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ABSTRACT 

As weeds cannot be eradicated in corn fields, a crab claw toe was used as the research 
object and combined with the agronomic requirements of corn fields to design a bionic 
weed claw suitable for corn fields. The contour curve of the crab claw toe was extracted 
and fitted through the Matlab image processing technology and fitting tool to establish a 
bionic claw finger 3D model using Solid works. According to the mechanical soil 
dynamics theory of dynamics analysis, the root–soil aggregates are easily broken, 
loosened, and drained under the action of the bionic claw fingers. Based on single image 
inverse reconstruction technology, the weed root system–soil aggregates discrete meta-
model was established. Recur Dyn was used in the bionic weed claw kinematics 
simulation to verify the reliability of the movement of the mechanism and to realise the 
expected action of the weeding operation. We analysed the movement speed, 
displacement, and trajectory of soil particles in different depth layers through the joint 
simulation and comparison test. Using the mechanism of weeding and resistance 
reduction of the bionic weeding claw, under the same working conditions, the average 
resistance reduction rate of the bionic claw finger compared with the flat claw finger in 
the grasping process was 16.4%. The resistance of grass roots was reduced 23.3%, making 
it easier to pull out the more intact grass roots. 

 
 
INTRODUCTION 

As one of the most in-demand cereal food crops, maize 
requires field weeding, especially for field weeds that 
severely threaten its growth (Shen, 2021). Currently, field 
weeding mainly relies on pesticides and mechanical ploughs 
or cutters for treatment but often causes problems such as 
environmental pollution, destruction of soil structure, and 
inability to eradicate grass roots. Therefore, weeding 
machinery in corn fields must be improved. The performance 
of the weeding component, which is the actuator of weeding 
machinery, is critical because it is responsible for removing 
the weeds (Cordill & Grift, 2011; Bo et al., 2022). 

With the improvement of the scientific and 
technological level of agricultural machinery, both domestic 
and foreign scholars have adopted the discrete element 
method and the multidisciplinary crossover of bionics to 
explore how the interactions between bionic structures and 
microscopic particles affect the overall system and how these 

principles can be applied to the field of weed control 
technology (Zeng et al., 2021). Xu et al. (2023) analysed the 
physical and mechanical properties of standard weed root 
systems in oil tea forests combined with the movement of the 
tool, designed a vertical spiral tillage knife, and used the 
discrete element method to establish a root–soil complex 
model to study the effect of the tool on the weed root system 
in terms of disturbance, soil fragmentation, and root removal. 
The pecten scallop flap was used as a biomimetic prototype 
for the bionic design of the weeding wheel. Du et al. (2023) 
simulated and analysed the interaction between the weeding 
wheel and the soil, effectively reducing resistance during the 
weeding operation and reducing the soil adhesion 
phenomenon. A 3D scanner and frozen section method has 
been used to determine the contour lines of the paw toes of 
flat moles and fit them to a bionic biplane weeding shovel. 
Yin (2022) used the discrete element method to verify that 
bionic edges cut weeds better than traditional straight edges. 
Yang et al. (2021) analysed the multi-toe combination of 
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structural features of the forelimb palm of the mole rat to 
determine the mathematical model of its structure and 
designed a bionic soil-cutting blade; the tested bionic blade 
had better soil-cutting performance and reduced the resistance 
of soil tillage. The growth of weeds in corn fields is complex, 
and the existing weed control methods are mainly based on 
cutting or turning the grass roots, which makes it challenging 
to meet the needs of weed eradication operations in corn fields. 

As a result, this study designed a bionic claw finger 
and extended it use as a bionic weeding claw by combining 
the use of discrete elements, multi-body dynamics, and 
bionics to carry out weed-pulling work in a narrow and ever-
changing corn field. This study established a model of 
restored real grass roots based on the single-image inverse 
reconstruction technique, showed a discrete element model of 
agglomerates generated from the root system of the weed and 
the soil, analysed the bionic claw finger to reduce the 
damping and loosening of the soil mechanism through 

mechanical analysis, and carried out joint simulation 
experiments to validate the working performance of the 
bionic weeding claw. 
 
MATERIAL AND METHODS 

Measurement of crab claw toe geometry 

Ten test samples of river crabs were randomly selected, 
and the four claw toes on the same side were measured 
separately. The macroscopic dimensions of the claw toes 
mainly included the claw toe length L (mm), claw toe 
thickness T (mm), and claw toe height H (mm), as shown in 
Figure 2, and a reasonable design of the bionic claw finger 
structure was carried out through the measurement of these 
characteristic parameters. The measuring instrument was a 
vernier calliper with an accuracy of 0.01 mm. The measured 
parameters were counted and averaged; the statistical results 
are shown in Figure 1. 

 

 

FIGURE 1. Parameters of claw toe dimensions. 
 

 

FIGURE 2. Parametric division of claw toe dimensions. 

 
Determination of field physical parameters and 
discrete element modelling 

Determination of soil physical parameters: Corn 
was grown to the 3–5 leaf stage, and weeds were spread on 
the ridge and the two sides of the soil ridge. This study 
evaluated the distribution of weeds between plants, and soil 
sampling and analysis only occurred on the ridge. To ensure 
the accuracy of the experimental data, 10 groups of soil 
samples were collected in the maize experimental field for 
soil sampling and measurement of soil density and soil 
particle size (Yang et al., 2021; Hai et al., 2023). Measuring 

tools included a ring soil extractor, electronic scale (accuracy 
of 0.1 g), and test separation sieve. The results of the test 
measurements were counted, as shown in Table 1. Soil density 
was calculated using the following formula. 

