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ABSTRACT

Aiming at the digging shovel of the red soil harvester in the cassava planting area, problems such as high
digging resistance and difficulty in breaking the soil when harvesting cassava tubers will lead to blockage at
the connection between the digging device and the transmission device. Using the rabbit's front paws as a
bionic prototype, three-dimensional scanning and reverse engineering technologies were employed to extract
their unigue geometric features. These quantified geometric structural characteristics were then applied to the
design of an excavation shovel, aiming to reduce resistance during excavation operations. Based on the
discrete element (EDEM) coupled RECURDYN, using the resistance of the excavation shovel and the Bonding
key breakage rate as evaluation indicators, the discrete element orthogonal analysis of three factors including
the shovel tooth length, shovel tooth width, and shovel edge inclination angle was carried out based on the
simulation test results. Test was performed to determine the best parameter combination for drag reduction
and crushing rate of the bionic shovel; the working resistance of the shovel was used as an evaluation index
to verify the excavation performance of the bionic shovel through field tests. The optimal parameter
combination of the bionic shovel based on the discrete element simulation test is the tooth length of 220 mm,
the tooth width of 65.1 mm, and the blade inclination 60°. The excavation resistance of this combination is
1733.66 N and the maximum soil fragmentation rate is 92.9%. Through field tests, it can be found that when
the excavation depth is 310 mm and the forward speed is 300 mm/s. The Type 1 bionic digging shovel exhibits
a reduction in resistance of 6.84%, while the Type 2 bionic digging shovel demonstrates a more significant
reduction of 9.21%, compared to the traditional digging shovel. Tests have shown that the bionic shovel type
2 has excellent soil excavation characteristics and can complete cassava excavation operations in tropical red
soil areas. It can provide a design reference for reducing drag and saving energy for cassava harvesters.
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INTRODUCTION

Hainan Province is located in a tropical rain forest climate area (Li et al., 2014). Under the conditions
of high temperature, high humidity and high concentration of biological organic matter, it is easy to form red
soil with heavy clay soil. However, cassava, which is highly adaptable to the environment and can grow in
relatively harsh environments, is one of the excellent tropical economic crops. Observation in the practice of
cassava planting fields shows that heavy soil is the main cause of resistance when the shovel is working.
Therefore, when operating cassava harvesters under red soil conditions in tropical areas of Hainan Province,
excavation drag reduction is the key technology to achieve high-efficiency and low-energy consumption
harvesting of cassava.

Biomimetic design is a methodology that leverages biological structures, functions, and mechanisms
found in nature to address engineering challenges and enhance performance by emulating the remarkable
characteristics of natural systems. The extensive application of biomimetic and reverse engineering
technologies within the engineering domain has demonstrated that simulation technology can effectively
mitigate the challenges associated with limited experience in the design of mechanical components. The rise
of bionics has led to practical applications demonstrating that bionic soil contact components can significantly
save energy and reduce drag (Cui et al., 2019; Zhang et al., 2022). The potato digging shovel is a critical soil-
contacting component of agricultural machinery. Energy efficiency, drag reduction, and wear performance are
essential indicators for these parts. Numerous scholars and research teams, both domestically and
internationally, have conducted studies and provided substantial data supporting the development of bionic
digging shovels (Zhao et al., 2021).

For instance, Fan Yu et al. explored the excavation mechanism and aimed to reduce excavation
resistance by employing discrete element analysis to examine the soil fragmentation principles from a
microscopic perspective during the excavation process. They applied bionic design principles to the structure
of the potato soil contact device, drawing inspiration from the arch mouth of wild boars. Subsequently, they
coupled these external characteristics with the potato digging shovel and conducted a mechanical analysis of
the tool. The test results indicate that the application of bionic theory can effectively reduce digging resistance
during potato harvesting (Fan et al., 2020).

Duanmu Lingjian et al. (2020) addressed the issues of high digging resistance and limited adaptability
of cassava digging shovels by selecting the forepaw toes of the yellow-haired rat as a bionic prototype to
design a shovel-toothed bionic digging shovel. This design effectively reduces drag and allows for adjustments
in the number of teeth according to the specific needs of the digging shovel. Zou Xiangxiang and colleagues
developed a bionic digging shovel inspired by the shape of the front toe claws of the Oriental mole cricket to
tackle the challenges of inserting the digging shovel into the soil and achieving a low soil breaking rate during
cassava harvesting (Zou et al., 2013). Their analysis concentrated on the static strength of the cassava digging
shovel structure using finite element analysis. Sun et al. designed a bionic trencher to address high resistance
and viscosity issues encountered with trenchers, drawing from the hydrophobic drag-reducing characteristics
of shell texture. This design effectively reduces drag, minimizes adhesion, and facilitates detachment (Sun et
al., 2020).

Yu et al. (2022) focused on the large digging resistance and complex root systems associated with
potato digging shovels, creating a bionic shovel based on the outer contour of mole toes. They conducted a
static strength analysis and a discrete element structural analysis of the digging shovel, employing both finite
element and discrete element methods, which effectively reduced the traction power required by the harvester
and enhanced the fatigue strength of the digging shovel.

