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Abstract

Targeting the problems of low reliability and cleaning quality during the soil cleaning
process of semi-feed peanut combine harvesters under clay soil conditions, a composite
soil cleaning device with “up-and-down flapping and lateral rotation” was designed. To
prevent strength failure within the device, finite element static analysis, explicit dynamic
simulation and modal analysis were conducted. The rationality and reliability of the
structural design of the two soil cleaning devices (the up-and-down flapping type and
the lateral rotation type) were verified. The simulation results show that the maximum
static and dynamic stresses of the up-and-down flapping-type soil cleaning device are
far lower than the material yield strength. Even under extreme impact loads from hard
impurities such as stones or roots, it still maintains elastic deformation and avoids per-
manent failure due to plastic deformation. The maximum stress of the lateral rotary-type
soil cleaning device is also far below the material yield limit. Its dynamic characteristics
meet the requirements posed by the extreme working conditions in the field, and its
natural frequency lies outside the vibration range experienced under working conditions,
demonstrating its excellent vibration resistance performance. Meanwhile, reliability as-
sessments and cleaning quality measurements were carried out on the device. The test
results show that the soil cleaning device can meet the structural strength requirements
for semi-feed peanut combined harvesting under clay soil conditions. The soil cleaning
device improves the sustainability of peanut production in terms of energy consumption,
soil conservation, and economic viability. These research results provide technical sup-
port for peanut harvesting and the sustainable development of the peanut industry.

Keywords: sustainable mechanization; reliability; strength; composite soil cleaning
device; finite element analysis; semi-feed peanut harvester; clay soil
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1. Introduction

Peanuts, the most internationally competitive, high-quality, and advantageous oil
crop in China, are also an important source of edible vegetable oil and protein. They
hold a crucial position in the national economy and social development [1,2]. The annual
planting area for peanuts in China is over 4.7 million ha, with an output of over 17 mil-
lion tons. The planting area and output consistently rank second and first in the world,
respectively, and are showing an upward trend [3-5]. According to statistics, nearly 1.6
million ha of peanuts are planted in the hilly and mountainous areas of China, account-
ing for one-third of the total peanut planting area [6,7]. The peanut planting fields in
these areas are mostly composed of clay soil, with small and scattered fields and com-
plex terrain and landforms, which severely restricts the level of mechanized peanut
harvesting that can be achieved [8-11]. As of 2022, the mechanized harvesting rate of
peanuts in typical hilly and mountainous areas such as Sichuan and Guangdong was
less than 2%, far lower than the national average rate of 53.90%. There is no specialized
peanut harvesting equipment for hilly and mountainous areas with clay soil; the current
harvesting equipment mainly consists of existing and improved small-scale agricultural
machinery, such as small peanut single-row excavators and small picking machines.
Their availability and usage are extremely limited, and their overall reliability is poor,
with a high failure rate, with the harvesting quality failing to meet the requirements of
local farmers [12-16].

Peanuts are underground fruit crops, and thus cleaning soil from around the pod is
a necessary process during harvesting [17-19]. After nearly a decade of development in
China, some soil cleaning technologies and devices for peanuts have been developed
[20-22]. However, all these studies are focused on sandy or sandy-loamy soils in plains,
and there are relatively few studies on soil cleaning techniques for peanuts under clay
soil conditions in hilly and mountainous regions. Compared with sandy or sandy—loamy
soils in plains, high-performance soil cleaning during peanut harvesting is extremely
difficult in hilly and mountainous areas with clay soil. The reason for this is that in these
areas, the peanut vines contain a large amount of soil, there are many hard, large soil
clumps, and the clay soil easily adheres to the pods and the soil-cleaning equipment,
thereby increasing their weight. These factors double the cleaning load and make it
difficult to ensure the reliability of the cleaning components, which become prone to
strength failure. Meanwhile, the high soil content, combined with the fact that the soil
easily adheres to the pods and components, results in low-efficiency soil cleaning. At
present, there are five main methods for soil cleaning commonly used in flat areas with
sandy or sandy-loamy soils [23-25].

(1) Swing-Plate Soil Cleaning Technology. An eccentric mechanism is used to drive
two parallel vibrating plates to form a synchronous swing system. During opera-
tion, the conveying device clamps the peanut vines, enabling the pod parts to pass
through the space between the two plates. Under the action of synchronous swing,
soil stripping is achieved.

(2) Swing-Pole Soil Cleaning Technology. An eccentric mechanism is used to drive two
parallel vibrating poles. During operation, the conveying device clamps the peanut
vines and transports them backward. The peanut vines pass through the space be-
tween the two poles. Through reciprocating swinging, the vibrating poles strike the
vine parts, causing the vines below the conveying device to oscillate, thus dislodg-
ing the soil around the pods.

(3) Differential Chain Pole Soil Cleaning Technology. A rotating-chain-pole lifting de-
vice is placed below the conveying device. The movement speed of the lifting de-
vice is lower than that of the conveying device, and the peanut pod attaches to the
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chain poles. Due to the speed difference, the peanut pod will slide along the chain
poles, thus removing the adhered soil.

(4) Reciprocating Vibration Screen Soil Cleaning Technology. This technology features
a vibrating screen to sieve out the soil. During operation, the peanut vines, pods,
and soil are fed into the vibrating screen together. Under the reciprocating vibration
of the screen, the soil is separated from the pods, with the soil falling off the screen.

(5) Lifting Pole Soil Cleaning Technology. Similar to the reciprocating vibrating screen
technology, during transportation of the peanut vines, pods, and soil, which is achieved
using poles, the soil is separated from the pods and seedlings by shaking the poles.

The above-mentioned soil cleaning technologies perform well in sandy or sandy-loamy
soils: the cleaning components have good reliability, and the cleaning efficiency meets the
operational requirements. However, in areas with clay soil, their adaptability and reliability
are poor; the failure rate of the cleaning components is high, and the quality of soil cleaning
is low. Continuous cleaning operations cannot be achieved. Therefore, the above-mentioned
soil cleaning technologies cannot be directly adopted in clay soil in hilly and mountainous
areas, and the development of reliable and high-quality soil cleaning technologies and pea-
nut harvester components that are suitable for these conditions is urgent.