𝜌 =
௠

௩
                                     (1) 

Where: 

m - soil mass (g); 

v - soil volume (cm³).
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TABLE 1. Statistical results of soil density. 

Serial Mass (g) Volume (cm³) Density (g/cm³) 

1 129.7 100 1.297 

2 138.5 100 1.385 

3 130.2 100 1.302 

4 132.8 100 1.328 

5 141.6 100 1.416 

Average   1.346 
 

TABLE 2. Distribution of soil particle diameter. 

Particle diameter (mm） ≤0.1 0.1–0.5 0.5–1 1–2 ≥2 

Percentage（%） 12 21 49 13 5 
 

Soil discrete element modelling: The discrete 
element method (DEM) for establishing the soil model can 
show a more realistic response to the movement of soil 
particles. Based on the determination of the physical 
parameters, particle properties, and contact parameters, the 
combination of soil particle shapes were spherical (≤0.5 mm), 
cylindrical (0.5–1 mm), irregular polygonal shape (1–2 and  

≥2 mm). In the EDEM software, the spherical particles can be 

stacked and combined to form arbitrary polygons. Thus, the 

spherical particles were used for stacking and filling. The 

radius of the filled particles was 0.5 mm, and the radii of the 

spliced particles were 0.25, 0.5, 1, 2, and ≥2 mm. Stacking of 

the particles is shown in Figure 3. 

 
a. Monospherical b. Bispherical c. Triangular d. Cubic 

FIGURE 3. Soil particle accumulation model. 

 

Soil particles have nonlinear mobility, and with the 
moisture in the soil and the mucus secreted by plants, there is 
adhesion and solid-like properties between soil particles. The 
interaction force between soils becomes very small after the 
rupture of soil blocks. The contact characteristics between 
soil particles align with the Hertz–Mindlin (no slip) contact 
theory, and the additional Bonding V2 contact considers the 
effect of the inter-particle bonding contact force. Therefore, 
in this study, Hertz–Mindlin, with Bonding V2, was chosen 
as the contact model between soils, and the soil-like solid 
properties were restored. 

Grass roots discrete element modelling: Weed root 
systems form stable root–soil hybrid aggregates through 
physical interactions with the soil during growth. This is 
because the root system can gradually form larger particles or 
clumps in the surrounding small soil particles using processes, 
including compression and entanglement. At the same time, 
the weed roots reduce the water content of the soil around the 
inter-root zone by absorbing water from the soil, which in turn 
increases soil stability (Tao et al., 2021; Liu et al., 2023). This 
action can increase the compactness and durability of the soil. 
Therefore, the physical action of the weed root system is 
crucial in the study of weed control operations that need to be 
preceded by an understanding of the process of the formation 
and stabilisation of soil aggregates (Yang et al., 2021). 

In the existing research on root–soil mixtures, the 

shape of root system modelling is too idealised to fully 
highlight the intricate physical characteristics of the root 
system, resulting in a certain gap between the experimental 
results and the real data. To restore the shape of the weed root 
system and the interaction between the root system and the 
soil, we need to consider the influence of the end root system 
more carefully. The end root system can provide more force 
to promote the phenomenon of close bonding between the soil 
and the root system (Qi et al., 2011; Liu et al., 2019). This 
phenomenon is important for weed removal operations and 
should not be ignored. 

To reconstruct the real model of real weed roots, the 
traditional construction method is to use a laser scanner to 
obtain a 3D point cloud and carefully take many photographs 
from different views around the real weed roots, which is 
accurate but complicated to perform and requires high 
equipment accuracy (Zeng et al., 2023). In this study, the 
grass root reconstruction technique based on a single image 
was used to reverse model the weed root system. Reverse 
reconstruction technology can determine the appearance 
characteristics of physical objects, and the realisation 
principle can be summarised as follows: obtain the complete 
distribution of grass roots and record the direction of the 
distribution of branches and trunks, depict the 2D distribution 
characteristics in the form of line sketches, collect the node 
positions of the original trunk and main branches and the 
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radius size of the node positions, use conditional generation 
of the adversarial network to extract the user-drawn simple 
2D line sketches, and infer the 3D contour and skeleton of 
grass roots by combining them with the node data. Based on 
the predicted 3D contour and skeleton, the programmed 
reverse reconstruction technique can be used to generate a 
morphologically realistic grass root model. (Liu et al., 2021). 

Grass root systems have more complex and rich 
branching systems. After deep neural networks predicted the 
basic 3D shape of the root system, detailed root models were 
generated through procedural modelling. The specific 
operation was as follows: take a group of the weed root 
systems to depict its morphological characteristics, record the 
average radius size of the main root and the distribution of 

branches, run the recorded information in the programme, set 
the number of iterations to 1, the degree of iterative bending 
is 0.0007, the base trunk radius is 2.5 mm, the radius 
contraction rate is 90% based on the morphological 
characteristics of the roots of the grass and the distribution of 
the branches of the sketches, mark the trunk and branch areas, 
generate a 2D frame, observe the expected results, establish a 
3D frame and iterative generation, and output the 
corresponding skeleton and contour depth images. The 
application of procedural modelling methods to generate a 
weed root model within the contour-defined shape was based 
on the predicted trunk skeleton. Finally, the established weed 
root model was imported into EDEM software for particle 
filling with 571 particles, as shown in Figure 4.

