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ABSTRACT

The utilization of unmanned aerial vehicles (UAVS) for chemical application has become a topic of great interest
to both researchers and the market in recent times. Producers have proposed the use of drones for joint
spraying as a means of enhancing precision agriculture and productivity. However, chemical spraying is a
highly specialized field where the quality of the spray is critical so the used UAV have to be precise and reliable.
Within this paper will be presented the process of developing a tricopter-hexarotor chassis type UAV,
electrically driven, fitted with a 66 litres tank and 6 anti-drift nozzles which will be used for precision spraying
of agricultural crops based on preprogrammed flying missions.

ABSTRACT

Utilizarea vehiculelor aeriene fara pilot (UAV-uri) pentru aplicarea chimicalelor a devenit un subiect de interes
in ultimul timp atét pentru cercetatori cat si pentru piatd. Producétorii au propus folosirea dronelor pentru
stropirea integratd ca o modalitate de a imbunétatii productivitatea si agricultura de precizie. Totusi, stropirea
cu substante chimice reprezintd un domeniu specializat in care calitatea stropirii este esentialéd astfel Tncat
UAV-ul folosit trebuie s& fie precis si fiabil. In cadrul acestei lucrdri va fi prezentat procesul de dezvoltare al
unui UAV avénd sasiul de tip tricopter-hexarotor, actionat electric, dotat cu un rezervor de 66 litri si 6 duze
antidrift care va fi folosit pentru stropirea de precizie a culturilor agricole pe baza unor misiuni de zbor
preprogramate.

INTRODUCTION

Main applications areas in the use of UAV are filming and photography, inspection and maintenance,
mapping and surveying, surveillance and monitoring and precision agriculture, in addition to other
miscellaneous applications (del Cerro et al., 2021).

One important component of Agriculture-4.0 is represented by drones and other mechatronic systems
available to increase the Return on Investment, ensure the sustainability of the farming process and reduce
environmental pollution near to "zero pollution". So, the role of UAV platforms is crucial in precision farming for
sustainable agriculture. Aerial monitoring of crop vegetation status is a major factor in precision agricultural
management. The health status of crops is analysed based on vegetation indices determined by reliable
measurements performed with optical sensors installed onboard drones or through sampling devices mounted
on UAV (Zhang et al., 2022). The monitoring of the resources and the state of the vegetation is performed
aerially with non-contact sensors, the automatic data acquisition being correlated with the GPS coordinates
and their processing in the GIS system for making spectral maps, all necessary in spatial and precision
management (de Castro et al., 2021; del Cerro et al., 2021; Wang et al., 2023). Detection, identification, and
guantification of crop diseases are therefore done by monitoring, the best results are obtained by
thermography, chlorophyll-fluorescence, or with multi- and hyperspectral sensors.

! Mihai Gabriel Matache, Ph.D. Eng., Iuliana Gdgeanu, Ph.D. Eng., Gabriel Valentin Gheorghe, Eng.,
Catalin Persu, Eng., Marian Chiritescu, Tech.
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Basically, by aerial mapping of the arable area concerned, the following technological aspects of
agricultural crops can be managed much better:

e Control of applied fertilizers, implicitly can be observed areas where increased attention is needed in
terms of pollution or reducing the amount of waste that could have a detrimental effect on the
environment;

e Neutralization of harmful plants that can infiltrate crops, consequently measures can be taken quickly
to act in order to eliminate weeds and solve the harmful situation;

e Early detection of diseases and pests of agricultural crops leaves farmers the opportunity to adopt the
best solutions to reduce them promptly.

After the online aerial monitoring of agricultural crops, the next stage is the offline processing of
recording data to produce spectral maps. These maps are made by processing images using a dedicated
programming medium. The spectral maps obtained from the processing of images recorded by the
multispectral camera onboard the drone contain information on the state of crop vegetation. Afterwards, the
use of specialized UAV platforms to precisely apply the phytosanitary treatments based on the obtained maps
ensure sustainable development in agriculture. There were performed researches regarding the quality of the
spraying process of different types of drones, taking into consideration aspects as pesticide load, downwash
of multi-rotor UAV, droplet deposition, flight speed and height, number of drones etc (Qi et al., 2023; Chen et
al., 2022; Yang et al., 2022), all these results contributing to the optimization of drone development in order to
be used during spraying works.

In order to build an agridrone minimal knowledge of mechanics, electronics and IT or in a word
mechatronics is required. The first step in designing a drone is to know the components of the drones and the
materials they will be made of. Generally, an aerial drone is made up of hardware and software components.
Most systems and components can be purchased, other simple parts can be made on a 3D printer with high
manufacturing volume. A preliminary design flow for high payload aerial drones is recommended in the
literature (Ong et al., 2019). The flowchart of the design flow for these UAS platforms is shown in Figure 1.

The design methodology is relatively new, it includes coaxial rotor propulsion systems that have the best
pressure-to-volume ratio.