In response to the aforementioned issues, the research object of this study is the soil
cleaning device of a semi-feed peanut combine harvester. Aiming to solve the problems
of its low reliability and poor soil-cleaning quality under clay soil conditions, an
“up-and-down flapping-lateral rotation” soil composite cleaning scheme is proposed.
The design and finite element analysis of key components of the soil cleaning device are
presented. In addition, the reliability and cleaning quality of the device are evaluated
through field tests, and the rationality of its design is comprehensively verified. The re-
search results can provide a reference for the structural and strength design of soil
cleaning devices for peanut combine harvesters used in clay soil.

2. Design of the Composite Soil Cleaning Device
2.1. Overall Scheme Configuration

Taking into account factors such as the soil cleaning rate, loss rate, energy con-
sumption and cost, and in view of the clay soil working conditions, an “up-and-down
flapping-lateral rotation” soil composite cleaning scheme was adopted. The structure of
the composite soil cleaning device is shown in Figure 1 and mainly consists of two core
working components: up-and-down flapping-type and lateral rotary-type soil cleaning
devices. Combining these features combines the advantages of mechanical vibration to
effectively enhance the soil cleaning efficiency and minimize peanut pod loss. The
up-and-down flapping-type device efficiently cleans soil through the rapid reciprocating
motion of a flexible striking plate, thereby reducing the risk of pod loss; the lateral rota-
ry-type device utilizes the frictional force to remove the remaining soil and enhance the
soil cleaning efficiency.

The soil cleaning process is generally divided into two stages: In the first stage, the
up-and-down flapping-type device plays a crucial role. This device is composed of
soil-striking grid plates that move up and down. Under the action of the driving device,
it vibrates at a high frequency along a preset trajectory. Through various soil-dislodging
mechanisms such as mechanical impact and centrifugal force, the plates can break the
bond between the soil and the pods, thereby efficiently detaching the soil. The first stage
is responsible for removing most of the soil from the surface of the pods. Then, in the
second stage, the peanut vines are sent into the lateral rotary-type soil cleaning device.
This device has multiple striking poles, which are installed on a rotating shaft and thus
rotate at high speed. The centrifugal force generated by this device can break up and
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remove loose soil. At the same time, with its combined friction effect, it significantly im-
proves the cleaning efficiency and effectively prevents soil re-attachment. Due to the
properties of clay soil, the peanut vines contain a large amount of soil, with many large,
hard soil clumps, and the weight of the soil-cleaning components increases due to soil
adhesion. This results in a significant increase in the load for processes such as
high-frequency up-and-down swinging, soil squeezing and crushing, and centrifugal
soil throwing. To achieve efficient soil removal under clay soil conditions, based on the
results of previous experiments, the total input power of the designed composite soil
cleaning device was designed to be 6 Kw.

Driving system of the cleaning device

Eccentric wheel

Rod
Vine lifting device

Lateral rotary type soil cleaning device
Soil striking grid plates
Conveying chain

Figure 1. Overall configuration of the composite soil cleaning device.

2.2. Up-And-Down Flapping-Type Soil Cleaning Device

The up-and-down flapping-type soil cleaning device is composed of a power input
module, an eccentric transmission module, a connecting rod transmission module, a
soil-striking grid plate, and an auxiliary support module. The structure is shown in Fig-
ure 2. This device features an eccentric wheel-multi-link transmission system to achieve
directional excitation.

The vibration transmission system is composed of an eccentric wheel, a transverse
connecting rod, a steering connecting rod, a lifting connecting rod, a soil-striking grid
plate, etc. During operation, power is transmitted through the eccentric wheel and the
transverse and steering connecting rods to convert the planar rotation into the
up-and-down reciprocating motion of the lifting connecting rod, causing the
soil-striking grid plate to periodically oscillate around the lower hinge point of the ad-
justing connecting rod. The other side of the soil-striking grid plate was mainly used for
cleaning the soil. By raising the adjusting connecting rod, the spacing between the
soil-striking grid plate and the peanut pod can be dynamically adjusted to ensure
smooth transportation of the peanut while maintaining the optimal excitation intensity.

The soil-striking grid plate is the core component of the device. It breaks down the
soil in the peanut pod area by swinging up and down and removes the soil adhered to
the pods through vibration. The overall structure of this plate is shown in Figure 3. It
mainly consists of vertical grid bars welded above horizontal rods. The function of the
vertical grid bars is to shake the pod clusters, while that of the horizontal rods is to con-
nect and fix the vertical grid bars, forming a framework structure. At the same time, the
ends of the horizontal rods are connected to the lifting and adjusting connecting rods,
enabling the overall swinging motion. Through on-site measurement, the distribution
range of the peanut pod clusters was found to be 150-250 mm. In order to ensure that
the soil-striking grid plate could cover this distribution range during the transportation
of peanut vines, the lateral width of the soil-striking grid plate was designed to be 400
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mm. Furthermore, to ensure that the vertical grid bars make full contact with the pod
cluster, the vertical grid bar spacing should be minimized as much as possible. Con-
versely, in order for the removed soil to pass through the gaps, the spacing of the verti-
cal grid bars should also be maximized. To enhance the reliability of long-term shaking
of pods and clay soil, the diameter of a single vertical grid bar and the spacing of the
vertical grid bars need to be designed through testing.
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Adjusting connecting rod Soil striking grid plate
Figure 2. Schematic diagram of the up-and-down flapping-type soil cleaning device.

Horizontal rods 1

A\ Hinged point

A \/ﬁ/ ’ Vertical grid bars

Horizontal rods 2

Figure 3. Schematic diagram of the soil-striking grid plate.

2.3. Lateral Rotary-Type Soil Cleaning Device

The main component of the lateral rotary-type soil cleaning device is the laterally con-
figured squirrel-cage rotating wheels. There were two groups of such rollers: both were cen-
tered on the transportation path of the peanut pods, with one placed symmetrically on each
side of the path. This device squeezes and breaks down the soil adhered to the pods through
two squirrel-cage rotating wheels and removes the soil by centrifugal force.