 

 

FIGURE 4. Grass root modelling. 

 
As the field soil is affected by the environment, the 

surface soil is more prone to water and nutrient loss than the 
inner soil, resulting in higher outer soil hardness than the 
inner soil; solid inner and outer soil need to be generated 
separately. To reduce parameter calibration, based on Cao et 
al. (2023) and Fan (2020), the following parameters were set: 
normal ultimate stress between the outer and outer soil layers, 
25,000 Pa; tangential ultimate stress, 15,000 Pa; normal 

stiffness, 2.5e+06 N/m3; shear stiffness, 1.5e+06 N/m3; 
normal ultimate stress between the outer and outer soil layer 
23,000 Pa; tangential ultimate stress, 13,000 Pa; normal 
stiffness, 2.5e+06 N/m3; and shear stiffness, 1.5e+06 N/m3. 
Xiao et al. (2021) and Li et al. (2023) set the contact 
coefficients between the soil, grass roots, and soil-touching 
components, and the specific values are shown in Tables 3  
and 4. 
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TABLE 3. Parameters of the EDEM model. 

Parameter name Parameter value 

Poisson ratio for claw fingers 0.5 

Density of claw finger material / (kg/m3) 7850 

Shear modulus of claw finger / Pa 2.1e+11 

Poisson ratio for soil 0.4 

Soil density / (kg/m3) 1346 

Shear modulus of soil (outer layer) / Pa 2.1e+06 

Shear modulus of soil (inner layer) / Pa 1e+06 

Grass root Poisson ratio 0.52 

Grass root density / (kg/m3) 1070 

Grass root shear modulus 9.8e+04 

Normal stiffness per unit area / (N/m3) 2.5e+06 

Shear stiffness per unit area / (N/m3) 1.5e+06 

Critical normal stress of the outer layer / Pa 25000 

Critical tangential stress of the outer layer / Pa 15000 

Critical normal stress of the inner layer / Pa 23000 

Critical tangential stress in the inner layer / Pa 13000 

 

TABLE 4. Particle contact coefficients. 

Contact particles Coefficient of recovery 
Coefficient of static 

friction 
Coefficient of kinetic 

friction 
Soil–Soil 0.2 0.4 0.3 

Soil–Claw finger 0.3 0.5 0.05 

Soil–Grass roots 0.6 0.6 0.3 

Grass roots–Claw finger 0.5 0.58 0.01 

Grass roots–Grass roots 0.8 0.8 0.8 

 

To improve the calculation efficiency, with reference 
to the agronomic parameters of corn planting and the 
distribution range of weed roots, the simulation area was set 
at 100 mm long × 80 mm wide × 80 mm high, and the 
generation mode was dynamic generation. To ensure that the 
generated soil particles were uniformly distributed, the 
following parameters were used: soil particle factory 
generation speed, Z = −0.5 m/s; gravity direction, Z = −9.81 
m/s2; grass root number, 1; and descending speed, Z = −0.1 
m/s. According to the order from the inside to the outside, the  

inner layer of soil was stabilised to generate the grass root 
particles and to bury the grass roots, and the external soil was 
generated to complete the establishment of the root–soil 
discrete meta-model. The total number of particles generated 
by the particle factory in the cube was 9,371,364 particles, 
and the distribution of the particle size in accordance with 
sieving was 1,124,564, 1,967,986, 4,591,968, 1,218,277, and 
468,569 in descending order. The generated soil model is 
shown in Figure 5. 

 

 

FIGURE 5. Discrete elemental model of agglomerates.                  
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Bionic claw finger design 

Claw toe contour curve extraction and fitting: The 
crab claw toe was placed on a solid colour background using 
a camera to photograph the crab claw toe. As shown in Figure 
6, the crab claw toe image was transformed into a 
mathematical model through Matlab software image 
processing techniques. The original image of the crab claw 
toe was grey scaled and transformed into a binarised image.  

The noise was eliminated, and the residual parts were filled in 
through the expansion and erosion process Zhang (2015). The 
edge profile was extracted using the command to remove the 
edge profile for the contour curve of the crab’s claw toe, and 
finally, the coordinate points of the required contour part were 
selected according to the user’s customisation and fitted to 
determine the accurate coordinate equation of the contour of 
the claw toe.

 

 

FIGURE 6. Claw toe curve extraction process. (a), Logic block diagram. (b), Original image. (c), Binarised image. (d), 
Extraction of the contours. e, Selection of contours. 

 
The least squares method was used to fit the data, and 

the R2 value assessed the degree of curve fitting, and the 
group with the best fitting effect was selected as the basis for 
the design. The third claw toe (R2 = 0.999) had the most 
appropriate effect and could be used as the design parameter 
equations for the bionic claw finger, as shown in Figure 7. The 
fitted curve equations are as follows: 

Inner contour curve equation:  

𝑓(𝑥ଵ) = −2.35𝑥 ଷ − 9.727𝑥ଶ − 21.36𝑥 + 59.21 

The interval values were 45 ≥ 𝑥ଵ ≥ 110. 

Equation of the outer contour curve:  

𝑓(𝑥ଶ) = −5.475𝑥 ଷ − 15.32𝑥ଶ − 25.63𝑥 + 70.74 

The interval values were 65 ≥ 𝑥ଶ ≥ 110.