In summary, the structural design of agricultural machinery that incorporates bionics can effectively
reduce digging resistance during operation and enhance the soil crushing performance of such machinery.
The focus of bionic structural design lies in the combination of appropriate bionic objects. This paper addresses
the technical challenges posed by high clay resistance and the presence of heavy soil clods that are difficult
to break in the red soil of Hainan's cassava cultivation. Using an ordinary cassava digging shovel as a
prototype, the structure is enhanced by integrating the drag reduction curve of a rabbit claw's outer contour,
along with the addition of an arched structure to optimize soil-breaking performance. The Bionic Rabbit Paw
Cassava Digging Shovel is designed with reference to conventional digging shovels, aiming to achieve energy
savings and reduced drag during operations.
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MATERIALS AND METHODS
Analysis on the mechanism of excavating shovel resistance
When the excavating shovel is in operation, it can be divided into two distinct phases: penetrating the

soil and excavating it. Bekker's semi-empirical formula is employed to develop a mathematical model that
describes the volume of soil excavated, as well as the shear and normal stresses experienced during the
penetration phase (Zhang et al., 2015). Additionally, Rankine's earth pressure theory is applied to establish a
mathematical model that elucidates the relationship between elastic soil properties and excavation depth
during the soil excavation process (Zhao et al., 2017; Li et al., 2023).
Excavating shovel force analysis

When the cassava digging shovel is working, the cassava digging shovel encounters four primary types
of resistance, as illustrated in Figure 1. These include the positive pressure F, exerted by the soil on the digging
shovel, the frictional resistance Fi between the soil and the digging shovel, the penetration resistance Fi, that
occurs as the front end of the digging shovel penetrates the soil, and the inertial force F, exerted by the soil
on the digging shovel.

Fig. 1 - Force analysis of digging shovel during operation
1 — Digging shovel; 2 — Sail

Calculation of depth of penetration
As shown in Figure 1, O is the origin. The coordinates of points A and C and the distance Ly from the
coordinate origin to the ground are known. It can be obtained that the horizontal projected length Ly of the
digging shovel before it enters the soil and the length b of the digging shovel submerged in the soil are:
Lx — (yc — Lh)(xc — Xa) (1)
Ye=VYa

b=y +(y, - L)’ @

where Ly is the horizontal length of the shovel into the soil; Ly is the distance from the coordinate origin to the
ground; Xa is X coordinate of point A; Ya is Y coordinate of point A; Xc is X coordinate of point C; Y. is y coordinate
of point C; b is the length of the shovel into the soil.

Penetration resistance analysis and calculation

As shown in Figure 2, the angle of the shovel tip is 6, the excavating shovel width is d, and the shovel
tip length is e. When the excavating shovel enters the soil, it is subject to the positive pressure F, of the soil
on the excavating shovel and the shear stress F. of the soil on the excavating shovel. The penetration
resistance when the front end of the digging shovel penetrates into the soil is Fi,.

1 2

Fig. 2 - Stress analysis of shovel surface
1- Digging shovel; 2— Soil
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It can be seen from Figure 2 that the geometric relationship between the blade tip length €, the angle 8
between the excavation blade tip and the excavation blade width d is:
d
e=———
2tan(6/2) 3)
According to the relationship between digging shovel penetration and load in Bekker’s semi-empirical
formula, it can be obtained:

o, = % +k,y" 4)

Toax =Cp +0, taN @ ®)
_b

r=71, (1-e%) ©)

where:
oy - the positive pressure at depth y, [MPa]; n - the soil subsidence coefficient; ki - the soil cohesive
deformation modulus coefficient; k2 - the friction deforma
14 ption modulus coefficient; tmax - the maximum shear stress at depth y, [MPa]; Co - soil cohesion
N/mm2; a - Soil internal friction angle; t - the Simplified shear stress at depth y , [MPa]; ko - Shear
deformation modulus coefficient.
When the digging shovel enters the soil, the positive pressure F, exerted by the soil on the digging
shovel is:
b b
F=——f0d, )
cos(@/2)*°
When the digging shovel enters the soil, the shear stress F.exerted by the soil on the digging shovel is:
F-—2 [ ®)
cos(@/2)"° 7
The penetration resistance Fr, is:
F,,=2F sinZ +2F cos < 9
2 2

Positive pressure analysis and calculation

According to Rankine's earth pressure theory, a mechanical model of the digging shovel and the
surrounding soil is established, as illustrated in Figure 3. In this model, the normal stress o, on the digging
shovel at a depth of z is denoted, while g represents the normal pressure exerted by the soil on the digging
shovel. Additionally, 8 indicates the angle of slip between the slip line and the plane of the shovel.

Fig. 3 - Stress analysis of shovel surface
1- Digging shovel; 2— Soil; 3— Slip line

0; is the normal stress and slip angle on the digging shovel at depth z:

2, T O 2, T & 2, T
= = S+ ) +2 = (10)
G, =yztan (4+ 2)+qtan (4+2)+ c, tan (4+2)
T
=== (11)
p 4 2
According to Rankine earth pressure theory, the positive pressure of the soil on the digging shovel is:
F, =b’o.d, (12)
1 T o« T« T o«
F ==yb’tan’(>+ =) +qgb® tan®(=+ =) + 2¢c,b” tan®* (= + = (13)
=57 (4 2)q (4 2) 0 (4 2)

where: y - the soil bulk density [N/mm3].
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Digging shovel resistance calculation
According to Figure 3, the soil slip volume V is:

bZ
V= d (14)
2tan g
The inertial force of the soil on the digging shovel is:
F, =pVa (15)

where: p - the soil density [kg/mm3]; a - the slip acceleration of soil relative to digging shovel [m/s?].