{ ' y N y - 3
Purpose of Design Clnmal t Market
UAV Requirements oncep Survey
and Design
w . 7
A 4 A
- : N b
Mission Motor and Mass
Plan ESC Selection Sizing
| S - v - J
,—r—ﬂ -—'—j
Flight , Battery
Time X Selection

treq = lavail_ G

—

Final Mass

Constraints

Fig. 1 - UAV system preliminary design flow chart (adapted from Ong et al., 2019)

Recently, UAVs for utility applications have the limits of the available flight time, considerable as
operating autonomy values for various industrial applications of inspection, agriculture, surveillance and
transportation.
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Heavy UAS platforms are dominant in the logistics sector because their capabilities facilitate the
autonomous transport of goods and reduce time in dangerous work missions. Payload mass is unpredictable
in such applications. Therefore, to ensure that these drones are suitable for a wide range of actions, it is
essential that the aerial vehicle has heavy lifting capabilities.

The process adapted to heavy drones can be applied to the design of conventional multi-functional

tricopter-hexarotor configurations and then it is compared with other sizing methods proposed in this paper.
It is important to note that both the flight mission plan and the design requirements must be met individually
and will be addressed in parallel. From the mission profile the required flight time (treq) can be calculated and
compared to the available flight time (tavai) given the capacity of the selected battery pack. The approach is
iterative. Instead of the empty drone weight (available/required) used in the conventional fixed-wing drone
mass sizing methodology, the multirotor UAV design methodology was modified by comparing the flight time
(available/required) on mass sizing by battery pack selection (Ong et al., 2019).

Agridrones intended for spraying agricultural crops generally have a frame structure, with 3 or more
arms arranged radially and equidistantly for the installation of each propulsion system (motor + propeller) as
well as a landing gear and other elements for fixing the equipment necessary for the flight mission on the
structure.

The payload of the drone is ensured by the power of the propulsion system and the number of drone
motors determines the shape of the frame for the UAV platform. The classification according to the number of
motors of the structures of the most common multicopters used in precision agriculture is presented in Figure 2.

T A e

(a) Tricopter (b) Quadcopter (c) Hexacopter
= =

(d) Coaxial (f) Coaxial

Hexacopte (e) Octocopter ~ Octocopter

Fig. 2 - Schematic representation of current UAV multicopter structures (Xunhua et al., 2019)
np, — number of motors; n,- number of arms

Coaxial drones have several advantages over traditional multi-rotors drones, as stated by Karman
Drones, (2023), as:

- enhanced stability due to their opposing rotor system, which cancels out rotation momentum, fact
which allows for easier control of the UAV and to maintain a steady hover;

- increased lift capacity: a coaxial multi-rotor drone generates more thrust than a traditional one similar
in size, due to its coaxial rotors spinning in opposite directions but having added thrust vectors. Thus, heavier
payloads could be lifted, like bigger fluid tanks, without sacrificing flight performance;

- redundancy and reliability: coaxial drones offer a high level of redundancy in the event of a rotor failure.
With rotors spinning in opposite directions, the drone can maintain stability and control even if one rotor fails.

- low noise: the opposing rotation of the rotors in a coaxial system produces less noise than a traditional
one, making it a quieter option for applications that require low noise emissions, such as wildlife monitoring or
urban surveillance.

Regarding development of tricopter — hexarotors, also called co-axial Y6 or coaxial hexacopters, there
are results in the relevant literature which present the stages of development and testing of such UAVs,
relevant for the state of the art from which present paper was inspired (Czyba et al., 2015; Ong et al., 2019;
Hamandi et al., 2020)

Within this paper are presented the development and initial tests performed for a high capacity
agricultural coaxial tricopter UAV, called 4.0-MHRT.66L, which was designed after point d) architecture from
figure 2, for a payload of 66 litres of phytosanitary fluid, with 6 anti-drift nozzles and an electric double-pump
for creating hydraulic pressure in the boom ramp. The initial test consisted in maximum thrust measurement,
spraying system characterization and coverage degree assessment in different flying conditions.
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MATERIALS AND METHODS
3D design

The 3D CAD design for the 4.0-MHRT.66L variant is presented in Figure 3. The mechanical structure is
the novelty element for the 4.0-MHRT.66L agridrone, the structure chosen for the drone being outlined around
the Y6 tricopter hexarotor concept. The arms of the drone were designed in the form of parallel aluminium
tubes stiffened by means of a support, at the end of each tube being mounted the electric motor with a double
propeller. The liquid substance tank was designed as a body composed of a truncated cone and a cylinder
with rounded edges, constructed of fiberglass and mounted on top of the drone’s main structure. Under the
tank, the battery housing and flight equipment supports were designed. The spraying ramp together with the
spraying nozzles were designed in a circular shape and mounted on supports, below the level of the lower
motors.

N
a) Isometric view b) Top view

Fig. 3 - Functional model 3D design, 4.0-MHRT.66L

CAE analysis of 4.0 MHRT.66L functional model

Static FEM analysis was performed on the 3D model of the 4.0-MHRT.66 L functional model to verify
the mechanical strength of the drone frame.

A structural analysis was performed in static mode, using the solid meshing type. The meshed structure
totalled a number of 150199 nodes, with 71375 standard elements. The minimum size of the elements was
0.982496 mm and the maximum size was 16.9811 mm. The finite element analysis was made in the
SolidWorks program. Figure 4 shows the meshed structure.