 

 
(a) Inner contour fitting curve               (b) Outer contour fitting curve 

FIGURE 7. Parameters of claw toe dimensions. 
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Three-dimensional modelling of claw fingers: The 

bionic claw finger structure was designed in Solid works 
based on the fitted curve equations, as shown in Figure 8, and 
divided into two parts, the working area and the installation 
area. The installation area was used for the installation of the 
claw finger, with the installation of the fixation of the six 
degrees of freedom through the setting of the two through 
holes with a diameter of 3 mm with the use of the bolts’ 
constraints. The working area of the design parameters 
included the claw finger working length, the cutting edge 
angle of the tension angle, the width of the claw finger, the 
thickness of the claw finger, and the inner and outer surfaces 

of the angle of the tension angle. The inner contour line of the 
crab’s claw toe was the inner surface bus of the bionic claw 
finger, and the outer contour line of the claw toe was the outer 
surface bus of the bionic claw finger. The claw finger will 
enter the soil in a cutting way when touching the soil, and a 
reasonable setting for the fingertip edge angle will help to break 
the soil when it touches (Yang et al., 2019; Zhao et al., 2024). 
It will be subjected to the soil pushing force on the inner surface 
of the claw finger when it cuts into the soil, and setting a certain 
surface tension angle will help to loosen the flow of the soil to 
the two sides to achieve the goal of reducing the drag force. The 
3D model of the bionic claw finger is shown in Figure 8. 

 

 

a. Cut edge tension angle b. Claw finger dimensions c. Outer contour curves d. Inner contour curves 

FIGURE 8. 3D model of claw fingers. 
 
Kinematic analysis of the working process of the 
gripper finger 

Working principle of the gripper finger: To pull 
weeds using the bionic claw, the mechanism and working 
principle of pulling weeds needs to be fully understood (Dong 
et al., 2022). As shown in Figure 9, the claw finger begins to 
enter the soil to pull weeds through four stages: touching the 
soil, entering the soil, digging, and holding up the rise. To 
maintain a certain angle of entry into the soil, in the touching  

the soil stage, the bionic claw must contact and cut into the 
soil; then, in the entering the soil stage, the bionic claw fingers 
continue to cut deeply into the soil, destroying the stable 
structure of the soil agglomerate. In the digging stage, the 
bionic claw fingers continue to go deeper and push the 
internal soil to the middle of the aggregation, and the majority 
of the soil will be along the claw fingers and gaps in the flow, 
reducing resistance of the soil caused by the transfer. In the 
lifting stage, the remaining agglomerates are lifted after 
discharging the soil particles to detach the soil .

 

 

FIGURE 9. Working principle of the claw finger. 
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Bionic claw kinematic mechanism analysis: 
According to the working principle of the bionic claw finger, 
the mechanical claw body structure was designed to drive the 
movement of the bionic claw finger. The specific structure, 
including base, connecting rod, fixed rod, and other 
components, is shown in Figure 10a. As shown in Figure 10b 
in the mechanism sketch, can be determined by the principle 
of movement between the components (Nørremark et al., 
2012; Pérez-Ruíz et al., 2014). The slider movement for the 
moving vice was set between the connecting rod for the 
rotation of the vice. Specific parameters are shown in Table 5. 
The number of moving parts, total number of high vices, and 
total number of low vices were determined to calculate the 
degrees of freedom, as follows: 

𝐹 = 3𝑛 − 2𝑃௅ − 𝑃ு                             (2) 

Where: 

n - number of active members; 

PL - number of low subs; 

PH - number of high subs. 
 

Therefore, since the slider is the only prime mover 
member that has one degree of freedom to move in the Z 
direction and is constrained by the other five degrees of 
freedom, it has deterministic motion (Bawden et al., 2017). It 
is possible to control the opening and closing motions of the 
gripper jaws by controlling the motion of the slider.

 

 
a. Composition of the gripper structure           b. Sketch of the gripper movement 

FIGURE 10. Working principle of the claw finger. 

 

TABLE 5. Particle contact coefficients. 

Name of component Sports vice Quantities 

Slider - Base moving partner 1 

Base - Ground fixed constraints 1 

Claw finger - Fixing lever fixed constraints 1 

Rod 1 - Fixed rod rotating partner 1 

Rod 1 - Base rotating partner 1 

Rod 2 - Base rotating partner 1 

Rod 2 - Fixed rod rotating partner 1 

Rod 3 - Base rotating partner 1 

Rod 3 - Fixed rod rotating partner 1 
 
Analysis of the resistance of the claw finger 
entering the ground 

The bionic weeding claw finger, which is in direct 
contact with soil parts, will produce mutual contact and 
relative slippage in the process of working with the soil; this 
phenomenon will produce several forces on the bionic claw 
finger into the soil and on the soil disturbances caused by the 
situation (Ma et al., 2021; Wang et al., 2021). Its main forces 
consist of the cutting resistance of the claw tip to the soil, the 
push resistance of the inner wall of the claw to the soil, the 
friction of the soil on the inner and outer side walls of the claw 
finger, and the adhesion resistance between the soil and the 

claw finger. These are discussed separately below. 
The working resistance is described, and the total 

resistance to entry is calculated as follows: 

𝑅 =  𝐹ଵ + 𝐹ଶ + 𝐹ଷ + 𝐹ସ                       (3) 

Where: 

F1 - cutting edge cutting resistance (N); 

F2 - inner horizontal nudge resistance (N); 

F3 - friction resistance (N); 

F4 - adhesion resistance (N). 
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Cutting resistance at the edge: The bionic claw edge 
cutting resistance to soil is an important part of operational 
resistance. Unlike the shovel-digging process, which fails the 
soil as a whole, the cutting action affects the soil with small 
and localised failure and breakage Chang (1981). The 
resistance of the cutting edge to cutting during the weeding 
operation was analysed and studied separately. 