The friction force of the soil on the digging shovel is:
Feo=ukF, (16)
where: u - the kinetic friction factor between soil and digging shovel.

To sum up, the total resistance F of the sliding soil to the digging shovel is:
F=(F+F,) +(F,+F,) (17)
According to the formula presented above, the width of the digging shovel, the depth to which it
penetrates the soil, and the angle of the shovel tip all influence the digging resistance encountered during
operation. In practical cassava harvesting, the conditions are complex and variable. The digging resistance is

also affected by factors such as the size and shape of soil particles, soil moisture content, crop growth
conditions, and other related variables.

Bionic cassava digging shovel design
Bionic prototype

The excavation device, as the primary component of the potato harvester, significantly influences both
the operational efficiency of the machine and the quality of the harvested potato products. Within this
excavation device, the excavation shovel teeth serve as the core elements that impact soil crushing and
operational resistance. This article selects the adult Giron rabbit, a breed derived from California cave rabbits
in the United States, as the bionic model. To maintain the stability of their burrows, Giron rabbits typically
excavate in soil characterized by higher viscosity and hardness (Liu et al., 2010). The bionic sample rabbit
measures 44 cm in length, 20 cm in height, and has a front foot width of 3 cm, with its front toe claws illustrated
in Figure 4.

rabbit paw toe

rabbit paw toe

a) original photo b) Black & white photo
Fig. 4 - Bionic prototype rabbit paw

Digging shovel design

To obtain a comprehensive three-dimensional point cloud map of the toe claws, a high-precision 3D
object scanner (supplied by Beijing Tianyuan 3D Technology Co., Ltd., with a scanning accuracy of up to 0.023
mm and a resolution of up to 0.02 mm) was utilized to perform a 360-degree scan of the toe claws, thereby
establishing a three-dimensional point cloud model. Subsequently, the three-dimensional point clouds were
processed and denoised using FreeScan Trak software, resulting in a three-dimensional image in STL format,
as illustrated in Figure 5.

Fig. 5 - 3D cloud point diagram of bionic prototype rabbit paw toe
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The front toe of the rabbit paw serves as the primary tool for digging holes. The unique biological
curvature of its outer contour is the key factor that ensures effective soil cutting performance (Yu et al., 2019;
Jia et al., 2019). The outline curve of the front toe is illustrated in Figure 6. To obtain a true and reliable
representation of the outer contour curve of the toe claw, coordinate data from the cloud point diagram were
extracted, and polynomial fitting was performed on this data using MATLAB. The resulting four distinct outer
contour curves are presented in Figure 7. The fitting degree (R?) of the contour curve equations exceeds 0.99,
confirming that the accuracy of the extracted outer contour curve aligns with the actual biometric curve, thus
meeting the necessary fitting requirements.

The equation is:

y, =9.606x10™x* ~1.767 x107" x> ~1.449x10™* x* +0.3919x +82.65 (18)
Y, =-2.329x10™""x* +4.934x107" x* - 6.256 x10°x* +0.3979x +328.1 (19)
Y, =1.97x10™°x° - 6.836x10 " x°* +9.182x10°x* -5.881x10° x* +1.81x10°x* - 0.138 (20)

y, =—-2.02x107"°x® +6.373x107?x° - 7.336 x10° x* +3.6 x10°x* -5.621x107* x* +0.04x +345.7 (21)

y4

y1

Fig. 6 - Bionic model rabbit paw outer contour
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Fig. 7 - Outer contour function curve graph

Using the aforementioned contour curve equation as a reference, the outer contour surface of the bionic
shovel is reconstructed utilizing SolidWorks software (Yu et al., 2022; Shi et al., 2014). The bionic shovel teeth
are designed as fitting surfaces, with the side view projection curve serving as the horizontal reconstruction
curve. Curve Y; is designated as the upper ridge line, while curve Y. represents the lower ridge line. The outer
contour curves of the shovel blade are identified as curves ys and y4. Consequently, a three-dimensional model
of bionic shovel type 1 is established, as illustrated in Figure 8b. To this model, a bionic claw arch structure is
incorporated, resulting in the creation of three-dimensional bionic shovel type 2, as depicted in Figure 8c.
Additionally, a control group consisting of ordinary shovel teeth is included to establish a three-dimensional
model of a conventional shovel, as shown in Figure 8a. For the bionic shovel, 6 is the angle between the
tangents of curves yz and ys, and the intersection of the tangents is the same as that of the conventional shovel

of the same specification.
d

d d
b b v
b
] 8 8
a) A conventional shovel; b) Bionic shovel type 1; ¢) Bionic shovel type 2;

Fig. 8 - Excavating shovel 3D model
b — Digging shovel length; c — Digging shovel width; 6 — Digging blade angle
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Discrete element simulation experiment
Discrete element model of soil and its cassava

Research indicates that an increase in the number of Discrete Element Method (DEM) particles can
significantly enhance simulation efficiency while maintaining calculation accuracy, albeit with an increase in
computation time (Yang et al., 2018; Zhou et al., 2023). Consequently, this article categorizes soil particles
into four distinct types. Additionally, a five-point sampling method was employed to collect soil samples from
the experimental field. Following the screening of these samples through a soil sieve, it was noted that soil
particles larger than 5 mm, as well as those ranging from 2 mm to 5 mm in diameter, exhibited irregular shapes.
Specifically, particles exceeding 5 mm were confirmed to be irregularly shaped. For modelling purposes,
particles larger than 5 mm were represented using a four-sphere model, while those measuring between 2 mm
and 5 mm were represented with a three-sphere model. Particles smaller than 2 mm were found to be
approximately spherical, leading to the selection of a single-sphere model for this category. The classification
of particle types and sizes is illustrated in Figure 9.