Fig. 4 - Structural model of functional model 4.0-MHRT.66L: discretization

The loading forces were applied to the motor mounts. The loading force had a value of 300 N. Thus, the
total reaction force from the fixing points had a value of 1800 N. The minimum and maximum values of the
equivalent stress state (Figure 5, a)) in the structural model of the drone were determined after performing the
static analysis according to the fixings and loads presented previously. The maximum value of the equivalent
stress was 313.8 MPa and was located at the point of contact between the drone arm and the landing gear
leg, node 145839, which is located in the cylindrical joint of the drone arms through which they are connected
to the drone body.
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a) Von Misses equivalent stress b)  Equivalent displacing
Fig. 5 — Static study results

The distribution of the resultant relative displacement field values in the structural model of the functional
model MHRT.66L is graphically represented in Figure 5, b). The representation is made on the deformed
shape of the structure. The maximum displacement related to the simulation was 9,349 mm at the tip of the
drone arms, which can be taken up by the flexible nature of the frame. Following the study, the structural
integrity of the drone’s frame was validated up to loads of 1800 N, loads that exceed by 80% the maximum
load for which the drone was designed.

Execution of the functional model 4.0-MHRT.66L

The agridrone functional model for applying phytosanitary treatments in field crops, MHRT.66L, is a Y
hexarotor type drone powered by two AB2-17500mAh-51.8V, 14S Lithium batteries, it is equipped with 6 8700
W motors, type X9 Series Power System for Heavy Lift Drones X9PLus 36inch, whose rotation speed is
controlled by 6 electronic speed controllers (ESC) of 120 A nominal (150 A maximum), three motors having
two CCW blade propellers (rotating counterclockwise) and the other three motors having two CW blade
propellers (rotating clockwise), all propellers having dimensions of 36", has a 66-liter tank from which a 12 V
DC electric pump, powered by 2 separate 12 V DC batteries, pumps with a pressure of up to 7.5 bar
phytosanitary substances to a circular spray ramp on which 6 nozzle holders equipped with calibrated spray
nozzles are mounted. The drone is equipped with a Pixhawk 4 Orange cube autopilot with Here 3 GNSS GPS
module for precise positioning in the field and can be programmed to operate the electric pump to spray
agricultural crops only on predefined areas based on the mission profile entered by the operator. Flight system
settings were made using Mission Planner software.

Figure 6 shows the connection diagram of the control elements of the drone, based on which the wiring
was done during the execution stage.

Y6
ESC
PWM 58 vDC
6 VDC .| HERE 3 GPS GNSS 2¢ i 53 VDC | Electric power distribution node |
Compass, sensors Pixhawk 4 Batteries LiPo
= Orange Cube
Flight
r controller I
Controller SBUS UART Camera $VDC
receiver Controller
h
6 VDC 0/1 I 0/1
B ‘Multispectral
Spraying system camera
-
12 VDC 5VDC

Fig. 6 — Wiring diagram of avionics elements 4.0-MHRT.66L
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Figure 7 shows the central frame and the battery holder and how the drone arms are attached to the
central frame.

=N M= 3
Fig. 7-MHRT.66L elements— main frame, arm - central frame assembly

Figure 8 shows aspects during the manufacturing process of the 66 litres tank made of composite
material consisting of glass fibre and carbon fibre laminated with epoxy resin. The tank cap is equipped with a
vent valve and inside it wave breakers have been created to reduce liquid movements and ensure stability
during flight.

3) Mold lamination of the tank b) Tank bottom c) Wave breaker building
upper body

S

. r

G 2 § - ¥ — -
d) Tank upper body e) Assembled tank
Fig. 8 = 4.0-MHRT.66L components — tank

A

Figure 9 shows the functional model 4.0-MHRT, fully assembled, in the folded transport position and in
the working position.

¥ 2 Gt
a) Functional model - folded for transport b)  Functional model - operating position
Fig. 9 — 4.0-MHRT.66L Functional model
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In order to determine the main characteristics and operational parameters of the functional model, a
series of tests were conducted. The experiments were carried out in the laboratory to determine the dimensions
of the drone, the maximum take-off mass and the characteristics of the spraying system.

The dimensions of the 4.0 MHRT.66L drone functional model were determined by measuring using
calibrated laboratory tape measures and scales.

The maximum take-off mass was determined by measuring the maximum takeoff force between the
drone and a fixed point on the ground by means of a 5 KN load cell placed between the drone and the ground.

The flow rate through the nozzles of 4.0 MHRT agridrone functional model was determined by direct
method, using a digital flowmeter and by volumetric method, measuring the liquid flowed for each nozzle in a 1-
minute interval, at the working pressure. The pressure drop across the ramp on which the six nozzle holders are
located was measured by means of a pressure transducer mounted in the place of a nhozzle, on the nozzle holder.

In-situ experiments to determine spray uniformity and degree of coverage were conducted to
demonstrate the functionality of the functional model. To carry out the tests, the following test methodology
was applied:

« the tank of the drone was loaded with water solution and methylene blue;

* blue 0.3 type nozzles were installed on the drone’s spraying ramp;

» water-soluble paper was applied to the ground to capture water droplets from the drone’s nozzles;

« altitude and working speed were set, from the base station software, Mission Planner;

* transitions to 2 working speeds (3 and 5 m/s) and 3 working heights (3, 6, respectively 9 m) were
made.

After these steps, high-definition images of the water-sensitive paper - 4962x7019 pixels (Figure 10)
were taken using an EPSON L220 scanner for each test. Images were processed using software to obtain the
coverage degree. For image processing, first the contrast between the colour of the droplets (blue) and the
background colour (white) was increased. The blue pixels were then extracted as a percentage of the total
pixels and thus the percentage coverage was measured.