𝐹ଵ = 𝐶ଵ𝑒௖మ௔೘ ∙ 𝐾௙ ∙ 𝐶ଷ∆𝜌 + ∆𝐹ோ஻ + ∆𝐹ோ௛ + ∆𝐹௖  (4) 

Where: 

F1 - cutting edge cutting resistance (N); 

am - calculated particle size of soil (mm); 

Kf - soil particle shape factor (N); 

Δρ - soil density (kg/m3); 

ΔFRB - resistance increment with edge width (N); 

ΔFRh - resistance increment with depth of cut (N); 

ΔFc - increment of resistance to change in the number 
of cut grass roots (N). 

 
The increment of drag that varies with edge width and 

depth of cut is: 

∆𝐹ோ஻ = 𝐶ସ𝑒௖ఱ௔೘(𝐵 − 900) 

∆𝐹ோ௛ = 𝐶଺𝑒௖ళ௔೘(𝐻 − 300) 

Where:

 

C1 = 0.14, C2 = 0.019, C3 = 1.26, C4 = 2.1×10−2, C5 = 0.017, C6 = 1.21×10−2, C7 = 0.0145 

 

FIGURE 11. Model of cutting resistance at the cutting edge. 

 
Inside horizontal push resistance: When the soil and 

bionic claw finger come into contact, the most influential 
resistance is the inner horizontal push resistance during bionic 
claw operation (Zhang et al., 2022). In the soil, the 
agglomerate structure of pressure particles is adjusted. The 
interface shape tends to comply with the interface shape of 
the component material. In the grasping process, all claw 
fingers and the region of contact with the soil are subjected to 
the action of the soil pressure. This study assumes that the 
bionic claw finger in the grasping operation is only subjected 
to the inner horizontal push resistance, the effective 
calculation of the contact area for the actual contact area in 
the horizontal direction of the projections. Since it is difficult 
to determine the exact height of soil accumulation on the claw 
fingers, the depth of grapple cut-in HX is approximated 
instead (Xu et al., 2015). According to the theory of Coulomb 
soil mechanics, at the depth of incision HX, the local soil 
agglomerate structure is destabilised by the bionic claw finger, 
producing the slip-cut phenomenon. At this time, the bionic 
claw finger is subjected to inward nudging resistance, which 
is mainly composed of the horizontal resistance to the 
movement of the soil agglomerate at the slipping surface, R1, 
and the horizontal resistance to the destabilised agglomerate, 
R2, as calculated by the following formula: 

𝐹ଶ = 𝑅ଵ + 𝑅ଶ                               (5) 

 
The horizontal resistance R1 generated by the 

movement of soil aggregates at the slip surface is determined 
as follows: 

𝑅ଵ = 𝐺Ⅰ ∙ 𝑡𝑎𝑛[𝜃 + 𝜑଴]                       (6) 

Where: 

GⅠ - soil aggregate Δabd gravity (N); 

φ0 - angle of the internal friction of the soil (°); 

β - angle between the virtual working plane of the claw 
finger and the vertical line (°); 

θ - soil slip angle (°), 45° − (φ0 − β) / 2. 
 

In the process of grasping, the inner side of the bionic 
claw fingers that is in contact with the soil is subjected to the 
pressure action of the soil, according to the theory of 
Coulomb geotechnics, which is the magnitude of the passive 
soil destabilised agglomerate pressure at a depth of incision 
HX. This can be calculated as follows: 
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𝑃௣ = 𝐾௣ ∙ 𝛾௠ ∙ 𝐻௑ + 2𝑐 ∙ ඥ𝐾௣                 (7) 

Where: 

KP - passive soil pressure coefficient; 

γm - soil capacity; 

C - soil cohesion (KN/m2). 
 

The passive soil pressure coefficient, Kp, can be 
expressed as a function of the angle of internal soil friction, 
as follows: 

𝐾௣ = 𝑡𝑎𝑛 ଶ(
గାఝబ

ଶ
) = 𝑐𝑜𝑡 ଶ 𝜃                   (8) 

 
The horizontal projection of the contact area of the soil 

and the bionic claw finger is the effective calculation area of 
the thrust resistance. The magnitude of the horizontal 
resistance R2 of the Δbcd destabilised agglomerates at the 
inner contact surface of the claw finger can be obtained by 
integrating the horizontal projection as follows: 

𝑅ଶ = ∫  
ு೉

଴
𝑃௣ ∙ 𝐵𝑑𝐻 = 𝐵 ∙ (

ଵ

ଶ
𝐾௣ ∙ 𝛾௠ ∙ 𝐻௑

ଶ + 2c ∙ 𝐻௑ ∙ ඥ𝐾௣)   (9) 

 
Friction and adhesion resistance: The frictional 

resistance of the claw finger is the tangential resistance of the 
soil when tangential relative slip occurs along the contact 
interface of the claw finger. As the contact area between the 
surface material and the soil before and after the claw finger 
into the soil increases creep or plastic contact occurs due to 
the squeezing out of the dirty layer, and sometimes there may 
be intermittent slipping and sticking, thus increasing the 
resistance. Friction and adhesion of the soil are influenced by 
factors such as soil moisture content and material surface 
properties, and adhesion and friction are generally linearly 
related to positive pressure (Mu et al., 2023). In general, as 
the pressure between the soil and the material increases, the 
actual contact area between the soil and the material also 
increases. Therefore, the resulting adhesion and friction is 
greater. The following equations can be used to calculate the 
theoretical friction between the soil and claw fingers: 