0. 5mm

3. 5mm T -8 Tmm
a) Soil particles above 5 mm; b) 2-5 mm soil particles; ¢) 1-2 mm soil particles; d) Soil particles below 1mm;
Fig. 9 - Soil particle discrete element model

During the cassava harvesting process, cassava stems are a primary focus of research regarding the
fragmentation of the cassava-soil complex. This paper presents findings from a field investigation conducted
at the Experimental Base of the Tropical High Efficiency Crops Agricultural Machinery Research Institute in
Danzhou City, Hainan Province. The study revealed that cassava exhibits a growth pattern characterized by
numerous tubers and straight, elongated stems. Most cassava stem models are approximately evenly
distributed across the eight spatial quadrants (Yang et al., 2022). Additionally, in the cassava planting area,
physical parameters of the cassava were collected through direct measurements and averaged. The stem
length can reach up to 60 cm, with a radius of about 4 m and an average depth of approximately 30 cm after
maturity. The cassava stem itself measures around 30 cm. This article employs SolidWorks software to create
a three-dimensional model, which is then saved and imported into EDEM for rapid particle filling. The discrete
element model of cassava tubers is illustrated in Figure 10.

Fig. 10 - Cassava discrete element model

EDEM discrete element simulation model and its parameter settings

Hainan Province is situated in a tropical environment characterized by high temperatures and humidity.
The accumulation of organic matter in this region facilitates the formation of red soil, which exhibits high
viscosity resistance and significant thickness. Notably, the rainy soil in Hainan tends to adhere to cassava
digging shovels. To simplify the calculation model, this article treats the soil as a viscous body. The "Hertz-
Mindlin and JKR" contact model employs viscous particles as the theoretical foundation for analyzing the
aggregation and separation motions between these particles (Ding et al., 2017; Yang et al., 2015; Abo et al.,
2004). Given the physical properties of Hainan's red soil, this paper adopts the "Hertz Mindlin with JKR
Cohesion" contact model as the collision contact model for soil particles (Sridhar et al., 2010; Mouazen et al.,
2002). The physical parameters utilized in the simulation materials (Wu et al., 2020) are presented in Table 1.
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Table 1
Material parameters and contact parameters

Parameter Value
Density of soil particles / (kg-m™3) 1656
Density of shovel / (kg-m™3) 7850
Poisson’s ratio of soil 0.45
Poisson’s ratio of shovel 0.3
Shear modulus of soil / Pa 1.5x108
Shear modulus of shovel / Pa 7.1x10%0
Coefficient of static friction for soil-soil 0.41
Coefficient of rolling friction for soil-sail 0.35
Coefficient of restitution for soil-soil 0.43
Coefficient of static friction for soil-shovel 0.56
Coefficient of rolling friction for soil-shovel 0.18
Coefficient of restitution for soil-shovel 0.56
Cohesion interaction of soil-soil / (J-m™2) 7.90
Cohesion interaction of soil-shovel / (J-m™2) 6.10

Discrete element complex of cassava-soil

Based on an on-site agronomic investigation conducted at the Tropical High Efficiency Crop Agricultural
Machinery Institute in Danzhou City, Hainan Province, the distribution patterns of soil particles were analyzed,
the field shape was measured, and the cassava planting conditions were documented. The cassava-soil
complex vector model is illustrated in Figure 11. The field ridges are designed to be trapezoidal, with specified
lower and upper bottom widths. The plant spacing and ridge spacing are also defined. Measurements of soil
compactness using instruments indicate that greater soil depth correlates with increased pressure. This article
categorizes the terraced field ridges into three layers based on depth: deep soil, middle soil, and shallow soil.
Following the stabilization of particles in EDEM, they are introduced into the excavation device of the cassava
harvester. In Recurdyn, the motion pair of the excavation device is added, with the start mode set from 0 s to
1 s, allowing for a gradual acceleration to 300 mm/s via a linear function, after which it maintains a constant
speed. In the post-processing interface, the resistance of the shovel teeth and the disturbance of soil particles
during the operation of each type of shovel are analyzed.

1 2 3 4 5
Fig. 11 - EDEM simulation diagram
1- Deep soil; 2— Middle soil; 3— Shallow soil; 4- Cassava; 5— Digging shovel

Simulation results and analysis
Comparative analysis of soil particle breaking ability

The impact of the excavating shovel on soil bonding is illustrated in Figure 12. Figure 12a demonstrates
that after the soil bonding is disrupted by the blade of the ordinary excavating shovel, the bonding does not
change once the soil reaches the shovel surface. Conversely, Figure 12b indicates that after the soil enters
the shovel surface of bionic excavating shovel type 1, the bonding key increases along the curvature radius of
the shovel surface, leading to an increase in force. As shown in Figure 12c, when the soil interacts with the
shovel surface of bionic excavating shovel type 2, the arch structure significantly damages the bonding
between soil particles. A portion of the soil slides upward along the shovel surface and enters the transition
plate process, while some soil particles overcome the bonding force and slide laterally back to the ground.
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Consequently, the primary working resistance of the excavating shovel arises from the reaction force of the
soil against the transition plate. Therefore, reducing the amount of soil entering the transition plate can
effectively decrease the working resistance.