"

Fig. 10 — Scanned image of water-sensitive paper for determining the degree of coverage

Thus, with the drone set in automatic flight mode - ALTHOLD (automatic flight altitude maintenance)
and commanded from the remote control, test flights were carried out with the tank loaded, with different flight
speeds and working heights, the results obtained being presented in the following table.

The nozzle holders of the drone were equipped with blue 03 type nozzles and it worked at a pressure
of 1.5 bar.

RESULTS
Dimensions of the 4.0 MHRT.66L drone functional model
After conducting the tests to determine the dimensions of the 4.0 MHRT.66L drone functional model,

the following results were obtained:

o Diameter at the centre of the motors: 2.76 m
Distance between motor centres: 2.30 m
Height: 0.94 m
Own mass without battery: 50 kg
Weight of batteries: 12 kg
Maximum mass with full liquid tank: 128 kg

17



Vol. 70, No. 2 / 2023 INMATEH - Agricultural Engineering

Maximum thrust force
Table 1 shows the average values obtained regarding the maximum thrust force.

Table 1
Maximum thrust force
Acce(lg/:or)atlon ESC(zt))wer Drone thrust force (N)
25% 375 389
50% 75 765
75% 112.5 1125
100% 150 1505

The maximum thrust force corresponds to a maximum ESC current level of 150 A at a battery charge
level of 58 V and a maximum electric power of 8700 W/motor.

Characteristics of the spraying system

Figure 9 shows aspects of laboratory experiments to determine nozzle flow, total flow and working

pressure. The following figure shows aspects of laboratory experiments to determine nozzle flow, total flow
and working pressure.

Fig. 9 — Determination of flow rate and working pressure achieved by the 4.0-MHRT.66L drone functional model

The following table presents the average experimental results obtained for the work flow achieved by
the 4.0 MHRT agridrone according to the size of the nozzle used. 4 types of nozzles with the following
characteristics were used for experiments: spray angle: 120°, made of plastic material, working pressure range

1-6 bar. The type of nozzles was coded by colour and number, depending on the diameter of the respective
nozzle.

Table 2
Spraying system characteristics
Working pressure (bar) 1.5
Nozzle type orange — 01 yellow-02 blue-03 red — 04
Flow rate per nozzle (I/min) 0.27 0.49 0.66 0.87
Total flow rate (I/min) 1.62 2.94 3.96 5.22
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Determination of spray uniformity
Table 3 presents the experimental results obtained for the distribution uniformity.

Table 3
Uniformity of distribution under different working conditions
Eg' Worklnggn?/p;(;ed - set Working altitude (m) Working width (m) Degree of coverage (%)
1 3 3 4 48.2
2 3 6 8 40.1
3 3 9 10 38.2
4 5 3 4 44.6
5 5 6 8 39.2
6 5 9 10 36.1

From the results obtained, it was found that the best uniformity of distribution was obtained for a 4 m
working width and a 3 m altitude for both operating speeds.

CONCLUSIONS

In this paper, the stages of development of an agricultural UAV for carrying out phytosanitary treatments
were presented. The agricultural drone made has the following advantages:

- constructive simplicity and the possibility of folding the arms for transport;

- operational safety (allows safe landing, even with a major failure of one of the motors);

- ease of use and performance;

- due to the use of CCW-type propellers above and CW-type propellers below, the Y-type hexarotor
drone is much more stable and manoeuvrable;

- due to the special arrangement of the drone’s supports in Y at 120° and the arrangement of the spray
nozzles between the supports, the angle of the jet of the nozzles is directed directly downwards by the air
currents related to the drone’s motors, so that a uniform spraying of the crop plants is achieved,;

- the precise application of phytosanitary treatments by means of the drone leads to a reduced
consumption of phytosanitary substances and implicitly reduced costs;

- the possibility for farmers to treat agricultural crops targeted with phytosanitary substances only in the
areas previously identified as needing phytosanitary treatment, without using machines on the ground, which
compact the land and destroy part of the crop plants.
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ABSTRACT

Taking into account the physicochemical properties of soil and the complexity of adhesion interface, how to
improve the soil adhesion on the mechanical surface is a crucial technical issue. In order to lower the increasing
resistance caused by soil adhesion on the surface of a digging shovel in potato harvesting, a potato digging
shovel with a non-smooth surface structure was designed based on bionics theory. Based on testing physical
and mechanical properties of soil, a soil groove model corresponding to soil physical properties and particle
model physical properties was established through a combination of simulation and physical tests, and a
simulation test for evaluating the drag reduction performance was conducted. The simulation comparison test
results show that the performance of the bionic digging shovel is better than that of the traditional potato digging
shovel, regardless of whether the broken soil rate or the working resistance is reduced, and the soil adhered
to the mechanical surface can be effectively reduced by 93.3%. The research results can provide ideas and
methods for solving the adhesion problem between machinery and soil.
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INTRODUCTION

Potatoes are an important global non-grain food crop, industrial raw material, and feed crop (Celik et
al., 2019). In 2018, the total planting area of potatoes worldwide was 1.8 x 107 hm?, with a total yield of 3.7x108
t. China accounts for approximately 27% of all potato planting areas, producing 24% of the total global output,
ranking first worldwide (Tong et al., 2000). The planting area of potatoes increases every year as potatoes are
the fourth most important food crop in China. Therefore, potato-harvesting machinery has become an urgent
necessity in the current Chinese market.