𝐹ଷ = 𝑅ଷ + 𝑅ସ                              (10) 

 

𝑅ଷ = 𝐺Ⅱ ∙ 𝑐𝑜𝑠𝛼௑ ∙ 𝑡𝑎𝑛𝛽 + 𝐹ଶ ∙ 𝑠𝑖𝑛𝛼௑ ∙ 𝑡𝑎𝑛𝛽     (11) 

 

𝑅ସ = 𝐶௔ + 𝜎௡𝑡𝑎𝑛𝜑଴ = (𝐶௔௧ +  𝐶௔௡ + 𝜎௡) 𝑡𝑎𝑛𝜑଴  (12) 

Where: 

R3 - tangential sliding friction resistance of the inner 
contact surface (N); 

R4 - tangential sliding friction resistance of the outer 
contact surface (N); 

Cat Can - unit faces normal force of attachment (N); 

σn - normal specific pressure on the friction surface (N). 
 

The frictional resistance of the claw finger is divided 
into two parts: one is the frictional resistance caused by the 
static pressure of the soil on the outside of the claw toe, R3; 
and the other is the frictional resistance caused by the soil 
sliding in on the inside of the claw finger, R4. The magnitude 
of both is affected by the mechanical properties of the soil and 
the surface condition of the claw toe. The adhesion of the soil 
to the bionic claw finger, i.e., the tensile strength in       
the vertical direction of the joint surface between the soil and 
the claw finger, is expressed by F4, as calculated in the 
following equation: 

𝐹ସ =
௉

ௌ
                                    (13) 

Where: 

P - force applied vertically along the bonding surface (N); 

S - contact area between the claw finger and soil (mm2). 
 

It is generally recognised that the adhesion between 
the soil and the contact material is determined by the 
following five forces. This was calculated as follows: 

𝑃 = 𝑞ெ + 𝑞ா + 𝑞௄ + 𝑞஻ − 𝑞௉                 (14) 

Where: 

qM - gravitational force between molecules (N); 

qE - electrostatic attraction between soil and claw body (N); 

qK - water tension (N); 

qB - soil and contact material viscous resistance (N); 

qP - wedge opening force (N). 
 

The effects of these five forces on adhesion differ 
depending on the soil conditions. Among them, the one that 
plays a decisive role in soil adhesion is the water tension,   
qK, generated by the water film between the soil and  
material surface.
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a. Inside horizontal nudge resistance modelling        b. Claw finger friction resistance model 

FIGURE 12. Force distribution schematic. 
 
RESULTS AND DISCUSSION 

Results of kinematic analysis of the working 
process of the claw finger 

Based on the type and number of motion subs between 
each component (Table 5), Recur Dyn software was used to 
carry out multi-body kinematics simulation of the mechanical 

clamping claw, setting the base as a fixed part, the slider as a 
prime mover, and the range of the moving distance at 35 mm, 
marking the marker points on the tip of the bionic claw finger 
to statistically count the claw finger movement, and setting 
the simulation solution time as 1s and the time step as 100. 
The gravity was Z = −9806.65 mm/s2, and multi-body 
kinematics simulation was performed on the mechanical claw.

 

 
      a. Motion sub-imposed          b. Bionic claw finger trajectory 

FIGURE 13. Pretreatment of the mechanical claw. 
 

Through the mechanical claw motion simulation of the 
bionic claw finger trajectory, as shown in Figure 13b, claw 
finger trajectory and the expected claw finger trajectory was 
in line with the confirmation of the structure to meet the 
expected work requirements. On the bionic claw finger, 
marker point displacement changes were analysed. Due to the 
axisymmetric structure of the mechanical claw, the individual 
claw finger movement was the same, and in this study, only 
one of the claw fingers was analysed. As shown in Figure 14 
a and d, in the X direction, the displacement of the claw finger 
closed was −20 mm at 0–0.4 s and opened was 20 mm at 0.4–
0.7 s. In the Z direction, the displacement of the claw finger 
closed was −35 mm at 0–0.4 s and opened was 35 mm at 0.4–
0.7 s, as shown in Figure 14 b and d. The total motion of the 

claw finger can be described as follows. Figure 14c and d 
shows the total movement of the claw finger, which can be 
described as follows: at 0–0.3 s, the claw finger first slowly 
accelerated down to near the end position; at 0.3–0.4 s, it 
decelerated down to finally reach the closed position. This 
change was to ensure that the claw finger was stable and 
closed and that it did not collide, as it would if the speed was 
too high. At 0.4–0.5 s, the claw finger accelerated to open to 
facilitate the rapid release of the seized weed, and at 0.5–0.7 
s, it slowed to open. The Z direction displacement was −35 
mm, as shown in Figure 14b. At 0.7 s, it changed to a slow 
deceleration movement, and the claw finger finally reached 
the maximum opening and closing position with a stable 
movement state. 
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   a. X direction displacement  b. Z direction displacement    c. Total displacement        d. Velocity variation 

FIGURE 14. Movement of the claw fingers. 
 