Cuamphesety i e il

commpletely int the soil complecety inea the soil

Cantact wih he sl Cominet 8 the 3o

Comtact with the sedl

a) Ordinary digging shovel; b) Bionic shovel type 1; ¢) Bionic shovel type 2;

Fig. 12- Distribution diagram of soil particle cohesion force of digging shovel

Comparative analysis of excavation resistance

In the simulation, the forward speed of the frame is set to 300 mm/s, the soil penetration angle is set to
15°, the excavation depth is set to 40 mm, and the total simulation test time is set to 4 s. The simulation results
are illustrated in the accompanying figure 13. Notably, the resistance experienced by the bionic digging shovel
type 2 is significantly lower than that of the ordinary digging shovel and bionic digging shovel type 1. As
depicted in Figure 13, the resistance of the excavating shovel increases sharply upon initial contact with the
soil, reaching a stable value after 3 s. Consequently, this study considers the average value of the data from
3 s to 4 s as the resistance of the excavating shovel. The excavation depth achieved is 310 mm. At depths of
290 mm and 270 mm, the excavation resistance of the bionic excavating shovel type 1 is reduced by 6.84%,
4.58%, and 4.84% compared to the ordinary shovel, yielding an average reduction of 5.42%. In contrast, the
excavation resistance of the bionic excavating shovel type 2 is reduced by 9.21%, 9.89%, and 10.12% relative
to the ordinary shovel, with an average reduction of 9.74%. These results indicate a significant decrease in
soil penetration resistance. The results show that bionic shovel type 2 is more effective.

Digging pressure change curve Digging pressure change curve Digging pressure change curve
2500 90ing p 9 2000 99/ng p g 2000 aing p g

2000

1500

1000

Digging Pressure (N}
Digging Pressure (N)
Digging Pressure (N}

500

0 0.5 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4
Time (s) Time (s) Time (s)

a) Excavation depth 310 mm; b) Excavation depth 290 mm; ¢) Excavation depth 270 mm;

Fig. 13- Resistance curves for 3 excavation depths
a— A conventional shovel; b— Bionic shovel type 1; c— Bionic shovel type 2

Optimization test of structural parameters of bionic shovel
Experimental factors
According to the resistance analysis, the width of the digging shovel, the depth of its penetration into
the soil, and the angle of the shovel tip are the primary factors influencing the resistance generated during its
operation (Tagar et al., 2015; Barr et al., 2018). To identify the optimal combination of structural parameters
for the bionic shovel type 2, simulations of excavations with various parameter combinations are conducted
within a consistent simulation environment. These combinations are evaluated based on excavation resistance
and soil breakage rate, where the soil breakage rate A is defined as follows:
A= M (22)
N0
where:
A - Soil damage rate;
N: - Bonding Number at the ending of simulation;
No - Bonding Number at the start of simulation.
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According to the agronomic inspection of the planting site, the spacing between cassava planting rows
issetat 1 mto 1.2 m. To maintain an appropriate gap between the digging shovels while completely excavating
the cassava stems, this article specifies the digging shovel width to be between 65 mm and 85 mm.
Additionally, to analyze the depth of the cassava stems buried in the soil, the excavation blade width is
established at 220 mm to 260 mm (Xiong et al., 2022). To achieve a better drag reduction effect during
excavation without compromising the excavation efficiency, the inclination angle of the excavation blade is
recommended to be between 55° and 60° (Fan et al., 2020). To simplify the number of experiments and
minimize simulation errors, the Box-Behnken Design (BBD) experimental design was employed, resulting in
17 groups of orthogonal experiments encompassing 3 factors and 3 levels. The experimental factors of bionic
shovel type 2 are coded as presented in table 2.

Table 2
Test factor coding table
Factor
Coded
value Digging shovel length b) Digging shovel width (d) Digging blade angle (6)
A(mm) B(mm) C(°)
-1 220 65 50
0 240 75 55
1 260 85 60

Test result analysis

After adjusting the physical dimensions of the excavating shovel in accordance with the 17 sets of test
parameters, import the modified shovel design into the EDEM software. Conduct simulated excavation on the
same soil model and record both the resistance encountered by the excavating shovel and the soll
fragmentation rate during the excavation process. The results are presented in table 3.

Table 3
Simulation test results
Serial Digging shovel | Digging shovel Digging blade Digging Soil breakage

number | length A (mm) width B (mm) angle C (°) Resistance (N) rate A
1 -1 -1 0 1733.66 91.4
2 1 -1 0 1939.54 92
3 -1 1 0 1972.14 92.7
4 1 1 0 2078.01 934
5 -1 0 -1 1851.07 924
6 1 0 -1 2034.9 92.7
7 -1 0 1 1928.46 93.6
8 1 0 1 2051.42 94
9 0 -1 -1 1823.09 91.7
10 0 1 -1 2055.59 92.6
11 0 -1 1 1830.46 93
12 0 1 1 2067.5 93.4
13 0 0 0 2007.4 92.3
14 0 0 0 2012.5 92.7
15 0 0 0 2013.72 924
16 0 0 0 2030.36 91.8
17 0 0 0 2033.2 92.6
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Regression model establishment and significance testing

To conduct a comprehensive analysis of the effects of excavation blade length, width, and inclination
angle on working resistance, variance analysis was performed on the test results, as presented in the tables
4 and 5.