The harvesting shovel, which is utilised in the first step of harvesting operations and is an indispensable
part of the potato harvester, is used for soil entry and excavation. Because China's planting area's geographical
and soil problems are relatively dispersed, some mountainous and hilly areas have a high planting area, which
determines the production mode for harvesting, transportation, and manual labour for picking and separation.
The common problems associated with potato harvesting include separating clay from potatoes, potato skin
rubbing from sandy soil, and increased back soil resistance. Scholars from various countries who are improving
potato harvesting machinery have proposed innovative research and achieved beneficial results (Babbitt, 2008;
Hou et al., 2020). Although this lays a foundation for further research, soil adhesion on the shovel surface is
gradually changed from mechanical contact to soil-to-soil contact (Fig. 1), energy consumption, specifically in
some areas where the soil is relatively humid. Additionally, the soil interface adhesion system's overall
mechanical behaviour is more severe during operation (Zenkov, et al., 2020; Jafar et al., 2021).
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Fig. 1 - Soil stickiness

Therefore, a single force or analytical formula cannot solve the complex soil adhesion problem. There
is no accurate and reasonable theoretical basis for the design and research of excavation components, as it
is still in the empirical design stage.

In recent years, with the introduction of the advanced concept of bionics by industry peers extensively
applying bionic technology and reverse technology in the engineering field (Junior et al., 2019), simulation
technologies have proven to be able to solve the problem of insufficient experience in the design of mechanical
parts (Wang et al., 2020), such as folding wings of bamboo elephants (Tong et al., 2015) and a chicken-like
corn seed threshing machine (Arnell et al., 2007).

After several million years of evolutionary optimization, many soil animals move freely in soil or manure
without adhering to the outside, such as the armoured pangolin, mole crickets, ants, and moulting. This mobility
feature is undoubtedly related to their peculiar body surface morphology. The corrugated surface model
analysis shows that a corrugated surface can effectively reduce the soil adhesion area, reduce the negative
air pressure at the interface, limit the continuity of the water film, and improve the lubrication of the interface
and reduce the viscosity and resistance (Massah et al.,2020).

After years of research, Jilin University in China has divided common geometric shapes into prismatic,
concave, convex hull, flake, and spiral (Zhang et al., 2004). The results show that a non-smooth surface has
a certain effect on clay reduction and de-soiling (Ren, et al.,2001; Liu et al.,2016; Junio et al.,2019), whereas
a ridge structure is relatively easy to control. The pangolin is often found in the humid forest areas of hills,
foothills, and plains. Because the pangolin can dig 20~30 cm diameter holes 2~4 m deep in the soil, it is the
source of bionic ridge structure. When pangolins use their claws to dig holes through the mountain nail quickly,
the pangolin body's scale resists the loosened soil, causing the soil to be pushed out of the hole (Lee et al.,
2001). The scale surface on pangolins shows a non-equiangular geometric mesh shape with crisscross
changes of longitudinal ridges and transverse grooves. The longitudinal ridges are more prominent and more
numerous, with a fan-shaped distribution. The transverse grooves are small and less numerous, and the
longitudinal ridge is cut at a certain depth (Lee et al., 2001; Zhou et al., 2016). This biological prototype for a
soil removal tool exhibits a satisfactory drag reduction, and its working environment or soil flow on the surface
is close to the working condition of the harvesting shovel.

At the same time, it was observed that the scales of pangolins were about 22.5°, while the optimal
entry angle of potato harvest shovel was about 24° (Fig. 2).

Combined with the soil digging behaviour of pangolins, the scales would be slightly adjusted with the
body surface muscle, so it was thought that they had a lot in common.

This study investigates the attachment of a ridge structure to the potato harvest shovel to reduce
viscosity and add a de-soiling to reduce soil adhesion on the shovel surface and minimise resistance to back
soil function. This study also provides both mode and method for addressing surface mechanical viscosity
reduction and de-soiling that is yet to be solved entirely.
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Fig. 2 - Comparison diagram of soil digging behaviour of pangolin and
the design of soil digging angle of potato harvesting shovel

MATERIALS AND METHODS
Point cloud data pre-processing and structure feature extraction of target samples
Point cloud data acquisition and processing of squamous perforator

To understand the distribution of ridges on the surface of scales, information on ridge structure
characteristics was obtained using reverse engineering technology. Since pangolins are world class protected
animals and require research authorization, the choice in this case was to study rare pangolin specimens with
the assistance of Shenyang Museum of Natural History, China. The natural death scale of Chinese pangolin
(Heath et al.,1986) was used as the test material. Before the experiment, the surface of the material was
cleaned using 50% alcohol. The ridge spacing was confirmed after observing the surface structure using an
ultra-depth scanning electron microscope. To avoid distortion and reflection due to other factors, such as
environmental light, an FC-5 contrast enhancer was sprayed on the material's surface while scanning (Xu et
al., 2020). After spraying, the data points on the surface of the scale were collected using a three-dimensional
scanner VTOP 200 T. Based on pre-processing, such as point cloud multi-view stitching and denoising (Hao
et al., 2021), the scale model of the armour was reconstructed by reverse engineering technology, and the
error was controlled within the allowable error range of £5% (Liu et al.,2016; Hu, 2015) to ensure the validity
of the model. The overall process is as follows (Fig. 3).
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Fig. 3 - Process of point cloud acquisition and checking
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Extraction of pangolin scale surface structure characteristics
As bioinspiration should not rely on the mere copying of nature (Greiner et al., 2015). According to the

observation, it is impossible to judge which function rule is consistent with the outer contour of pangolin scales,
so polynomial fitting method is adopted to fit it. Based on the Curve Fitting function in the Toolboxes directory

of MATLAB, surface Fitting (CF Tool) was selected to perform polynomial Fitting on the point cloud data.

