,
material performance parameters and properties are specified for each model, with the
stiffness of bionic cutting teeth as rigidity and the tea stalk as flexibility. We then use the
Manual Contact Region in Connections and set the contact type as friction between the
two bionic cutting teeth of each scheme and the tea stem, respectively, and the friction
coefficient is 0.3. Finally, Mesh was selected to refine the surface of the cutting teeth edges
and the whole tea stem module. The average diameter of the cross section of the tea stem
was 2 mm.

Table 3. Parameters of cutting teeth and tea stalk.

Test Materials

Parameter Settings
Density/

kg·mm−3

Isotropic Elasticity

Young’s Mod-
ulus/MPa

Poisson’s
Ratio

Bulk Modu-
lus/MPa

Shear Mod-
ulus/MPa

Cutting tooth 7.85 × 10−6 200,000 0.3 1.6667 × 105 7.6923 × 104

Tea stalk 6 × 10−7 54.28 0.344 57.991 20.193

In order to simulate tea harvest conditions, fixed support constraints were added
to the lower part of the tea stem structure model (that is, the root of the tea stem), and
Displacements were added to the two bionic cutting teeth to make the bionic cutting teeth
produce horizontal relative displacements, thus realizing the cutting simulation analysis of
the tea stem, as shown in Figure 10. Click on Solve and once solved, the process of cutting
the tea stalks is shown in Figure 11 to evaluate the maximum equivalent elastic strain of
the model and the maximum force reaction of the two bionic cutting teeth.
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(C) Halfway cut and (D) Total cut.

The state of tea stalks and bionic cutting teeth before cutting is shown in Figure 11A.
When the bionic cutting teeth start cutting, extrusion deformation occurs between the
tea stalk and the cutting teeth edge surface. Subsequently, the bionic cutting teeth edges
continue to move to squeeze the surface of the tea stem, and the surface of the stem begins
to break, as shown in Figure 11B. When the bionic cutting teeth edges cut into the tea stalk
at a certain depth, the surface of the tea stalk fracture is extruded with the beveled surface
of the teeth edges, as shown in Figure 11C. Finally, the state when the tea stalk breaks and
completely separates is shown in Figure 11D.

In this study, the relative cutting styles of ordinary trapezoidal teeth (Figure 12A),
ordinary saw teeth (Figure 12F), and three bionic cutting teeth (as shown in Figure 12B–E,G)
were compared one by one. Figure 12 shows the equivalent elastic strain cloud map of
the explicit dynamic simulation test of ordinary trapezoidal teeth, ordinary saw tooth and
three kinds of bionic cutting teeth. The red part is the part with large equivalent elastic
strain, which can be clearly seen as the tangent position of the cutting teeth in the tea stalk,
that is, the fracture site of the tea stalk.
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Figure 12. Explicit dynamic simulation test of 7 cutting collocation modes with 5 cutting teeth.
(A) Cutting collocation mode of ordinary trapezoidal teeth; (B) Cutting collocation mode I of bionic
cutting teeth l; (C) Cutting collocation mode II of bionic cutting teeth l; (D) Cutting collocation
mode III of bionic cutting teeth l; (E) Cutting collocation mode of bionic cutting teeth 2; (F) Cutting
collocation mode of ordinary saw teeth; (G) Cutting collocation mode of cutting teeth 3.

The data results of the equivalent elastic strain and force reaction data of tea stalks
when cut by various cutting teeth are shown in Table 4, where force reaction is the maximum
resistance generated by the movement of two cutting teeth of the same type, thus classified
as left and right cutting teeth.

Table 4. Explicit dynamic simulation data results.