The squirrel-cage rotating wheel consists of multiple circumferentially distributed
striking poles. These poles were fixed in a framework structure by a circular ring; the
overall structure is shown in Figure 4. The diameter of the squirrel-cage rotating wheels
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and the distance between the two left and right rollers were designed based on the cir-
cumferential distribution range of the peanut pods. A striking pole was placed at fixed in-
tervals along the circumference. This not only enabled the required striking frequency, but
also avoided the poles being too dense, which would cause excessive damage to the pea-
nut pods. Based on the height distribution range of the peanut pods, the height of the
striking pole was set, which enabled effective striking of the soil and ensured that the can-
tilever structure did not deform during this process. The squirrel-cage rotating wheel was
made of high-strength aluminum alloy, which has a low density and weight to reduce the
rotational inertia and lower energy consumption. It has both good strength and corrosion
resistance, and can be adapted to the complex working environment in the field.

Figure 4. Schematic diagram of the squirrel-cage rotating wheel.

3. Finite Element Simulation Analysis of the Structural Mechanics of the
Composite Soil Cleaning Device

All finite element analyses in this study were conducted within a single unified soft-
ware environment, ANSYS Workbench (2020, ANSYS, Inc., Canonsburg, PA, USA), which
features multiple solver modules. Different modules were employed according to the phys-
ical nature of each problem: the Static Structural module (implicit solver) was chosen for the
quasi-static strength assessment under steady loads; the LS-DYNA module ((2020, ANSYS,
Inc., Canonsburg, PA, USA)) was chosen for the transient impact analyses involving large
deformation, high strain rates and complex contact; the Modal module was chosen for the
extraction of natural frequencies and mode shapes; and the Harmonic Response module was
chosen for the frequency-domain evaluation of resonant responses. Since these modules
shared the same geometry, material database, meshing tools and post-processing environ-
ment within Workbench, the consistency of the finite element models was guaranteed.

The finite element meshing strategy was as follows: A uniform meshing strategy was
adopted for all finite element analyses. All models were discretized with hexahe-
dral-dominant meshes generated with quadratic hexahedral solid elements (SOLID186). For
the soil-striking grid plate and the brackets, the geometries of which are regular prismatic
structures, the sweep method was used; for the lateral rotary-type soil cleaning device,
which has a relatively complex geometry, the multizone (partition) method was applied. The
global element size was selected according to the dimensions of each component, and local
refinement was applied at the contact regions, around the keyway and at the hinge points to
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capture possible stress concentrations. The mesh quality was verified against the engineering
acceptance criteria (skewness and orthogonal quality) before the solution. The mesh quality
of all models satisfied the engineering acceptance criteria for hexahedral meshes. The modal
(Section 3.2.2) and harmonic response (Section 3.2.3) analyses retained the same mesh as the
explicit dynamics model to ensure model consistency. In the explicit dynamic analyses
(LS-DYNA module), hourglass control was enabled with the corresponding element formu-
lation to suppress non-physical zero-energy modes.

3.1. Finite Element Simulation Analysis of the Up-And-Down Flapping-Type Soil Cleaning
Device

3.1.1. Static Analysis of the Soil-Striking Grid Plate

The Static Structural module of Workbench software was used to conduct static simula-
tion of the structure of the soil-striking grid plate [26,27]. It was assumed that the
soil-striking grid plate was made of No. 45 steel, and only the stress and strain within the
yield limit were considered; therefore, the material property was set to linear elasticity. The
material density was 7.85 g/cm?, the elastic modulus was 210 GPa, the Poisson’s ratio was
0.31, and the yield limit was 355 MPa. The model was divided into a hexahedral-dominant
mesh using the sweep method, and the steel frame of the model base was fixed in a plane.
Peanuts are grown in ridges, with two rows planted on each ridge. During harvest, two
rows of peanuts are harvested at a time. Under clay soil conditions, after excavation, a large
number of soil clumps are adhered to the peanut pods. According to measurements, the total
mass of two rows of peanut pods and soil in the area of the soil-striking grid plate was ap-
proximately 8-20 kg. Taking into account the dynamic amplification effect caused by the
high-frequency oscillation (the eccentric wheel rotates at 300 r/min, equivalent to a maxi-
mum soil velocity of 700 mm/s; the cleaning frequency is 4.0 Hz), as well as the potential
impact of hard soil clumps, a conservative dynamic amplification factor of 4 was adopted.
As a result, the maximum design load was determined to be 800 N. This load was applied
perpendicular to the ground. The loading model and mesh model are shown in Figure 5.

After the numerical simulation was completed, the stress distribution cloud diagram
and strain field distribution characteristics of the soil-striking grid plate were obtained
through post-processing analysis. The stress—strain cloud diagram analysis, shown in Figure
6, revealed that the maximum equivalent stress value in the model was 3.2 MPa, which is
lower than the material’s yield strength of 355 MPa. Under static working conditions, the
structural stress level remains within the elastic deformation range, meeting the load-bearing
capacity requirements of the design.

(@) (b)

Figure 5. Finite element model of the soil-striking grid plate. (a) Finite element loading model. (b)
Mesh model.
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In the static analysis, the fixed constraint was applied to the plane of the steel frame
of the model base, which corresponds to the mounting surface on the combine harvester
frame, while the connections between the soil-striking grid plate and the lifting con-
necting rods were modeled as hinged joints with rotational degrees of freedom. It
should be noted that, even if the fixed boundary partially over-constrains the real hinged
connections and leads to a somewhat lower computed stress (3.2 MPa), the explicit dy-
namic analyses with frictional contacts (Sections 3.1.2 and 3.1.3) yielded maximum
stresses of 48 MPa and 81.24 MPa, respectively, still far below the yield limit of 355 MPa.
The structural safety conclusion is therefore not affected by this boundary treatment.

