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ABSTRACT

In a weeding machine, the weeder component determines overall working performance, while the weeding
blade influences soil-cutting quality, weeding efficiency, resistance, and power consumption. In this paper, a
bionic design for a weeding cutter inspired by the soil-cutting process of the cicada nymph has been proposed
and the intent is to promote the performance of the bionic design. The weeding cutter introduced in this paper
has been equipped with lightweight and simplified rotary robotic-machinery commonly utilized in hilly and
mountainous areas. To assess the performance of the bio-mimetic weeding cutter during rotary, the forces in
3 directions (X, Y & Z) and the resistance torque have been investigated. An experimental platform with a 4 m
long soil bin has been utilized for tests indoors. Meanwhile, the discrete element method (DEM) simulations
with different conditions like the operated angle, the rotation speed, the forward velocity, and different cutting
edges, have been carried out. Either the experimental result or the simulative result indicated that the bio-
mimetic weeding blade ameliorated the performance of soil-cutting, energy consumption and weeding
efficiency. Specifically, the bio-mimetic weeding blade exhibits a notable reduction of 14.19% in average torque
and 14.95% in horizontal resistance compared to the traditional weeding blade. Finally, it could be found that
the bionic rotary cutter proposed in this research could be a better choice for the weeder machine used in hilly
and mountainous areas.
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INTRODUCTION

Peucedanum praeruptorum Dunn, known as Qianhu in Chinese, is the herb with high medicinal value
in traditional Chinese medicine (Chen et al., 2021). In decades, the quality of Qian Hu has declined due to the
excessive use of herbicides through chemical weeding (Mayerova et al., 2018). Generally speaking, there are
three ways to remove the herbs in the field: manual weeding, chemical herbicide, and mechanical weeding.
As a traditional method, weeding by hand has apparent limitations such as labor-intensive and time-
consuming. Furthermore, the chemical way has the problem of herbicide residue which is strictly prohibited in
the medical herb.
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Different from the above two ways, mechanical weeding, serving as a chemical-free and
environmentally friendly weed control method, has gained widespread recognition for effectively managing
weed growth in various crops (Richard et al., 2023; Fishkis & Koch, 2023; Liu, et al., 2023).

Ning Qianhu, named after the Ningguo City (N 30°16'- 30°47’, E 118°36' - 119°24"), a hilly mountainous
area in Anhui Province, China, is always cultivated in hilly mountainous regions. Due to the challenging terrain
of steep mountains, large and medium-sized machinery is unsuitable for agricultural operations in this region.
As a result, lightweight and simplified machinery is commonly employed (Cao et al., 2023). Micro-tillers are
equipped with a maximum engine power of 6.5 kW which can effectively remove weeds in crop rows by the
drove weeding wheels. The weeding wheel, a key component of micro-tillage machines, consists of multiple
metal weeding blades transversely welded to the wheel hub. When a certain torque is applied, the weeding
wheel tills the topsoil and removes weeds. However, traditional weeding wheels face challenges such as high
resistance and power consumption during weeding operations. These issues lead to low weeding efficiency
and high costs, which hinder the widespread adoption of agricultural mechanization (Wang, et al., 2021). In
recent years, researchers and scholars have focused on designing new weeders to enhance mechanization
in hilly mountainous areas. Their efforts aim to optimize weeder performance, improve weeding efficiency, and
reduce the cost of mechanical weeding. For instance, Wang et al. (2011) developed a novel 3ZS-150 tillage
weeder for weed control in paddy fields. That innovative machine enables simultaneous weeding between
rows and seedlings. The study conducted a systematic analysis of the machine's structure and working
principles, introducing a novel design of the weeding spring tooth for effective removal of intra-row weeds and
inter-row cultivation. Furthermore, Wang et al. (2017) developed a simplified 3SCJ-2 paddy inter-row weeder,
focusing on a more comprehensive analysis of the structural design and power distribution of a small-scale
weeding machine. The study established a mechanical model of the weeding wheel, determining essential
working and structural parameters. These efforts resulted in a lightweight and straightforward weeding
machine design that ensures low power consumption and high efficiency. The optimization of the geometric
structure of the rotary cutter, along with the relevant operating and structural parameters, has been a prominent
focus of research within the context of previous studies on rotary cultivator design. For instance, Matin, Fielke,
and Desbiolles (2014) have explored the impact of the geometric shape and operating speed of the rotary
cultivator on torque, energy consumption, and the soil cutting and throwing process. The research has
investigated the interaction between the cutting edges of the blades and the soil to determine the optimal
design for the rotary cultivator. Efforts to optimize the geometric structure of the weeding wheel and its
associated parameters are crucial for enhancing the overall performance and efficiency of the weeding process
(Matin et al., 2014, 2015, 2020).