According to the variance analysis results presented in the table 4, it can be concluded that the empirical
significance value of the regression model is F = 55.15, P < 0.0001. The simulated linear terms, including
shovel tooth length (A) and shovel tooth width (B), as well as the quadratic terms (A2 and B2), significantly
impact excavation resistance, with extreme significance (P < 0.01). Furthermore, the quadratic term AB also
has a significant effect on excavation resistance (P < 0.05). Consequently, the order of influence of each
individual factor on excavation resistance is as follows: tooth width (B) > tooth length (A) > blade inclination
angle (C). Other factors do not have a significant impact. After eliminating the insignificant terms, the coded
regression equation for soil resistance is obtained:

Y, = 2019.436 + 77.3175A +105.81125B - 25.0025AB - 33.148 A* - 55.4505B° (23

According to the variance analysis results for the soil fragmentation rate presented in Table 5, the
empirical significance value of the regression model is F = 6.82 and P = 0.0096. The simulated first-order
factors, specifically the shovel tooth width (B) and blade inclination angle (C), have a highly significant impact
on the soil fragmentation rate (P < 0.01). Additionally, the quadratic term C2 demonstrates a significant effect
on the soil fragmentation rate (P < 0.05). The table indicates that the order of influence of each individual factor
on the soil fragmentation rate is as follows: blade inclination angle (C) > blade tooth width (B) > blade tooth
length (A), while other factors do not exhibit a significant influence.

After removing the insignificant terms, the coded regression equation for the soil fragmentation rate is
obtained:

Y, =165.419375 +0.52125B — 2.2105C +0.0223C* (24)
Table 4
Work resistance variance analysis
Source Sum of Squares df Mean Square F p
Model 1.64x10° 9 18162 55.15 < 0.0001
A(**) 47823.97 1 47823.97 145.22 < 0.0001
B(**) 89568.17 1 89568.17 271.97 < 0.0001
C 1601.5 1 1601.5 4.86 0.0632
AB(¥) 2500.5 1 2500.5 7.59 0.0283
AC 926.29 1 926.29 2.81 0.1374
BC 5.15 1 5.15 0.0156 0.904
A2(**) 4626.48 1 4626.48 14.05 0.0072
B2(**) 12946.35 1 12946.35 39.31 0.0004
c? 1654.95 1 1654.95 5.03 0.0599
Residual 2305.32 7 329.33
Lack of Fit 1770.89 3 590.3 4.42 0.0926
Pure Error 534.43 4 133.61
Cor Total 1.66x10° 16

Note: (**) indicates that the item is extremely significant (P<0.01), (*) indicates that the item is significant
(P<0.05).

Table 5
Variance analysis of soil breakage rate

Source Sum of Squares df Mean Square F p
Model 7.03 9 0.7815 6.82 0.0096
A 0.5 1 0.5 4.36 0.0751
B(**) 2 1 2 17.46 0.0041
C(*) 2.64 1 2.64 23.09 0.002
AB 0.0025 1 0.0025 0.0218 0.8867
AC 0.0025 1 0.0025 0.0218 0.8867
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Source Sum of Squares df Mean Square F p
BC 0.0625 1 0.0625 0.5455 0.4842
A2 0.2792 1 0.2792 2.44 0.1625
B? 0.2476 1 0.2476 2.16 0.185
C2(% 1.31 1 1.31 11.42 0.0118
Residual 0.802 7 0.1146
Lack of Fit 0.31 3 0.1033 0.8401 0.5385
Pure Error 0.492 4 0.123
Cor Total 7.84 16

Note: (**) indicates that the item is extremely significant (P < 0.01), (*) indicates that the item is
significant (P < 0.05).

Response surface analysis and target optimization

The response surface is illustrated in Figure 14. The interactive effect of blade length A and blade width
B on excavation resistance is depicted in Figure 14a. With the blade inclination angle C fixed at 0 coded value
and blade length A held constant, an increase in shovel width B leads to a rise in excavation resistance. This
increase is pronounced in the range of 65-75 mm and more gradual in the range of 75-85 mm. Conversely,
when shovel tooth width B is kept constant, excavation resistance increases with an increase in shovel tooth
length A. The change is significant in the range of 220-240 mm, becomes more gradual in the range of 240-
260 mm, and exhibits a slight downward trend after reaching a plateau. The interactive effect of blade length
A and blade inclination angle C on excavation resistance is shown in Figure 14b. When blade tooth width B is
fixed at O coded value and blade tooth length A remains unchanged, excavation resistance does not exhibit
significant changes as blade inclination angle C increases, although there is a slight upward trend at higher
excavation resistances. The interactive effect of shovel tooth width B and blade inclination angle C on
excavation resistance is presented in Figure 14c. When shovel tooth length A is fixed at 0 coded value and
shovel tooth width B remains constant, excavation resistance does not show significant changes with an
increase in blade inclination angle C. However, when blade inclination angle C is held constant, excavation
resistance tends to increase as shovel tooth width B increases.