Equivalest Ehastic Strais (m'm)
0.00016683

000015855
000015103

Equivaleat Strees: (Pa)
325%107
Hzﬂx 107
255%10°
219%10°
152%107
L46%10"
109107
T29%10%
365X 10
153%10%

() (b)

Figure 6. Stress—strain cloud diagram of the soil-striking grid plate. (a) Stress cloud diagram. (b)

Strain cloud diagram.

3.1.2. Explicit Dynamics Analysis of the Soil-Striking Grid Plate

The LS-DYNA module of Workbench software was used to conduct simulation anal-
ysis on the soil-striking grid plate under the loaded impact. The established finite element
model of the load impact is shown in Figure 7. Clay soil was added to the soil-striking grid
plate and treated as a whole. An initial vertical downward velocity was applied to the soil
to study the strength limit of the soil-striking grid plate under impulse.

Figure 7. Finite element model of load impact.

In the explicit dynamics analyses, the clay soil was modeled as a rigid body serving
as the loading medium for the impact load. Since the aim of this study is to determine
the structural strength of the cleaning components rather than the mechanical response
of the soil itself, the clay soil was simplified as a rigid body, and only its density (1.7
g/cm?3) was required for the material definition. The effect of impact on the structure was
characterized by the initial downward velocity and the applied load imposed on the soil
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body. The model was divided into a hexahedral-dominant mesh using the sweep meth-
od, and the model base plane was fixed. A load of 800 N perpendicular to the ground
was applied to the upper surface of the soil. The eccentricity of the eccentric wheel was
70 mm, and the maximum stroke of the soil-striking grid plate was 140 mm. The eccen-
tric wheel rotates at 300 r/min, taking 0.2 s to complete one cycle of motion. This is
equivalent to a maximum soil velocity of 700 mm/s; this velocity was assigned to the soil.
The contact between the clay soil and the soil-striking grid plate was modeled using the
body interaction setting of the ANSYS Workbench LS-DYNA module, which was solved
as the penalty-based automatic general contact (AUTOMATIC_GENERAL) in LS-DYNA.
The penalty value used for the contact algorithm was default. All potential contact pairs
were automatically detected between the clay soil and the soil-striking grid plate. The
response time was 0.001 s. The loading model and mesh model are shown in Figure 8.

(a) . (b)

Figure 8. Finite element loading model of load impact. (a) Loading model. (b) Mesh model.

After the simulation was completed, the stress field distribution characteristics of
the model were extracted through the post-processing program, as shown in Figure 9.
The numerical simulation results showed that the maximum equivalent stress of the
model under dynamic loading was 48 MPa. There was a significant safety difference
between this stress and the material’s yield limit of 355 MPa.

Through the stress—strength comparison, it was shown that under impulse load ex-
citation, the dynamic response of the structure was always elastic deformation, verifying
its load-bearing stability.

Streess

48.862
43440
38.021
32.600
27.180
21.760
16.339
10.919
5.4984
0.0078

Figure 9. Load impact stress cloud diagram.
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3.1.3. Explicit Dynamic Analysis at the Connection Points of the Brackets

The LS-DYNA module of Workbench software was used for the simulation of the
brackets, and the stress conditions at the connection points were analyzed. The finite
element model of the brackets is shown in Figure 10.

Figure 10. Finite element model of the brackets.

The density of clay soil was set as 1.7 g/cm?. The bracket material was stainless steel,
with a density of 7.80 g/cm?, an elastic modulus of 200 GPa, a yield limit of 360 MPa, and
a Poisson’s ratio of 0.3. The model was divided into a hexahedral-dominant mesh using
the sweep method, and the base of the brackets was fixed. A load of 800 N perpendicular
to the ground was added to the upper surface of the soil, and its circumferential dis-
placement was constrained. The eccentricity of the eccentric wheel was set to 70 mm,
and the maximum stroke of the soil-striking grid plate was 140 mm. The eccentric wheel
rotates at 300 r/min, taking 0.2 s to complete one cycle of motion. This is equivalent to a
maximum soil velocity of 700 mm/s; this velocity was assigned to the soil. The contacts
between the soil-striking grid plate and the front and rear brackets were defined as fric-
tional contacts, and were solved as a penalty-based AUTOMATIC__SINGLE_SURFACE
with a Coulomb friction coefficient of 0.15. The interaction between the clay soil and the
soil-striking grid plate was modeled with a body interaction, solved as a penalty-based
automatic general contact (AUTOMATIC_GENERAL). The response time was 0.001 s.
The loading model and mesh model are shown in Figure 11.

[A] velocity

[B] Frictional - Part 2 To Part 5 (Contact Bodies)
. Frictional - Part 2 To Part 5 (Target Bodies)
. Frictional - Part 3 To Part 4 (Contact Bodies)
- Frictional - Part 3 To Part 4 (Target Bodies)
- Frictionless - Part 3 To Part 5 (Contact Bodies)
[l Frictionless - Part 3 To Part 5 (Target Bodies)
. Frictionless - Part 4 To Part 5 (Contact Bodies)
. Frictionless - Part 4 To Part 5 (Target Bodies)
[ Fixed support

Figure 11. Finite element loading model of the brackets.

The overall stress cloud diagram of the brackets is shown in Figure 12. The overall
peak stress of the brackets was 81.24 MPa. The stress cloud diagram at the brackets’
connection point is shown in Figure 13; the stress peaks at the hinge joints of the front
and rear brackets were 0.36 MPa and 5.35 MPa, respectively. The above equivalent stress
values were significantly safer compared to the allowable stress limit of the material: 355
MPa. A comparison of the measured stress data in all directions with the standard value
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0.32361
0.29125
0.25889
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0.097084
0.064723
0.032361
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of material strength indicated that the structural system fully met the strength require-
ments under the actual working conditions in the three-dimensional force state.