In summary, to address the challenge of high resistance in weeding blades used in micro-tillage weeders
operating in hilly mountainous areas, this paper presents a novel bionic rotary weeding cutter inspired by the
serrated characteristics of the forelimbs of nymphal cicadas, which holds promise for improving the performance of
weeding wheels in micro-tillage weeders. Furthermore, a mechanical model of soil-weeding cutter interaction was
established to further study the resistance change of the rotary cutter in the process of cutting soil.

MATERIALS AND METHODS

This paper proposed a bionic design approach for developing weeders suitable for hilly mountainous
areas. Figure 1 illustrates the robotic micro-tillage weeder machine specifically designed for the Ning Qianhu.
The machine contains a separated roll-cutting weeding wheel for inter-row weeding. During the weeding
process, the weeding blades shear and break the topsoil, effectively removing the weeds embedded in the
soil. Therefore, the soil and weeds are propelled backwards with the weeding blades rotating (Tian et al.,
2022).
Extracting and fitting the serrated structure

Samples of Cicadas nymphs were collected from Anhui, China, to study the excavating process, as
shown in Figure 1. The tibia continuously opened, retracted, and drove the serrated structure, effectively
cutting through the sediment (Smith & Hasiotis, 2008). These serrations exhibited a cutting angle that extended
beyond the friction angle, providing a slip-cutting effect. That characteristic was crucial for achieving efficient
cutting and reducing cutting resistance during the emergence of Cicadas nymphs and it shares many
similarities with rotary tillage tools in terms of soil cutting (Chang et al., 2016). Enlarged photographs of the
serrated structures of Cicada Nymphs were captured using an electron microscope. To enhance the quality of
the images and reduce noise, a combination of Gaussian filtering and the Laplace operator was applied as a
preprocessing step. Subsequently, image binarization was performed, followed by the utilization of the Canny
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edge detection operator, which enabled accurate positioning and robust resistance to interference. Finally, the
Find function was employed to extract the contour pixel coordinates. The results of the contour extraction are
illustrated in Fig. 2. A total of 3969-pixel coordinate points were extracted in this figure. The contour curves of
the cicada's saw-tooth structure exhibited four distinct curves, namely A, B, C, and D. Among those curves, in
terms of manufacture and curvature, curve D was more feasible and suitable for the bionic saw-tooth profile in
this study. Subsequently, the accorded dimensions for manufacturing the bio-mimetic blade teeth are shown in
Figure 3 and manufactured products are shown in Fig. 4.
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Weeding blade parameter and resistance analysis

The mounted angle of the blade a, defined as the angle between the tangent to the radius of rotation
and the blade, is a significant parameter for soil entry and exit, as illustrated in Fig. 5. When the blade enters
the soil, the entry angle 8 should be noted; it varies with the mounted angle a, as shown in Fig. 5(a) and 5(c).
Fig. 5(a) is a normal situation whereas Fig. 5(c) has a perpendicular 8. In Fig. 5(a), the contacted Fy has been
decomposed into Fy; in the tangent direction and Fj; in the normal direction. Fix is mainly affected by the
angle B, while F, is relevant to the weight and the slip ratio of the weeder machine. The relationship between
Fn, Fye and Fyy, could be expressed as follows:

Fyy = Fycosf
{FNy = Fy sin B M

The maximum weeding depth is %, the blade width is L, and the trajectory radii of the blade top and
end are R; and R:. In this study, the blade width L, depth #, and R; were 40 mm, 40 mm and 123 mm,

respectively. Meanwhile, the entry angle 8 was set at 90° for a minimum penetration resistance. The following
Egs. (2), (3) were then obtained:

1
§R1+L+h =R; +L Xsina 2)
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a=sin_1f 3)

A microscopic view of the forces acting on a soil particle is shown in Figure 5(b). The abscissa x'is
parallel to the blade surface, while the longitudinal axis y' passes through the center of the particle and is
perpendicular to x". The force F on the soil particle is the resultant of the frictional force and the support force;
F, and F), are the components of F'in the directions of x' and y’, respectively. F, can be calculated using Eq.
(4).

F,=cosa F 4

Generally speaking, F, is affected by the angle a of the weeding blades (Zhang et al., 2022). Based
on Eq. (4), a smaller a makes a greater F,. On the other hand, it means greater soil adhesion and power
consumption as the blade moves. Therefore, an appropriate angle o should be assigned in the first place.
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Fig. 6 — Respective mechanic analysis for traditional and bionic weeding blade

Figure 6 diagrammatically compares the forces generated by traditional and bionic weeding blades as
they are contacting with soil, respectively. To compare the resistance of the two blades, both the bionic blade
and traditional blades were divided into several units. The bionic blade edge can be approximated as a
triangular shape that serves as the unique profile of the bionic saw-tooth. Figure 6 intuitively reflects the
difference in force between these two blades. In the figure, N;, N>, N3, N, and N5 were pressures acting on
different faces of the blades’ element. 7;, 7> were the pure cutting resistances, and 6 represented the
sharpness angle of the blade head. According to the cutting model of Kostritsyn (Zeng, 1995), the forces in
Figure 6 could be expressed as follows:

P, = S(Mlcosﬁ +M >+ 6(N + Nyu + 2N ) mse S u+kb (5)

1= Co8 tan(é + B) 1cos By )+ cos B sk 2k cos(§ +tan~1 ) Lk !

p, = a(MICOSﬁ +M )+ 6( 4 Ny + 2N )+ S S, u+kb 6

2 = COS tan(s + B) 1cosfp cos n g 3k 21 cos(8 + tan—1 ) 2H 2 (6)
where:

P; was the resistance of the traditional blade along the direction of the blade edge.
P> was the resistance of the bionic blade along the direction of the blade edge.

According to Eq. 5 and Eq. 6, the resistance of the bionic blade should be less than that of the
traditional blade due to b; > b, and S; > S..
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Calibration of DEM parameters

Soil parameters determined the accuracy of DEM simulation (Wu et al., 2021). In the field, the five-
point sampling method was employed to assess the density and water content of the soil within the 0-250 mm
depth range. As a result, the tested soil has a density of 1.51 g-cm-2 and water content of 18.15%. The vibratory
sieving method revealed the distribution of soil particle sizes: the sand particles were more than 20% and the
powder particles were less than 40%. According to the Chinese Soil Texture Classification, the sandy loam
could be an appropriate result for the test soil. Moreover, the repose angle of soil, shown in Figure 7(a), (b)
and (c), yielded an average value of 33.7°.

Table 1
Parameters utilized in DEM simulation
Type of parameter Values Type of parameter Values

Soil particle diameter (mm) 4 Soil-soil static friction coefficient 0.6

Soil density (g-cm™) 1.51 Soil-soil rolling friction coefficient 0.3

Soil shear modulus le+06 Soil-soil restitution coefficient 0.5

Soil Poisson's ratio 0.35 JKR with surface energy (J-m) 1
Weeding blades density (g-cm™) 7.89 Soil- blades friction coefficient 0.5
Weeding blades shear modulus (Pa) 2.1etl1 Soil- blades rolling friction coefficient 0.05
Weeding blades Poisson's ratio 0.3 Soil- blades restitution coefficient 0.5