a) Response surface plots of A and B; b) Response surface plots of A and C; c) Response surface plots of B and C;
Fig. 14 - Excavation resistance response surface plot

The response surface is illustrated in Figure 15. The interactive effect of shovel tooth length A and
shovel tooth width B on the soil breakage rate is depicted in Figure 15a. When the blade inclination angle C is
fixed at 0 coded value and the shovel tooth length A remains constant, there is a slight upward trend in the soil
crushing rate as the shovel width B increases, although this trend is not pronounced. Conversely, when the
shovel tooth width B is held constant, the soil breakage rate does not exhibit significant changes with increasing
shovel tooth length A. The interactive effect of shovel tooth length A and blade inclination angle C on the soil
fragmentation rate is shown in Figure 15b.

When the shovel tooth width B is fixed at O coded value and the shovel tooth length A remains
unchanged, the soil fragmentation initially decreases as the blade inclination angle C increases, then
subsequently increases. Similarly, when the blade inclination angle C is held constant, soil fragmentation first
decreases and then increases with an increase in blade length A. The interactive effect of blade width B and
blade inclination angle C on the soil fragmentation rate is illustrated in Figure 15c. For a fixed shovel tooth
length A at O coded value and constant shovel tooth width B, an increase in the blade inclination angle C
results in a decrease in soil crushing, followed by an increase. When the blade inclination angle C remains
constant, an increase in shovel tooth width B leads to a gradual increase in digging resistance.
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a) Response surface plots of A and B; b) Response surface plots of A and C; c) Response surface plots of B and C
Fig. 15 - Soil breakage rate response surface plot

In order to obtain the optimal bionic shovel parameters with smaller excavation resistance and larger
soil breakage rate, this paper performs an optimal horizontal combination of test factors and establishes a
mathematical model based on the boundaries of the test factors as follows:
minY,
maxy,
$14220mm < x; <260mm
65mm < x, <85mm

50" < x, <60°

In the multi-objective optimization module of the Design Expert 13 software, the optimal parameter
combination for the bionic shovel, which achieves both minimal excavation resistance and a higher soil
breakage rate, consists of a shovel tooth length of 220 mm, a shovel tooth width of 65.1 mm, and a shovel
edge inclination angle of 60°. This combination results in an excavation resistance of 1733.66 N and a
maximum soil fragmentation rate of 92.9%. A simulation test was conducted using this optimal parameter
combination in EDEM, yielding an excavation resistance of 1671.51 N and a soil fragmentation rate of 93.1%.
The error between the predicted response value and the experimental value was within 5%, thereby verifying
both the accuracy and reliability of the model.

(25)

RESULTS
Field test machines and materials

The test machine utilized in this study, as illustrated in the accompanying figure 16, primarily comprises
a depth shape prevention device, an excavation device, a vibration separation device, a secondary
transmission and sorting table, and a central control unit. The depth shape prevention device is designed to
control and stabilize the working excavation depth. The shovel teeth of the excavation device crush the soil,
which is subsequently directed into the vibration separation device via a connecting plate to facilitate the
separation of potato soil. Finally, the material is conveyed to the secondary transmission and sorting platform
for manual sorting. This secondary transmission effectively integrates mechanical separation of the potato soil,
while manual sorting significantly mitigates damage to the cassava caused by collisions.

Fig. 16 - Soil breakage rate response surface plot
1- Power unit; 2— Control device; 3— Track; 4— Vibrating wheel; 5— Hydraulic device; 6— Excavation device; 7— Alignment device;
8- Frame; 9— Support wheel; 10— Separating screen; 11— Power supply unit; 12— Sorting table drive shaft; 13— Anti-collision device;
14— Secondary transmission sorting table
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The excavation device of the cassava harvester is illustrated in the figure 17. It primarily consists of
shovel teeth, connecting plates, and transition plates. The shovel teeth measure 220 mm in length and 65 mm
in width, while the transition plate measures 980 mm in length and 300 mm in width. To facilitate testing, the
connecting plate features openings. The fixed holes allow for the installation of two types of bionic shovel teeth,
one type of ordinary shovel teeth, and transition plates onto the cassava harvester's excavation device.
Additionally, a pressure sensor is installed at the bottom of the shovel to measure the excavation resistance
encountered during operation.

e L UL R LA LSRR SIS RGN L
SASHRL SIS e

3. Pressure sensor

1. Digging teeth 2.Digging shovel face

Fig. 17- Excavation device
1- Digging teeth; 2— Digging shovel face; 3— Pressure sensor

To verify the soil-breaking effect of bionic excavation, three types of digging shovels were installed on
a cassava harvester for field tests conducted in the cassava planting base. The digging depth was set to 310
mm, and the forward speed was maintained at 300 mm/s. The results of the excavation effects on the ridge
field are illustrated in Figure18. The image indicates that both the ordinary shovel and bionic shovel type 1
produced larger soil clumps. In contrast, bionic shovel type 2 resulted in a more uniform soil breakage,
demonstrating superior performance, which aligns with the simulation results.

......