The bracket was made from 304 steel and had a yield strength of 360 MPa. The re-
liability assessment in this study was based on the static yield strength criterion. The
maximum stress of 81.24 MPa accounted for only 22.6% of the yield strength. Even con-
sidering the lower allowable stress of the welded joints (typically 60% of the parent ma-
terial) in the connection zones, the strength requirement was still satisfied with a suffi-
cient margin. The stresses at the bolt joints were extremely low, and the effect of bolt
preload did not affect the strength conclusions. Since the maximum stress was far below
the yield strength, the structure remains in the linear elastic range, and no local plasticity
occurs. Fatigue life assessment was beyond the scope of this study and was identified as
future work. Nevertheless, the low stress levels (well below the typical fatigue limit
range of 304 stainless steel), together with the field test results (continuous operation of
more than 3 mu without deformation or fracture), provided strong engineering evidence
of the bracket’s reliability.

Streess (Mpa)

81235
78.433
75.632
72.831

—~ 70.03
— 67.229
— 64427
— 61.626
58.825
56.024
53.223
50.421
47.62
44819
42018
39.217
36415
33614
30813
28012
25211
24
19.608
16.807
14.006

| FEEEEES SR

Figure 12. Overall stress cloud diagram of the brackets.

Streess (Mpa)
5.3495 Max
47551
4.1607
3.5663
2972
23776
1.7832
1.1888
0.59439
0 Min

@) (b)

Figure 13. Stress cloud diagram at the connection point of the brackets. (a) The connection point of
bracket A. (b) The connection point of bracket B.
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3.2. Finite Element Simulation Analysis of the Lateral Rotary-Type Soil Cleaning Device
3.2.1. Dynamic Simulation of the Lateral Rotary-Type Soil Cleaning Device

The strength of the component under dynamic loads was analyzed using the
LS-DYNA module of the Workbench software. The model consisted of an axle sleeve, a
key, and a squirrel-cage rotating wheel.

The material of the axle sleeve was 45 steel, with a density of 7.85 g/cm3, an elastic
modulus of 210 GPa, a Poisson’s ratio of 0.31, and a yield limit of 355 MPa, while the ma-
terial of the key was 40Cr alloy steel, with a density of 7.85 g/cm?, an elastic modulus of
200 GPa, a Poisson’s ratio of 0.28, and a yield limit of 785 MPa and the material of the
squirrel-cage rotating wheel was 7075-type aluminum alloy, with a density of 2.81 g/cm3,
an elastic modulus of 73 GPa, a Poisson’s ratio of 0.33, and a yield limit of 455 MPa. The
model was divided into hexahedral-dominant grids using the partitioning method; the
grid model is shown in Figure 14.

Figure 14. Mesh model of the lateral rotary-type soil cleaning device.

The rotational speed of 600 r/min applied in the simulation was the maximum rota-
tional speed of the drive system’s axle sleeve. This maximum speed was deliberately se-
lected to cover the most unfavorable inertial loading condition. The contact between
each part was set as frictional contact; these contacts were solved as a penalty-based
AUTOMATIC__SINGLE_SURFACE with a Coulomb friction coefficient of 0.15. The
calculation time was 0.001 s; the loading model is shown in Figure 15.

[E] Rotational Velocity: 10. rad/s
. Fixed Support

. Frictonal - Part 1 To Part 2 (Contact Bodies)
. Frictional - Part 1 To Part 2 (Target Bodies
. Frictonal - Part 1 To Part 3 (Contact Bodies)
[l Frictional - Part 1 To Part 3 (Target Bodies
. Frictonal - Part 2 To Part 3 (Contact Bodies)
[l Frictonal - Part 2 To Part 3 (Target Bodies

Figure 15. Finite element loading model of the lateral rotary-type soil cleaning device.
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The stress field distribution of the lateral rotary-type soil cleaning device is shown in
Figure 16 and demonstrates the evolution of the stress gradient of the overall structure. The
local stress fields of key components were visualized using multi-level visualization analysis,
as shown in Figure 17. Through this multi-scale display approach, not only could the overall
stress gradient trend be observed, but also the stress concentration at key components could
be accurately identified. The stress distribution of the model under the ultimate working
condition is shown in the stress cloud diagrams of Figures 16 and 17. From these diagrams,
the following characteristics were observed: The peak stress of the overall lateral rotary-type
soil cleaning device structure was 4.43 MPa, where the maximum stresses of the key, axle
sleeve and squirrel-cage rotating wheel were 0.14 MPa, 0.36 MPa and 4.43 MPa, respectively.
By comparing the yield limits of the materials, it can be seen that there were or-
der-of-magnitude differences between the stress values of each component and their
strength thresholds. The stress values of each component were far below their individual
yield limits. The stress level of the overall structure under extreme loads remained within the
elastic deformation range, and the structure was reliable.

It should be noted that this analysis mainly evaluated the inertial strength of the rotat-
ing wheel at maximum speed; the external impact loads from the soil, pods and soil clods
were not directly evaluated in this model. Nevertheless, the structural safety conclusion is
not affected for the following reasons: the maximum stress of 4.43 MPa accounts for only
about 1% of the yield strength of 7075 aluminum alloy (455 MPa); the explicit dynamic anal-
yses considering the clay soil impact loads (Sections 3.1.2 and 3.1.3) yielded stress levels of 48
MPa and 81.24 MPa, respectively, indicating that the stress magnitude under soil impact is
still far below the yield limits; and the field tests (continuous operation without deformation
or fracture) directly verified the reliability of the rotating wheel.

Streess (Mpa)

4.4263 Max
39351

34439

29527

24614

19702

1479

098773
0.4965
0.0052692 Min

Figure 16. Overall stress cloud diagram of the lateral rotary-type soil cleaning device.
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0044944 0.49793
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0.02315
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Figure 17. Stress cloud diagram of key components of the lateral rotary-type soil cleaning device.

(a) Key. (b) Axle sleeve. (c) Squirrel-cage rotating wheel.
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3.2.2. Modal Analysis of the Squirrel-Cage Rotating Wheel

Due to the vibration of the squirrel-cage rotating wheel, it might suffer fatigue failure
under the combined action of the natural frequency and alternating load. Therefore, it was
subjected to modal analysis using the Modal module of Workbench software [28,29]. The
material of the squirrel-cage rotating wheel was 7075-type aluminum alloy, with a density
of 2.81 g/cm?, an elastic modulus of 73 GPa, a Poisson’s ratio of 0.33, and a yield limit of
455 MPa. The modes up to the 25th order were calculated. According to industry consen-
sus, vibrations of equipment are centered on natural frequencies below 2000 Hz.