Based on the field tests, the calibration process/tests should be replicated in the DEM simulations to
try the parameters of soil particles. Because of the cohesive force between soil particles, the Hertz-Mindlin
model with the JKR soil contact model was chosen to simulate the binding and agglomeration forces between
the soil particles (Zhang et al., 2022, 2023). As Figure 7(d) shows, there was a cylinder and a circular plate to
implement the repose angle test in the DEM simulation. In terms of the calibration result, the calibrated
parameters of the soil particles used in DEM tests, such as the soil collision coefficient, soil rolling friction
coefficient, soil static friction coefficient, and JKR surface energy, are shown in Table 1.
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Fig. 7 — Repose angle test in lab and simulation for parameters calibration

Condition of Soil bin test

Due to the relatively stable performance of repeated experiments, the soil bin test is widely used for
soil-related studies. In this study, a soil bin experiment was also conducted for comparison with the DEM
simulation. In the soil bin test, both the traditional and bionic weeding wheels were represented by a single
blade.

(b) Diagram of the soil bin

Fig. 8 — Experimental site picture and structural diagram of the soil bin
1. Electrical control box; 2. Soil tank; 3. Body frame; 4. Wire trays; 5. Forward guides (left side); 6. Electric motor for forward motion;
7. Three-direction force sensor; 8. Torque transducer; 9. Chain; 10. Electric motor for blade drive;
11. Moving platform; 12. Forward guides (right side); 13. Human—machine interface
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As Fig. 8 shows, the experimental device contains thirteen main parts and the details have been noted
below the figure, respectively. The soil bin has a length of 4 m, a width of 1 m and a depth of 0.8 m.
Experimental soil, whose properties were stated in the last section, was collected from the Ning Qianhu
plantation area. The moving platform (11 in Fig. 8(b)) could be moved with speeds ranging from 0 to 1.5 m-s-
1 along the guiding chute. The three-direction forces sensor (7 in Fig.8(b)) was positioned beneath the
movement mechanism. The rotation of weeding blade could be controlled by a speed controller and adjacent
to the soil bin, a control cabinet was installed, enabling the setting of forward speed and displacement of the
test device, as well as a real-time data display. The settings and parameters are shown in Table 2.

Table 2
The values of the test parameters
Type of parameter values Type of parameter values
Forward speed /(m-s™") 0.3 Blade width /(mm) 40
Rotational speed /(rpm) 150 Blade thickness /(mm) 3
Test length /(mm) 1000 Weeding depth /(mm) 40
Mass of the weeding blade /(g) 220 Weeding width /(mm) 217

RESULTS AND DISCUSSION

Simulation tests7

As mentioned above, the torque and three-direction forces were significant factors in indicating resistance
when the weeding blade contacted the soil. Therefore, the DEM simulation of traditional and bionic blades

focused on the comparison of the torque and three-direction forces by these two blades, too.
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Fig. 9 — Blade-soil interaction and the movement of soil particles at different positions
during weeder rotation in the DEM simulation

The blade interacted with the soil in different states during wheel rotation. As illustrated in Fig. 9,
position 1 corresponds to the sample blade just penetrating the soil surface; position 2 represents the blade at
the trough point of the trajectory curve; and position 3 shows the blade beginning to throw the soil away. Based
on Fig. 9, soil particle disturbance increased from a mild degree at position 1 to the highest level at position 3.
Hereinafter, the traditional weeding blade and the biomimetic blade are compared in terms of torque and three-
directional forces based on the experimental results.
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Figure 10 shows the variation in torque for the two types of weed wheels. As the figure shows, both
the biomimetic weeding wheel and the traditional weeding wheel exhibited regular fluctuations. However, the
biomimetic weeding wheel required less torque than the traditional weeding wheel for rotating the wheel. The
results indicated that the average torque required for the traditional weed wheel was 7.89 N-m. In comparison,
the biomimetic weeding blade exhibited a lower average torque of 6.71 N-m, representing a reduction of
14.95%. To facilitate a clear observation of the force variations during the simulation, the direction of the three-
direction resistance on the weeding wheel is defined as follows: horizontal along the X-axis (aligned with the
forward direction), vertical along the Z-axis, and lateral along the Y-axis.