Ridge line:
The central ridge is to be extracted by setting a vertical plane through the scale point cloud using

Geomagic Control, as shown in Fig. 4.

|

| |

| | | | I
40 45 50 55 60 65
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Fig. 4 - Extraction and fitting process of the outer ridge contour
Based on MATLAB, the point cloud data is fitted and its equation is obtained as follows:
f(X) = -1.442x10°x°+4.557 x10° x>+6.02x10™ x*+0.04197x* —1.635x°+33.75x — 280.7 1)

As shown in Table 1, with the exponential of x increasing, the values of SSE and RMSE of MATLAB
polynomial surface fitting for the three-dimensional coordinate data of the point cloud are decreasing and the
coefficient of determination (R?) is increasing, indicating that the fitting surface is closer to the actual pangolin
surface contour with the exponential increase of X. However, when the index of x increases to 4, the values of
SSE, RMSE and R? change little for each index of independent variable. For example, when the index of x
increases from x* to x5, the square of residual (SSE) decreases from 8.639 to 7.92, and the mean square error
(RMSE) decreases from 0.1481 to 0.142. The coefficient of determination increased from 0.9947 to 0.9952.
For example, when the index of x increases from x° to x5, the square of residual error (SSE) decreases from

7.92 to 5.395, the mean square error (RMSE) decreases from 0.1481 to 0.142, and the determination coefficient
increases from 0.9952 to 0.9967. When the exponents are 8, the surface fitting result is SSE=4.682,
RMSE=0.1096, R?=0.9972, and the determination coefficient is close to 1. For the fitting result of complex
biological surface, the fitting accuracy meets the fitting requirements. In summary, the power of x is 6.

Table 1

Fitting results of outer contour lines of different exponents

x" | SSE R? Adjusted R? | RMSE
4 | 8.639 | 0.9948 0.9947 0.1481
5 | 7.920 | 0.9952 0.9952 0.1420
6 | 5.395 | 0.9967 0.9967 0.1173
7 | 4.952 | 0.9970 0.9970 0.1125
8 | 4.682 | 0.9972 0.9971 0.1096

Note: x” means that the highest index of x was n. SSE is residual sum of squares, RMSE is mean square error, the same as

below.
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Rib texture

As the amount of point cloud data will affect the subsequent surface fitting, the point cloud model
processed by the Geomagic Wrap was imported into the Geomagic Control and divided into nine areas for
observation. The effective surfaces with clear structure B, C, D, E and F were selected as the research objects,
and the rest areas were subdivided. Point cloud is a collection of scattered points in space, which represents
the contour feature information of the object surface. Point cloud slices are intersected with point cloud by a
group of planes. Through the function of cross section under the start menu, a section perpendicular to the
surface was established and the number of external contour lines was exported, as shown in Fig. 5. After the
export, the data points were roughly between 380 and 450. The TXT coordinates were exported from the
interface dat. file, and the data could be viewed by Excel or MATLAB (Fig. 5).

T T T T T T T T T T

® Z Posvs. X_Pos
untitied fit 1

X Pos
Fig. 5 - Derives the characteristic contour of the surface texture

The ridges on pangolin scales were observed to conform to some function law, so sinusoidal function
fitting method was used to fit the ridges. Based on the Curve Fitting function in the Toolboxes directory of
MATLAB, CF Tool was selected to perform sum of sin Fitting on the point cloud data. As shown in Table 2,
with the exponential of x increasing, the values of SSE and RMSE of MATLAB polynomial surface fitting of the
three-dimensional coordinate data of the point cloud are continuously decreasing, and the coefficient of
determination (R?) is increasing. When the exponential of x is 6, it reaches the minimum, and then rises again.
In this case, SSE and RMSE are the minimum, R? is the maximum, and the determination coefficient is close to
1. As for the surface fitting results, the fitting accuracy meets the fitting requirements. In summary, the power
of x is selected as 6, so the fitting equation of the surface texture of ribbed structure is as follows:

f (x) =1.776sin(0.2177x + 2.92) +0.5651sin(0.4075 —0.7116) + 0.03001sin(L.232x — 3.094)

2
+0.02179sin(1.599x — 2.344) +0.028965in(5.92 — 2.713) + 0.02541sin(6.403x + 0.4) @)

Table 2
Fitting results of outer contour lines of different exponents
X" SSE R? Adjusted R? RMSE

5 | 0.08247 | 0.9976 0.9973 0.02776
6 | 0.06915 | 0.9980 0.9976 0.02579
7 | 0.07028 | 0.9979 0.9975 0.02638
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The expressions of ridges were obtained by function fitting, as shown below: the determination
coefficient was approximately 1, and the fitting accuracy of the surface fitting results met the fitting
requirements. Ridge line and the outer contour line of the surface rib texture jointly constitute the bionic surface,
which provides the design basis for the subsequent bionic modeling.