The modal analysis was performed under the free—free condition (no fixed con-
straints) to determine the intrinsic natural frequencies of the squirrel-cage rotating wheel
independent of the support configuration. As shown in Table 1, the first six modes ex-
hibit near-zero frequencies (0 to 3.2 x 10 Hz), which correspond to the six rigid-body
degrees of freedom of the free—free modal analysis; these rigid-body modes represent
rigid translations and rotations of the whole structure rather than elastic deformation
and therefore do not pose any vibration risk. The modal analysis results indicate that the
third- and ninth-order modes exhibit distinct vibration pattern characteristics. The for-
mer reflect the axial oscillation of the transmission shaft, while the latter reflect the oscil-
lation response of the outer end face of the wheel. Both of these vibration responses
might pose a risk of structural resonance. The vibration mode characteristics are shown
in Figure 18. The amplitude values corresponding to both modes approach the safety
threshold, and they should be paid special attention during structural optimization.

Table 1. Natural frequencies ranging from 0 to 2000 Hz.

Mode Order Natural Frequency
1 0
2 0
3 1.0867 x 10-3
4 2.1825x 103
5 2.7108 x 103
6 3.1952 x 1038
7 322.72
8 361.96
9 1350.5
10 1350.6
11 1731.5
12 1881
13 1917.8
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Deformation (mm)
3424
304.4
266.4
2284
190.41
152.41
114.41
76.41
38.412
0.414

Deformation (mm)
147.84
131.42
114.99
98.573
82.152
65.731
49.31
32.888
16.467
0.0462

(@) (b)

Figure 18. Vibration mode characteristics of the squirrel-cage rotating wheel. (a) Third-order
mode. (b) Ninth-order mode.

3.2.3. Harmonic Response Analysis of the Natural Frequency of the Squirrel-Cage
Rotating Wheel

Due to the risk of potential structural resonance at the two natural frequencies
mentioned above, a harmonic response analysis after loading was conducted. The har-
monic response analyses listed in Table 1 were conducted at the seventh (322.72 Hz) and
ninth (1350.5 Hz) natural frequencies, the first two flexible modes with significant de-
formation. The near-zero rigid-body modes (modes 1-6) were excluded from the har-
monic response analysis because these modes possess no elastic stiffness and produce no
meaningful stress response; the frequency sweep ranges (300-400 Hz and 1300-1400 Hz)
also exclude the near-zero frequency region.

(1) Analysis at the natural frequency of 322.72 Hz

The calculation results from the above were imported into the Harmonic Response
module of the Workbench software. Then, the superposition method was replaced by the
global method, and the damping coefficient was corrected to 0.075. When the unremoved
soil clumps and other materials are separated from the up-and-down flapping-type soil
cleaning device, they enter the lateral rotary-type soil cleaning device. At this moment, all
materials are present in the squirrel-cage rotating wheel, while none are acting upon the
up-and-down flapping-type soil cleaning device. The maximum rotational speed of the
wheel is 600 r/min (as shown in Section 3.2.1). Assuming that all the materials were acting
on the wheel, using the torque calculation formula T = 9550 P/N, the torque of the squir-
rel-cage rotating wheel at this time was calculated to be 95.5 N-m. Taking into account
safety redundancy, the torque was rounded, and a torque load of 100 N-m was applied to
the shaft to calculate the corresponding spectrum at frequencies ranging from 300 to 400
Hz. Figure 19 shows the stress curve of the squirrel-cage rotating wheel at these frequen-
cies, while Figure 20 presents the phase curve corresponding to the maximum stress.
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Figure 19. Stress curve of the squirrel-cage rotating wheel at frequencies ranging from 300 to 400
Hz.
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Figure 20. Phase curve of the squirrel-cage rotating wheel at 360 Hz.

The dynamic analysis data indicated that when the excitation frequency reached
360 Hz and the phase parameter was 180°, the system exhibited the maximum stress re-
sponse characteristics. The stress cloud diagram under this specific frequency—phase
combination is shown in Figure 21, showing the gradient distribution and the peak re-
gion of the stress field under the critical parameters. The maximum equivalent stress of
0.12 MPa is significantly lower than the material’s yield strength of 455 MPa. This struc-
ture has sufficient strength reserve under the rated working conditions, effectively
avoiding failure due to fracture.

Streess (Mpa)

Figure 21. Stress cloud diagram of the squirrel-cage rotating wheel at 360 Hz.

(2) Analysis at the natural frequency of 1350.5 Hz

The calculated results from the above were again imported into the Harmonic Re-
sponse module of the Workbench software, and the superposition method was replaced
by the global method. A constant damping ratio of 0.075 was applied in the harmonic
response analysis. This value lies within the typical range of 0.01-0.1 (percentage of crit-
ical damping) suggested for engineering structures in the ANSYS documentation [30]. It
should be noted that for metallic materials, the damping ratio is generally below 0.05
[31]. However, the squirrel-cage rotating wheel is an assembled structure containing a
keyed connection, friction contacts and bearings. The interface friction of jointed connec-
tions can contribute up to about 90% of the total damping of assembled structures [32].
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Phase Angle (° )

The equivalent damping ratio of assembled structures was significantly higher than the
value of pure metallic materials. The value of 0.075 was therefore adopted as a reasona-
ble estimate at the upper end of the typical range for such an assembled structure. A
torque load of 100 N-m was applied to the shaft and the corresponding spectrum at fre-
quencies ranging from 1300 to 1400 Hz was calculated. Figure 22 shows the stress curve
of the squirrel-cage rotating wheel at these frequencies, while Figure 23 presents the
phase curve corresponding to the maximum stress.
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Figure 22. Stress peak curve of the squirrel-cage rotating wheel at frequencies ranging from 1300
to 1400 Hz.
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Figure 23. Phase peak curve of the squirrel-cage rotating wheel at 1350 Hz.