As Figure 11 shows, the horizontal resistance of the weeding blade aligns with the forward direction,
resulting in a positive horizontal resistance. Based on the previous analysis, the horizontal resistance of the
weeding blade primarily arises from the shear resistance and friction of the soil. The variation in horizontal
resistance can be observed for the two different weeding blades in the soil. At the moment of 5.05 s, the
weeding blade contacts with the soil. As the depth of the weeding blade increases, the amount of soil adjacent
to the weeding blade also increases, and it caused the angle between the weeding blade and the horizontal
surface to be decreased to an acute angle. Consequently, the soil pressure, shear resistance, and frictional
force against the weeding blade gradually increased, resulting in a progressive rise in horizontal resistance.
This horizontal resistance represents the resistance encountered by the weeding blade during soil penetration
and primarily depends on the depth of penetration. The graph indicates that the peak positive horizontal
resistance occurred at 5.09 s, corresponding to the moment when the weeding blade reaches its maximum
depth. Comparing the peak resistance values of the different weeding blades in simulation, it can be found that
the peak resistance for the traditional weeding blade during soil penetration ranges from 12.27 N to 20.50 N,
while for the biomimetic weeding blade, the peak resistance ranges from 9.31 N to 13.89 N.

The variation of horizontal force during a full rotation of a blade with the wheel is shown in Fig. 12.
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During the simulation, the weeding blade was moved at a speed of 0.3 m-s-1 and rotated at 150 rpm,
resulting in ten cycles of entering and leaving the ground. As illustrated in Figure 12, starting from the 3.46 s
mark, the weeding blade entered the soil every 0.4 s, resulting in ten successive periodic variations. However,
only seven of these variations in resistance were continuous. By calculating the average horizontal resistance
value, it was found that the traditional blades had an average value of 8.17 N, while the bionic blades had an
average value of 7.01 N. As a result, the bionic blades showed a reduction in horizontal resistance of
approximately 14.19%. After reaching the peak resistance value, the angle between the blade and the
horizontal surface gradually decreases. Consequently, the soil pressure in the horizontal component also
gradually decreases, leading to a decrease in the horizontal resistance until it reaches 0 N. Meanwhile, the
force in the vertical direction also reached its peak value. The variation in vertical resistance over the simulation
time is shown in Fig. 13.

As depicted in Fig. 13, at this stage, the vertical resistance observed is the result of the weeding blades
throwing off the soil, as the angle between the weeding blade and the horizontal surface becomes negative.
Both types of resistance are influenced by similar forces, primarily the shear resistance of the soil, gravity, and
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friction. Consequently, they exhibit similar fluctuations, increasing and decreasing in a synchronized manner.
In addition, positive values indicate the reaction force of the soil on the blade, while negative values represent
the resistance caused by the gravity and adhesion of the soil. The average vertical resistance surpasses the
average horizontal resistance, highlighting that the primary resistance faced by the weeding wheel during the
weeding process is vertical. The maximum vertical force recorded for the traditional weeding blade was 31.06
N, while the bionic weeding blade was 35.58 N. Additionally, the average vertical resistance in the forward
direction was 11.90 N for the traditional blade and 12.75 N for the bionic blade, while the vertical resistance in

the backward direction was 8.7 N.
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Fig. 14 — Lateral resistance of the blades Fig.15 — Soil bin test result curve

Fig. 14 displays the lateral force diagram of the weeding blade. It is evident that lateral resistance also
exhibits ten-fold variations. However, the maximum lateral resistance for the traditional weeding blade was
3.46 N, whereas, for the biomimetic weeding blade, it was 3.39 N. The average lateral resistance for the
traditional weeding blade was 0.582 N, and for the bionic weeding blade, it was 0.585 N. The lateral resistance
of the weeding blade primarily arises from the small amount of soil present and the friction and lateral pressure
exerted by the soil during blade movement. Consequently, the lateral resistance values are small and remain
consistent.

Overall, the weeding blade experiences two main types of resistance during operation: vertical
resistance and horizontal resistance. The magnitude of both depends on the depth of blade penetration and
the angle formed with the horizontal surface, with deeper penetration and smaller angles resulting in increased
resistance. When comparing the two blade types, the average horizontal resistance of the biomimetic weeding
blade was 14.19% lower than that of the traditional blade. The difference in vertical resistance was relatively
small, at 11.90 N and 12.75 N, respectively.