Cutting Teeth Relative
Cutting Mode

Maximum Equivalent
Elastic Strain

Maximum Force
Reaction of the Left

Cutting Tooth/N

Maximum Force
Reaction of the Right

Cutting Tooth/N

Ordinary trapezoidal teeth 0.811 13.266 15.702
Cutting collocation mode I

of bionic cutting teeth l 0.637 13.1 12.532

Cutting collocation mode
II of bionic cutting teeth l 0.684 14.632 14.195

Cutting collocation mode
III of bionic cutting teeth l 0.658 14.14 13.694

Bionic cutting teeth 2 0.588 14.138 14.496
Ordinary saw teeth 0.545 10.734 10.033

Bionic cutting teeth 3 0.345 8.968 7.883

From Table 4, it can be seen that relative to the maximum equivalent elastic strain
value of normal trapezoidal teeth, the three cutting pairings of bionic cutting teeth 1, bionic
cutting teeth 2 and bionic cutting teeth 3 are reduced by 21.45%, 15.66%, 18.87%, 27.50%
and 57.46%, respectively. It is obvious that the maximum equivalent elastic strain value of
bionic cutting teeth 3 is much lower than that of ordinary trapezoidal teeth, bionic cutting
teeth 1 and bionic cutting teeth 2. Compared with the maximum equivalent elastic strain
value of the ordinary saw teeth, the bionic cutting teeth 3 is reduced by 36.70%.

Cutting resistance is an important index to judge the cutting performance of the cutter.
Compared with the maximum force reaction value of ordinary trapezoid teeth, the three
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cutting collocation modes of bionic cutting teeth 1, bionic cutting teeth 2 and bionic cutting
teeth 3 decreased by 2.602 N, 1.070 N, 1.562 N, 1.206 N and 6.734 N, respectively. It is
obvious that the maximum cutting resistance of bionic cutting teeth 3 is lower than that
of ordinary trapezoidal teeth, bionic cutting teeth 1 and bionic cutting teeth 2. Compared
with the maximum force reaction value of ordinary saw teeth, the bionic cutting teeth 3 is
reduced by 1.766 N.

In summary, the maximum force reaction generated by the cutting collocation mode I
(Figure 12B), mode II (Figure 12C) and mode III (Figure 12D) of bionic cutting tooth 1
is relatively large. Therefore, the cutting effect of bionic tea-harvesting cutter #3, repre-
sented by bionic cutting teeth 2 (Figure 12E), and #4, represented by bionic cutting teeth 3
(Figure 12G), are obviously better than those of bionic tea-harvesting cutters #1 and #2,
represented by the three cutting collocations. And the maximum cutting force of the bionic
cutting teeth 3 were smaller than that of the bionic cutting teeth 2 and the ordinary saw
teeth. It is proved that bionic tea-harvesting cutter #4 requires the least cutting force in the
operation of cutting and harvesting tea.

Furthermore, the bionic cutting teeth 3 (Figure 12G) produced the lowest maximum
equivalent elastic strain value when cutting the stalks, which proved that the plastic
deformation of the cutting surface of the tea stalk cut by the bionic tea-harvesting cutter #4,
represented by the bionic cutting teeth 3, was the smallest, that is, the cut surface of the
tea stalks was flatter when the operation was carried out with the bionic tea-harvesting
cutter #4, which had the best effect and quality of the cut stalks. Therefore, it is more
appropriate to choose the best bionic tea-harvesting cutter (#4) as the cutter of the tea stalk
cutting device.

4. Discussion

Aiming at the main problems in the harvesting process of tea stalks, including high
cutting resistance, high root damage and uneven cutting surface, this study carried out
parameter optimization and bionic design of the reciprocating cutter of a hand-held portable
tea picker, which provides important theoretical references to optimize the performance
of the tea picker and to improve the cutting type end-effector. The main conclusions are
as follows.

1. In this study, after an in-depth study of the microstructure of the upper jaw of the
mouthparts of the Aeolesthes induta Newman based on the principle of bionics, the
contour curve of the upper jaw of the mouthparts of the Aeolesthes induta Newman
was extracted and optimized by using MATLAB, and the resulting curve data were
applied to the cutting tooth of the reciprocating tea-harvesting cutter to design a set of
new tea-harvesting cutters imitating the teeth of the Aeolesthes induta Newman, which
contain four bionic tea-harvesting cutter schemes.