The dynamic analysis data indicate that when the excitation frequency reached 1350
Hz and the phase parameter was 0°, the system exhibited the maximum stress response
characteristics. The stress cloud diagram under this specific frequency-phase combina-
tion is shown in Figure 24, showing the gradient distribution and the peak region of the
stress field under the critical parameters. The maximum equivalent stress of 0.44 MPa
was significantly lower than the material’s yield strength of 455 MPa. Therefore, this
structure had sufficient strength reserve under the rated working conditions, effectively
avoiding failure due to fracture.
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Figure 24. Stress cloud diagram of the squirrel-cage rotating wheel at 1350 Hz.

4. Field Test of the Composite Soil Cleaning Device

In order to evaluate the reliability and cleaning efficiency of the composite soil
cleaning device in the field, first, based on the theoretical design and simulation analysis
results above, a prototype of the device was fabricated. Then, using the operation pa-
rameter combinations determined in the previous pre-tests as the basis, a large-scale re-
liability assessment test was carried out to provide the necessary basis for improving the
design of the composite soil cleaning device.

In the previous pre-tests, the composite soil cleaning device was configured as a
semi-feed peanut combine harvester. We selected four key operational parameters of the
device as experimental factors: the cleaning frequency, the cleaning angle, the conveying
speed, and the rotation speed of the rotating wheel. The cleaning frequency refers to the
vibration frequency of the up-and-down flapping-type soil cleaning device, while the
cleaning angle refers to the angle between the soil-striking grid plate and the ground when
it is at its lowest position, and the conveying speed is the conveying speed of the clamping
device. Finally, the rotation speed is the rotation speed of the squirrel-cage rotating wheel.
A single-factor experiment was conducted using the soil cleaning rate and the total loss
rate as test indicators, and the data were analyzed using the fuzzy comprehensive evalua-
tion method. For each experimental factor, three levels were selected. The soil cleaning rate
and the total loss rate of each level of the factor were measured. Since the soil cleaning rate
is a positively skewed indicator (the higher the better) and the total loss rate is a negatively
skewed indicator (the lower the better), it was necessary to convert them into indicator
membership values. The weight values for the two indicators were both set at 0.5. Finally,
a comprehensive score was given for the two indicators; the specific method for compre-
hensive scoring was taken from reference [33]. When the cleaning frequency was 4.0 Hz,
the cleaning angle was 23°, the conveying speed was 1.0 m/s, and the rotation speed of the
rotating wheel was 160 r/min, the overall score was the highest.

This section detailed large-scale reliability assessments of the composite soil clean-
ing device, conducted in Linyi City, Shandong Province, where the soil type is clay soil.
Based on the results of the previous parameter optimization tests, the key parameters of
the composite soil cleaning device were set as follows: the cleaning frequency was 4.0
Hz, the cleaning angle was 23°, the conveying speed was 1.0 m/s, and the rotation speed
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of the rotating wheel was 160 r/min. Under the above-mentioned parameters, the
changes in the structural strength of the composite soil cleaning device were studied.
Meanwhile, operation indicators such as the soil cleaning rate and total loss rate were
measured. The test process is shown in Figure 25. (The test method refers to the agricul-
tural industry standard of the People’s Republic of China—"Peanut Harvester Operat-
ing Quality (NY/T502-2016)".)

?

Figure 25. Field test pictures.

The aim of field testing the composite soil cleaning device was to comprehensively
evaluate its performance under actual conditions. The test results show that under the
operating conditions of clay soil, when harvesting continuously for more than 3 acres,
none of the hinge points, fixed points, welding points, and possible stress concentration
points of the composite soil cleaning device, as well as component profiles, exhibited
any signs of strength failure such as deformation or fracture. The soil cleaning rate of the
device was over 90%, and its total loss rate was less than 5%. These indicators met the
agricultural industry standard of the People’s Republic of China—"Peanut Harvester
Operating Quality (NY/T502-2016)”. Therefore, the composite soil cleaning device per-
formed well and met the strength requirements for large-scale harvesting operations in
clay soil conditions, as well as the quality requirements for soil cleaning.

5. Discussion
5.1. Sustainability Implications of This Design

In addition to its structural reliability and cleaning performance verified above, the
proposed composite soil cleaning device offers distinct sustainability benefits for peanut
production in hilly and mountainous areas with clay soil in terms of energy consump-
tion, soil conservation and the economic viability for smallholder farms, which are dis-
cussed below.

(1) Energy consumption. After the digging and soil cleaning stages, the peanut combine
harvester also carries out picking, screening and air sorting. The composite soil
cleaning device effectively removes the soil adhered to the peanut vines before these
stages. Consequently, the operational load of the picking, screening and air sorting
components is substantially reduced, which improves their working efficiency and
quality and reduces their power consumption. In conventional harvesters, a large
amount of soil can easily accumulate in the working components, which increases
their weight and operational load and degrades both efficiency and quality; use of the
composite soil cleaning device largely avoids this adverse effect. In addition, by effec-
tively removing the soil and impurities from the harvested material, the device re-
duces the labor intensity of post-harvest manual soil removal, decreases the water
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consumption of de-soiling through washing, and lowers the energy consumption of
secondary mechanical de-soiling after harvesting. Since the composite cleaning device
improves the soil cleaning rate, the operating time of the combine harvester per unit
area is shortened, which also contributes to reducing its overall energy consumption.
It should be noted that quantitative energy measurements were not carried out in this
study; the direct measurement of the power consumption of the cleaning components
under field conditions is planned as future work.

(2) Soil conservation. The soil removed by the composite soil cleaning device falls di-
rectly back onto the field, reducing the soil content within the harvested material
and reducing soil loss during harvesting, which is of particular importance in hilly
regions with thin topsoil. Furthermore, since the composite cleaning device is inte-
grated into the peanut combine harvester, digging, soil cleaning, picking, screening
and air sorting are accomplished in a single pass, effectively reducing the number
of times single-function implements are passed over the field and potentially alle-
viating soil compaction caused by repeated operations.