Design and analysis of potato-digging shovel based on the ridge structure of the armoured pangolin
Design of bionic potato-harvesting shovel
The scale surface of a pangolin was observed, measured, and analysed under a super depth of field
microscope (Fig. 6).

Fig. 6 — The scale surface of pangolin was observed, measured and analysed
under a super depth of field microscope

The distance between the two ribbons on the pangolin scales was measured at about 500 to 600
microns. Therefore, in the virtual modelling of rib arrangement, the rib structure was roughly divided into the
following three categories (Fig. 7).

(1) Circle tangent

(2) Circular contact

(3) Spacer equipped

Fig. 7= Three kinds of ribbed arrangement
(1) Ribbed with tangential boundaries; (2) A closely arranged ribbed structure; (3) Ribbed with certain gaps

Considering that the problem of adhesion is a process of many a little makes a mickle, all the particles
in the 15x15 mm soil tank used in the adhesion test were the smallest particles after screening, with radii of
0.3-0.5 mm. According to the above types, nine groups of ribbed surfaces with different radii and a smooth
plane were established with dimensions of 10x10x1.5 mm. Based on the radii of 0.3, 0.4, and 0.5 mm, the
ribbed edges with tangential edges were designated as C, those with dense edges were denoted as S, and
those integrated into the ribbed edges with tangential edges were indicated by V. First, the experimental body
was buried under the soil at an angle of 32.5°. In the filling process, the slope of the experimental body was
24°. When the soil particles were stable, the speed of the plane body was set, and the experimental body
moved upward by 0.3 m/s. When most of the particles were clearly leaving the experimental surface, the
motion of the experimental body was suspended. Inertia was used to remove the soil particles completely from
the surface in the computing area. Then, the direction of gravity was reversed, the soil particles that were not
attached to the plane body left the calculated area, and the results were compared. This approach reduced
the CPU calculation load and accelerated the calculation process.
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Fig. 8 depicts this procedure. (In EDEM, the gravity direction of soil particles can be reversed by
modifying the gravity in the environment. Instead of dumping the soil by turning over the shovel, the soil left
after the above operation is attached to the shovel surface. This method can quickly determine how many soil
particles are adhered to the surface of the shovel surface.)
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and stationary state
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Fig. 8 — Three stages of soil particles

After comparing the simulation results (Fig. 9), it can be concluded that the surface residual soil values
of the edge-cut type and the interval type with 0.5 mm radius are respectively 6.51x10-¢ kg and 6.33x10-¢ kg,

which are less than those of other types.
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Fig. 9 — Comparison of soil residual conditions of 10 groups of different types of planar bodies

The seven types of potato-harvesting shovels presented in Fig.10 were designed based on the contour
curve function obtained by the above software function. Each shovel was 10 mm thick, 335 mm long, and 131
mm wide. In addition to the enlarged ridge-type digging shovel, the ridge spacing of the non-smooth surface
was 0.5 mm, and the ridge diameter was 0.5 mm. By establishing the above shovels with different overall
shapes or surface smoothness, experimental subjects were provided for subsequent control experiments to
explore the optimal arrangement of ribbed patterns.
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Common flat type Smooth curved spade Vertical striped radian shovel

Curved spade with non-smooth surface  Enlarged ribbed curved spade Surface smoothing shovel  Cross grain radian shovel

Fig. 10 — Types of shovels

Simulation test analysis

Establishment of soil particle model:

The soil with a moisture content between 13% and 16% in Northeast China was used for simulation in
this study. In capillary theory, soil adhesion is related to the interfacial water model tension (Fisher, 1928).

P1

Fig. 11 - Water film tension model between two spherical soil particles

According to the Fisher theoretical model, as shown in Fig. 11, the water model tension, P, between
two spherical particles is given by:

P=7xrAp+27t,y,, 3)

Under a certain moisture content, a water ring is formed to combine the particles, where p1 and p2 are
the radii of the concave and convex surfaces, respectively; R1 and Rz are the radii of the particles; S1 and Sz
are the distances from the particles to the liquid bridge neck; ¢1 and g2 are the wedge angles of the particles.

According to the study of Qiushanfeng and Hengjingzhao (Yutaka et al., 1972), a solid intervention
exists when the soil is divided into loose accumulation and dense accumulation. The model is transformed, as
demonstrated in Fig. 12.

asperity

N solid

Fig. 12 - Schematic of the capillary channel between two soil particles and solid surface
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The adhesion force, Fo, between soil particles and solid materials, which is a small-density
accumulation of soil, can be expressed as follows:

7(1+cos@){(1+cosO)(1+cosa)-sina}(cos@+cosa)y,,

F= (4)
° 4R
The adhesion force between soil particles and solid materials, Fc, is given by
2
F.=—%=F (5)

Ne

The adhesion force is primarily determined by the resultant force, F, of the following five forces:
F=F,+FR+F+FK-F, (6)

Where Fn, is the intermolecular attraction, Fe is the metal surface static attraction, Fc is the capillary
force, Fy is the viscous resistance, F, is the wedge resistance, and F. plays a decisive role.