Simulation analysis of the working process of the bionic weeding claw 

At this stage, the use of mechanical claws to pull the 
weeds out of the weed control device is reduced. There is a 
lack of mutual comparison for the test object. This study 
adopted the flat claw finger as a comparative object to fully 
realise the bionic claw in the working process of its structural 
advantages, with the soil flow rate, soil displacement state, 
soil disturbance rate, and the force of the grass roots, and 
resistance of the claw finger entering the soil as the test 
objectives for the simulation of the comparison test. To ensure  

the accuracy of the test to reduce error, the flat claw finger 
and bionic claw finger design parameters were set to be 
basically the same. The design parameters (length, width, 
thickness) were as follows: 40 mm × 10 mm × 10 mm; cutting 
edge of the tension angle, 80°; angle of entry into the soil, 70°; 
number of claw fingers, 4; and same drive structure as the 
bionic claw fingers. The 3D model produced using Solid 
works modelling is shown in Figure 15. 

 

 

FIGURE 15. Three-dimensional model of flat jaw finger and mechanical jaws. 
 

A comparative test of the gripping process: Based 
on the MBD-DEM (Dynamics of Multi-body System and 
Discrete Element Method) joint simulation test to simulate the 
work of a bionic mechanical claw pulling weeds, the 
mechanical claw 3D model was converted to igs format and 
imported into Recur Dyn software. The motion vice and 
constraints were set, and the slider, which was the moving part, 
had a movement distance of 35 mm. The length of time was 

0.4 s, and the four claw fingers were saved as a wall file and 
exported. The root–soil generated in the previous section was 
used as a model for the root–soil. The discrete element model 
was opened in EDEM and imported into the wall file. The 
simulation time of the both software was set to 1 s, and the 
saving step was set to 0.01 s. To facilitate the observation of 
the internal particle movement, the simulation test model was 
sliced and dissected, as shown in Figure 16. 
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FIGURE 16. Joint simulation of the grasping process. 
 

As shown in Figure 16, when the mechanical claw 
makes the downward movement to the near ground, the bionic 
claw fingertips are gradually inserted into the soil, with the 
claw finger just entering the soil. Due to the claw finger 
cutting edge of the shear and the inside and outside of the 
curved surface extrusion, the soil become displaced and the 
speed changes. The claw finger continues to move deeper, and 
the cutting edge of the soil carries a continuous shear. The soil 
is divided into the upper and lower parts of the inner surface 
of the push and pressure. Due to the degree of bending, in the 
inner surface, which has a role in the angle of tension and 
moves the soil upward, the inner wall is gradually shunted to 
two sides to avoid the phenomenon of congestion and to 
reduce the resistance of the push. Due to the claw finger, the 
whole form is gradually thicker from the bottom up, with the 
claw finger deep inside along the inner wall, and climbing a 
distance occurs after the broken fracture phenomenon. When 
it reaches the maximum depth of contact, wrapping the grass 
roots and the main root system, the claw body rises to 
completely pull out the weed’s root system. Compared with 
the bionic claw finger, after the flat claw finger enters the soil, 
with the increase in the soil depth, the soil gradually 

accumulates on the inner surface of the claw finger. The 
congestion phenomenon is serious, making the excavation 
resistance increase so that the bionic claw finger can 
effectively solve the congestion problem when pulling out the 
weeds and keeping the roots of the grass intact to the 
maximum extent when pulling out the grass roots. 

Comparison test of soil particle displacement and 
movement velocity: Under the action of different claw 
fingers, the soil and root complexes are damaged in different 
ways; the claw finger in the deep soil layer experiences 
extrusion and shear, crushing soil particles to obtain a certain 
speed of movement. The nonlinear displacement changes of 
the claw finger are shown in Figure 17. Although movement 
speed changes are observed for the particles, the bionic claw 
finger inside the contour of the curved curves. The curved 
surface tensor angle structure enables the soil particles to flow 
along the angle of the tensor. Both sides of the surface flow, 
reducing the direct push resistance and friction. In the 
simulation test post-processing module for different positions, 
different soil layers of soil particles were marked to analyse the 
changes in the locations of these particles, speed, and 
distribution of the claw finger after contact with the claw finger.
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FIGURE 17. Velocity distribution of soil particle movement. 
 

According to the soil particle factory generated above, 
in the slicing process of the post-processing module, the slice 
thickness and claw finger width were 10 mm in the sliced soil 
particles. The inner side of the outer layer of the claw finger 
and inner layer of the soil particles, which were in contact, 
were labelled and numbered, as shown in Figure 17. Based on 
particle movement displacement statistics, the trajectory of its 
movement along the claw finger tensor surface to the 
displacement of the particles was determined, and the 

trajectory of the particles was along the surface of the claw 
finger tensor surface to both sides. Compared with the 
displacement of the soil particles of the bionic claw finger, the 
soil particles under the action of the flat claw finger were 
more piled up along the surface of the claw finger, resulting 
in smaller displacement, which indicated that the bionic claw 
finger was more likely to disturb the soil than the flat claw 
finger. It has a positive effect on reducing the resistance of 
entering the soil, as shown in Figure 18. 

 

 
   a. Soil particle labelling serial numbers                   b. Soil particle movement trajectories 

FIGURE 18. Soil movement marking results. 
 