(3) Economic viability for smallholder farms. The mechanized harvesting rate of peanuts in
the hilly and mountainous regions of China is currently less than 2%, mainly due to the
lack of suitable machinery and the shortage of rural labor in these areas. By presenting a
reliable and efficient cleaning device that can be integrated into small-scale peanut har-
vesters, this study supports the mechanization of peanut harvesting in hilly regions,
which could reduce labor and labor costs and increase the marketable yield through
improved cleaning and reduced loss rates. The simple structure and low power re-
quirements of the device also imply that the acquisition and operating costs will be af-
fordable for smallholders with limited investment capacity.

5.2. Analysis of Study Reliability

The structural safety conclusions of this study are not affected by the finite element
mesh. The purpose of the finite element analyses in this study is to verify the structural
safety of the cleaning device, rather than to provide high-accuracy absolute stress values.

The computed maximum stresses (3.2 MPa static; 48 MPa and 81.24 MPa explicit
dynamic) are far below the yield strengths (355-360 MPa), with a minimum safety factor
of approximately 4.4 (81.24 MPa vs. 360 MPa). In the present case, even a mesh-induced
variation of 20% would only reduce the safety factor from 4.4 to approximately 3.5,
which remains well above the common engineering threshold of 2-3 adopted in agri-
cultural machinery design [34].

The reliability of the design is corroborated by multiple independent lines of evi-
dence. Beyond the finite element analyses, three independent facts support the same
conclusion: (i)the loading assumptions were deliberately conservative (e.g., the equiva-
lent vertical load of 800 N derived using a dynamic amplification factor of 4, and the
maximum rotational speed of 600 r/min used in the rotating wheel analysis); (ii) the
stress levels were consistent across different analysis types (static, explicit dynamic and
harmonic response analyses); and (iii) the results of field tests were supportive under re-
al clay soil conditions (continuous operation without any deformation or failure of the
components). The convergence of these independent lines of evidence provides stronger
assurance of the structural reliability than a single mesh convergence check would.

As emphasized in the NAFEMS guidance [35], the purpose of establishing mesh
convergence is to confirm that the computed quantity of interest is stable with respect to
the mesh; here, the above analysis shows that the strength margin itself provides this
robustness, and the conclusions are mesh-insensitive by construction.

The convergence of these independent lines of evidence provides robust assurance of
the structural reliability of the designed cleaning device. The factor-of-safety criterion is
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widely adopted as the primary strength verification in finite element analyses of agricultural
machinery, and a safety factor of 2-3 is commonly considered sufficient in such designs [34].

A systematic mesh sensitivity analysis, if considered necessary for the completeness
of the verification, will be reported in a subsequent study.

5.3. Corrosion/Wear Mitigation Strategy

One more point needs to be clarified. The connection between the 45-steel axle sleeve
and the 7075-aluminum alloy squirrel-cage wheel involves contact between different met-
als, which, under repeated exposure to wet clay soil, could in principle lead to galvanic
corrosion (since aluminum is more anodic than steel) and wear at the keyed connection
caused by abrasion from soil particles. The following mitigation measures were adopted in
the design: (I) the aluminum components were anodized to form a hard, corro-
sion-resistant oxide film on the surface; (II) anti-corrosion grease was applied at the as-
sembly interfaces to isolate the galvanic pair and reduce friction; and (III) the connection
was designed with proper fit tolerances and sealed against soil ingress to limit abrasive
wear. A periodic maintenance schedule (regreasing, cleaning and inspection) is also rec-
ommended for field operation. In addition, the field tests confirmed that no corrosion- or
wear-induced failure occurred at the connection during continuous operation. Neverthe-
less, the long-term corrosion resistance requires further evaluation through accelerated
corrosion tests (e.g., salt spray testing), which will be included in our future work.

6. Conclusions

(I) To meet soil cleaning requirements under clay soil conditions, a composite
“up-and-down flapping-lateral rotation” soil cleaning device was proposed, and
key components were designed.

(2) Through means such as finite element static analysis, explicit dynamic simulation
and modal analyses, the rationality and reliability of the structural design of the
two components of the soil cleaning device, namely the up-and-down flapping-type
and the lateral rotation-type devices, were verified. The maximum equivalent static
and dynamic stresses of the soil-striking grid plate were 3.2 MPa and 48 MPa, re-
spectively, far lower than the yield strength of 45 steel (355 MPa). Even under ex-
treme impact loads from hard impurities such as stones or roots during field opera-
tions, this plate can still maintain elastic deformation and avoid permanent failure
due to plastic deformation. The maximum stress at the connection points of the
brackets was 81.24 MPa, which met the requirement imposed by the yield strength
of 304 stainless steel (360 MPa). The peak stress of the entire lateral rotary-type soil
cleaning device was 4.43 MPa; among important values were the maximum stress
of the key, axle sleeve and squirrel-cage rotating wheel, at 0.14 MPa, 0.36 MPa and
4.43 MPa, respectively. These values were far lower than their individual yield lim-
its of 785 MPa, 355 MPa and 455 MPa, respectively. This indicates that the dynamic
characteristics meet the requirements imposed by extreme working conditions in
the field. Modal and harmonic response analysis showed that the device’s natural
frequency lies outside the vibration range present under working conditions, and
its anti-vibration performance was excellent.

(3) Through large-scale field tests and experiments, it was found that the hinge points,
fixed points, welding points, and possible stress concentration points of the compo-
site soil cleaning device, as well as the component profiles, did not exhibit any signs
of strength failure such as deformation or fracture. The soil cleaning rate of the device
was over 90%, and its total loss rate was less than 5%. The composite soil cleaning
device, configured for use in semi-feed peanut combine harvesters, meets the struc-
tural strength and harvest quality requirements for large-scale operations in clay soil.
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(4) The composite soil cleaning device benefits the sustainability of peanut production in
hilly and mountainous areas with clay soil in terms of energy consumption, soil con-
servation, and economic viability for smallholder farms. Overall, the device provides
a reliable, low-cost, and energy-efficient technical solution that supports the transition
toward sustainable peanut production in hilly and mountainous regions.
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