2. The key structural parameters of the bionic tea-harvesting cutter were determined,
and the kinematic, static and dynamic models of the bionic tea-harvesting cutter, the
bionic cutting tooth and the tea stalk were established in this study. In the kinematic
simulation test, the results show that since curve 1 of the bionic tea-harvesting cutter
#3 makes cutting times in a single cutting cycle than the first two bionic schemes, it
better highlights its reliance on the bionically optimized design of the cutting teeth
edge contour structure by mimicking the incisor lobe of the Aeolesthes induta Newman
to carry out the cutting operation. Similarly, bionic tea-harvesting cutter #4 also
highlights such advantages.

3. In the static simulation test, the results show that, relative to the maximum equivalent
force value, equivalent elastic strain value and total deformation of the ordinary
trapezoidal tooth, the values and deformation of bionic cutting tooth 3 of the bionic
tea-harvesting cutter #4 are reduced by 81.83%, 82.01% and 44.88%, respectively,
which are much lower than that of the ordinary trapezoidal teeth and are also lower
than that of the bionic cutting tooth 1 and bionic cutting tooth 2. In addition, com-
pared with the maximum equivalent stress value, equivalent elastic strain value and
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total deformation of ordinary saw tooth, the bionic cutting tooth 3 is reduced by
29.54%, 29.23% and 6.80%, which proves that the bionic tea-harvesting cutter #4 repre-
sented by the bionic cutting tooth 3 has the best deformation resistance in the actual
cutting process.

4. In the explicit dynamic simulation test, the results show that compared with the
maximum equivalent elastic strain value and force reaction of the ordinary trapezoidal
teeth, the bionic cutting teeth 3 of the bionic tea-harvesting cutter #4 are reduced by
57.46% and 42.89%, respectively, which is lower than the ordinary trapezoidal teeth,
the bionic cutting teeth 1 and the bionic cutting teeth 2. In addition, compared with
the maximum equivalent elastic strain value and force reaction of ordinary saw teeth,
the bionic cutting teeth 3 decreases by 36.70% and 11.25%, which proves that the
bionic cutting teeth 3 of the bionic tea-harvesting cutter #4 designed by this research
team has the smallest plastic deformation in the actual cutting process. Compared
with the traditional tea cutting tool, the bionic tea-harvesting cutter #4 cuts the tea
stalk more smoothly, and the cutting effect and quality are the best.

5. Conclusions

In the field of agricultural harvesting, the bionic concept of “learning from nature
and feeding back to nature” has certainly helped to promote the automation of various
harvesting tasks in agriculture. This can not only alleviate the problems of labor shortage
and substantial increase in harvesting costs brought about by an aging population and
urbanization but also effectively reduces the cutting resistance of target agricultural prod-
ucts and the damage rate of crop stalks. In this study, the bionic tea-harvesting cutters
designed can have excellent performance in the tea garden when harvesting and cutting
tea, and its advantages of anti-deformation can reduce wear and damage and extend its
service life. Secondly, the advantages of low resistance and high cutting quality of bionic
cutting tools improve the quality and efficiency of tea picking and harvesting so as to
further improve the quality of tea in the tea industry and reduce the economic losses
after tea harvests. In addition, bionic tea-harvesting cutters or bionic cutting teeth can
be installed on the end effectors of various tea picking machines or agricultural picking
robots to carry out harvesting operations. However, there are some limitations in this paper.
This study is only at the level of simulation on the bionic tea-harvesting cutter and bionic
cutting tooth for comparison experiments, while future research on the basis of further
optimization of the design of the bionic tea-harvesting cutter and bionic cutting tooth, as
well as real-time control of the cutting speed of the tool according to the actual conditions
of tea plantation cutting speeds, feed rates and cutting modes and other influencing factors
will be experimented to further improve the advantages of the bionic technology in the
field of agricultural harvesting.
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