Comparative stress test of grass roots: In the 
simulation test post-processing interface, the grass root force 
situation was statistically analysed. As shown in Figure 19 a, 
the grass root has a total several times that of the force change. 
At 0.2–0.65 s, within the weed root system, there is shear 
action from the cutting edge of the claw finger, and soil 
displacement occurs under the tensile action of the grass roots. 
At 0.65–0.7 s, the claw finger continues to reach for the 
deepest depth of the grass roots, causing force to reach its first 
peak. At this time, grass root agglomerates due to claw finger 
interference, and internal claw finger agglomerates on the soil 
layer gradually rupture due to the main factor of force for the 
root–soil agglomerates, which is the tensile force. The flat 
claw finger cutting edge width is wider than the bionic claw 
finger, indicating more root-soil agglomerates and the 

occurrence of shear action. At 0.7–0.75 s, the stress on grass 
roots turned increased and reached the second peak, and the 
claw finger reached a maximum depth and was in the state of 
complete closure. The stress on grass roots was obviously 
higher than that using the bionic claw finger under the action 
of the closed claw finger, indicating that the bionic claw 
finger could disturb and loosen the soil very well. The stress 
on grass roots was smaller, with less soil compression inside 
the claw finger. At 0.75–0.8 s, the force on the grass roots 
peaked again, indicating that under the action of the claw 
finger, the root system detached significantly from the 
internal soil, the stabilised agglomerates became loose, and 
the generated agglomerative force began to be less than the 
grasping force of the claw finger. At 0.8–0.1 s when the grass 
roots are grasped by the claw finger and gradually moved to 
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the outer layer of soil, the main root system are subject to the 
friction between the soil particles. The interaction between the 
grass roots and the soil depth gradually become shallower. The 
friction between the grass root and the soil particles is also 
gradually reduced until the grass root is completely pulled out. 
At this time, the grass root stress tends to be stabilised due to 
the effect of the bionic claw finger on soil perturbation. Grass 
roots are not easy to break, more to ensure the integrity of 
pulling out. Due to the disturbance and loosening effect of the 
bionic claw finger on the soil, the friction between the grass 
root and the soil in the process of detaching from the soil is 
smaller than that of the flat claw finger, as the grass root system 

is not easy to break. The completeness of the root is guaranteed. 
Comparative test of claw finger in-ground 

resistance: According to the claw finger force model, the 
main force composition of the claw finger for cutting 
resistance, push resistance, friction, and adhesion resistance 
in the claw finger cannot measured separately. This study 
measured and comparatively analysed the average ground 
resistance of the claw finger. The average change in the 
ground resistance is shown in Figure 19b. Due to the excellent 
characteristics of the bionic claw finger, its resistance in 
entering the ground is much lower than that of the flat claw 
finger. The average resistance reduction rate is 16.4%.

 

 

a. Force on grass root  b. Force on claw finger resistance to entry soil 

FIGURE 19. Target force conditions. 
 
CONCLUSIONS 

Based on Matlab image processing technology, the 
inner and outer contour curves of the crab claw toe were 
extracted, which were fitted as a bionic design prototype, and 
a 3D model of the bionic claw finger was established. Based 
on the single image inverse reconstruction technology, a 
simulation model of the weed root system was obtained, and 
the discrete element particles were filled in. According to the 
mechanical soil dynamics theory of the kinetic analysis of the 
bionic claw finger weeding process, the bionic claw finger 
was used for weed removal. The resistance in the process 
consisted of cutting resistance, inner horizontal push 
resistance, friction resistance, and adhesion resistance. 

From the kinematics simulation test, the claw finger 
must touch the soil, from the beginning of entering the soil to 
pulling out the weed, going through four stages: entering the 
soil, into the soil, digging, and lifting. The working principle 
of the mechanical claw is basically realised. There is no dead 
point of movement, and the movement state is stable. 
Through the calculation of the degrees of freedom, it was 
concluded that the mechanism has a deterministic movement, 
and through the marking of marker points on the tip of the 
claw finger, it is concluded that the claw finger trajectory is 
consistent with the expected working trajectory of the claw 
finger, which is consistent with the expected trajectory of the 
claw finger. By marking marker points on the tip of the bionic 
claw finger, the trajectory of the bionic claw finger is 
consistent with the expected trajectory of the claw finger, 
indicating that the bionic weeding claw movement meets the 
expected working requirements. 

As shown in the joint simulation and comparison test, 
the tensor surface structure of the bionic claw finger can make 
the soil particles move along the contour line to both sides, 
which can reduce the push resistance, friction resistance, and 
adhesion resistance generated by the soil on the bionic claw 
finger, having a good crushing, loosening, and diversion 
effect. The combination of the bionic contour curve structure 
can inhibit congestion phenomenon with the increase in the 
amount of soil feeding. The piled up soil climbs along the 
contact surface, and the soil can be removed from the contact 
surface. The piled up soil along the contact surface is hindered 
from climbing, breaking the soil structure. The resistance of 
the process of entering the soil is reduced. According to the 
claw finger force situation of the bionic claw finger and flat 
claw finger compared to the average reduction rate of 16.4%, 
the force of the grass roots is reduced by 23.3%. It is easier to 
pull out more intact roots, in favour of the eradication of 
weeds in maize fields. 

The bionic weeding claw can realise rapid positioning 
and precise weeding under the mutual cooperation of the 
mounting platform, machine vision, and weeding drive 
components; by changing or increasing the target crops for 
identification and protection, the bionic claw can also be used 
for weeding operations of crops such as cabbage and leafy 
green vegetables. Furthermore, weed eradication operations 
are needed to provide theoretical support. 
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