Soil bin experiment

During weed control, the performance of different weed blades can be evaluated by comparing their
torque. The torque of a weed blade indicates the amount of power required and is directly proportional to the
resistance encountered during penetration.

Fig. 15(a) shows the soil bin test torque results comparing the traditional weeding blade and the
biomimetic weeding blade. The eight obvious fluctuations in Figure 15(a) represent the eight times that the
weeding blade cut the soil. Each torque fluctuation has a sudden rise stage, after reaching the peak, there is
a fluctuating decline to 0 N. On the whole, individual weeding blade torque consumption was low on average,
and the bionic weeding blade was always lower than the traditional weeding blade. The simulation of the weed
blade revealed a significant difference between the two types of blades, primarily in terms of horizontal
resistance, while the vertical and lateral resistances were similar to each other. Fig. 15(b) presents the variation
in horizontal resistance between the two blades. In Fig. 15(b), the change in horizontal resistance follows the
same trend as the change in torque in Fig. 15(a).
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As shown in Table 3, the average torque value for the traditional weeding blade was 0.2097 N-m, while
the average torque value for the biomimetic weeding blade was 0.1782 N-m, representing a 15.02% reduction
in average torque. The total torque applied to the weeding wheel is the sum of the torques exerted by each
blade on the weeding wheel. Therefore, the biomimetic weeding blade performs better in terms of average
torque.

Summing up, it is known that the average horizontal resistance of the bionic weeding blade was
reduced by 14.99% compared to the traditional weeding blade and 15.02% in average torque. Thus, the bionic
weeding blade outperforms the traditional weeding blade in terms of both torque and resistance reduction.
Additionally, in terms of horizontal resistance reduction and torque reduction, the results of the soil bin test and
simulation experiment were consistent and the error was within the controllable range.

Table 3
The test result of torque and horizontal resistance in the soil bin
Average horizontal Average horizontal

Average torque of Average torque of

resistance of resistance of i . biomimetic
No. of test " . L - traditional weeding R
traditional weeding biomimetic blade /N-m weeding blade /
blade /N weeding blade / N N'm
The 1st 15.85N 13.54 N 0.2033 N'm 0.1747 N'm
The 2nd 15.17 N 12.96 N 0.2056 N-m 0.1760 N-m
The 3rd 17.68 N 14.90 N 0.2202 N'm 0.1840 N'm
Average values 16.24 N 13.80 N 0.2097 N'm 0.1782 N-m

CONCLUSIONS

The forelimbs of the cicada nymphs were observed and photographed using a microscope to capture
its sawtooth structure. The image processing technique was employed to extract the contour curve of the
sawtooth structure, which was then fitted by using Origin2021. The fitted function underwent analysis of its
second-order derivatives and curvature. The resulting contour curve, referred to as D, was chosen as the basis
for the bionic sawtooth. Subsequently, a 3D model of the bionic weeding blade was designed.

The basic parameters of the soil in Ningguo City's Qianhu plantation were determined. To simulate the
sandy loam soil found in Ningguo City, situated in the hilly mountainous region of southern Anhui, a simulation
model was established. The DEM simulation employed the Hertz-Mindlin contact model with JKR as the soil
contact model.

Weeding blade simulation tests were conducted to compare the performance of the bionic weeding
blade and the traditional weeding blade. The simulations revealed that the bionic weeding blade required
14.95% less torque than the traditional weeding blade. The difference between the two types of blades
depended on the depth of penetration into the soil and the angle between the blades and the horizontal plane.
Deeper penetration and smaller angles resulted in increased horizontal and vertical resistance. The bionic
weeding blade demonstrated an average reduction of 14.19% in horizontal resistance compared to the
traditional weeding blade under specific conditions.

Comparative soil trough tests were performed using the weed blade to further evaluate its performance.
The results of these tests confirmed the trend observed in the simulation tests. The average torque applied to
the bionic weeding blade was lower than that of the traditional weeding blade, showing a reduction of 15.02%.
The horizontal resistance showed a reduction of 14.99%.
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