N N O SO NDZT
Fig. 18- Comparison chart of field excavation effects
1- Ordinary digging shovel; 2— Bionic shovel type 1; 3— Bionic shovel type 2

The spacing between the conveyor chains of the cassava harvester is 40 mm. Consequently, this paper
employs a soil sieve with a diameter of 20 mm to conduct five sets of sampling screenings across three ridge
fields. As shown in Table 6, the proportion of soil particles with a diameter of 20 mm or greater for ordinary
shovels is 18.94%. In contrast, the bionic shovel type 1 has a soil particle diameter of 20 mm or greater
accounting for 16.98%, while the bionic shovel type 2 shows that soil particles of 20 mm or greater comprise
11.92%. Thus, it can be concluded that the bionic shovel type 2 exhibits superior soil breaking ability compared
to both the ordinary shovel and bionic shovel type 1.

Table 6
The proportion of surface soil diameter above 20
Sampling serial Bionic shovel type Bionic shovel type Ordinary digging
number 1 (%) 2 (%) shovel (%)
1 16.5 12.3 18.3
2 17.6 11.2 19.5
3 17.3 11.6 20.3
4 15.9 12.8 17.8
5 17.6 11.7 18.8
average value 16.98 11.92 18.94
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Excavation resistance comparison test

The pressure sensor and information transmission module installed at the base of the digging shovel
collect and transmit the excavation resistance values in real time. To simplify the testing process, the digging
depth was set to 310 mm, and the forward speed was maintained at 300 mm/s. The resistance change curve
over time is illustrated in Figure 19. Notably, the resistance value rapidly increases to a stable level upon
entering the soil. It is evident that the resistance encountered by the bionic shovel type 2 is significantly lower
than that experienced by the ordinary shovel and the bionic shovel type 1.

Digging resistance change curve chart
2500 gging re ! g :

o
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T
(=1
(=]
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500 |

00 2 p 6 8 1 12
Time (s)
Fig. 19- Digging resistance change curve chart
a— Bionic shovel type 1; b— Bionic shovel type 2; c— Ordinary digging shovel

To ensure the accuracy of the data, each model of excavator shovel was tested 10 times, and the
average data from 4 s to 12 s is shown in Figure 19. The results of the excavation resistance tests are
presented in the table 7. The average resistance experienced by the Ordinary digging shovel during operation
is 1886.842 N. The average resistance for Bionic shovel type 1 is 1729.390 N, and the average resistance for
Bionic shovel type 2 is 1600.316 N. Calculations show that the resistance of the Type 1 Bionic Shovel is
reduced by 8.34% compared to the conventional shovel. In addition, the Type 2 Bionic Shovel has a 15.19%
reduction in resistance compared to a conventional digging shovel. In the simulation results in Figure 3, the
digging depth is 310 mm, and the resistance of the Type 1 Bionic Shovel is reduced by 6.84% compared to
the conventional shovel. Compared with the conventional shovel, the resistance of the Type 2 bionic shovel is
reduced by 9.21%. The margin of error between simulation and experiment is within 10%, which verifies the
reliability of the simulation. In terms of digging performance, the Type 2 Bionic Shovel outperforms the Normal
Shovel and the Type 1 Bionic Shovel.

Table 7
The proportion of surface soil diameter above 20
Sampling serial number Bionic sh(cJ"}/)eI type 1/ Bionic sh(or‘;/)el type 2/ Conventiona/l ((ij;;)ging shovel
1 1712.397 1627.799 1854.514
2 1721.62 1573.192 1872.327
3 1712.786 1617.638 1876.475
4 1710.114 1573.576 1871.152
5 1751.522 1569.991 1907.87
6 1714.208 1629.65 1903.715
7 1730.245 1570.074 1894.575
8 1753.198 1601.268 1906.316
9 1761.941 1629.691 1900.092
10 1725.87 1610.28 1881.385
average value 1729.39 1600.316 1886.842
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CONCLUSIONS

This article presents the design of a cassava digging shovel specifically tailored for the extensive and
dense red soils found in tropical regions. Utilizing a bionic rabbit claw toe biological curve structure, the shovel
effectively reduces digging resistance and enhances the soil breakage rate during excavation tasks. The
following conclusions are drawn:

1) Simulation test results for cassava digging indicate that at excavation depths of 310 mm, 290 mm,
and 270 mm, the digging resistance of bionic digging shovel type 1 is reduced by 6.84%, 4.58%, and 4.84%,
respectively, yielding an average reduction of 5.42% compared to the ordinary shovel. In contrast, the digging
resistance of bionic digging shovel type 2 is decreased by 9.21%, 9.89%, and 10.12%, with an average
reduction of 9.74%. The digging performance of bionic digging shovel type 2 significantly surpasses that of
both bionic digging shovel type 1 and the ordinary shovel.

2) An analysis of the simulation test results reveals that the optimal parameter combination for bionic
excavating shovel type 2 includes a tooth length of 220 mm, a tooth width of 65.1 mm, and a specific blade
inclination, resulting in an excavation resistance of 1733.66 N and a substantial soil fragmentation rate of 92.9%.

3) Field test results demonstrate that bionic digging shovel type 2 possesses a superior ability to break
soil, the Type 1 bionic digging shovel exhibits a reduction in resistance of 6.84%, while the Type 2 bionic
digging shovel demonstrates a more significant reduction of 9.21%, in comparison to the traditional digging
shovel achieving, thereby meeting the requirements for cassava harvesting.
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