Ysv = Vs TV cos® (1)

According to the equation, ysy is the energy of the solid surface, ysy is the energy of solid/liquid
interface, yuv is the energy of the liquid surface, and 6 is the contact angle of the liquid droplet on the solid
surface. Therefore, it was attempted to add the Johnson—Kendall-Roberts (JKR) model to the Hertz—Mindlin
model to obtain the surface energy formula, expressed as follows:

Fir =— 7Z'}/E*(X% + :E* a’ (8)
2
5-Nima o (©)
E R

Where the contact spot radius, E* and R* are equivalent to Young’s modulus and equivalent radius of
the two spheres in contact, respectively, defined in terms of shear moduli of contacting spheres (Baran et al.,

2009).
F.= g E'JR *o 2 (10)

Before establishing a soil trough model, the contact parameters and contact model parameters must
be calibrated according to the experimental site's intrinsic parameters, and the typical soil in Northeast China
must be collected (Hunt et al., 1984. (Fig. 13).
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Fig. 13 - Determination of field soil intrinsic parameters
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According to the above test steps, the experimental data in the following table can be obtained, as
shown in Table 3.

Table 3
Result of soil moisture content

Sampling point/depth 0~5cm 5~10cm | 10~15cm | 15~20cm
1 15.24% 14.79% 13.41% 14.92%

2 15.68% 15.56% 15.98% 15.75%

3 16.09% 16.08% 14.39% 14.70%

4 15.88% 13.35% 15.66% 15.39%

5 14.46% 14.71% 15.10% 15.43%

Average value 15.47% | 14.898% | 14.908% | 15.238%

The average water content of five samples at different depths was counted. Then it was concluded
that the water content was similar between 0 and 20 cm, and there was no preliminary conjecture that the
water content of 0~5 cm was significantly greater than that of 15~20 cm, and the soil water content was
15.13%. The direction of movement of water in soil depends on its water potential, as in equation 11:

¢r:¢|v| +¢O+¢G+¢P (11)

That is, the total water potential ¢t is the sum of matrix potential ¢m, solute potential o, gravitational
potential ¢z and pressure potential gp. Considering that it is a rainy season, the similarity of current moisture
content to normal phenomenon is not an error caused by improper operation in the experiment process. There
is still a distance from the soil layer with obvious change of moisture content. The moisture content data can
provide an important theoretical basis for the selection of contact model in the subsequent discrete element
software simulation process.

The test soil in this experiment was obtained from the test field in Heishan County, Jinzhou City,
Liaoning Province. The soil samples were collected at 05:00 h. As potatoes are planted at a depth of
approximately 20 cm in the ploughing layer, and moisture content is similar from 0 cm to 20 cm, it was not
necessary to obtain the samples from different depths. When obtaining the soil samples, the soil around the
ring knife was first cut with a paring knife, then the ring knife filled with soil was removed. The excess soil at
both ends of the ring knife was removed, and the soil outside the ring knife was wiped. Both ends of the ring
knife were covered immediately to prevent the evaporation of the moisture contained in the soil, then weighed
(accurate to 0.01 g) and recorded. In the same layer, an aluminium box was used to obtain samples for
subsequent experimental research. The ring knife holder was placed on the ring knife of known weight, and
the ring knife edge was pressed downward and vertically into the soil until the ring knife barrel was filled with
samples. Attention was paid to applying a stable and consistent force while pressing the ring knife. According
to the density formula, the mass of the ring cutter is mo, the total mass of the ring cutter and the soil sample is
m1, and V is the volume of the ring cutter, which is 100 cm3. The density calculation formula is as follows:

~1000(m, -m,)
P \%

The densities of soil samples at depths of 0~20 cm can be obtained according to the above steps.

Table 4 shows the test data.

(12)

Table 4
Result of soil density
Sampling location | Soil mass / Soil volume / Soil density /
g cm? kg/m?3
1 168.01 100 1680
2 146.51 100 1465
3 158.77 100 1588
4 142.10 100 1421
5 154.61 100 1546
Average value 154.00 100 1540
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According to the data in Table 4, the soil density of the site is approximately 1540 kg/m3. After
screening, the average value was calculated. Particles with radii exceeding 2 mm account for ~14.975% of all
the particles. Those with radii between 1 mm and 2 mm account for ~22.075%. Those with radii between 0.5
mm and 1 mm account for ~12.19%, and those with radii less than 0.5 mm account for ~57.45%. According to
the particle angle of repose China National Standard, the measurement device was built vertically from a height
of 10 mm to the desktop at 80 mm, and the average angle of repose was measured to be 38.5065°. After
establishing the ground using EDEM software, the circular plane with a diameter of 10 mm was set as the
particle factory, and the particle radius was divided into four intervals: 2~3, 1~2, 0.5~1, and 0.3~0.5 mm.
Design-Expert was used to analyse the data. Table 5 presents the analysis of variance of the angle of repose.

Table 5
Analysis of variance table of the angle of repose Y1
Sum of Mean F P-value
Source Squares | df | Square Value Prob > F
Model 283255 | 14 | 202.32 13.35 < 0.0001***
A-rolling friction 457.57 1 457.57 30.19 < 0.0001***
B-particle density 132.77 1 132.77 8.76 0.0103**
C-surface energy density | 1652.92 1 | 1652.92 109.05 < 0.0001***
D-Poisson's ratio 55.08 1 55.08 3.63 0.0773*
AB 43.22 1 43.22 2.85 0.1134
AC 67.06 1 67.06 4.42 0.054*
AD 12.03 1 12.03 0.79 0.388
BC 3.43 1 3.43 0.23 0.6415
BD 1.35 1 1.35 0.089 0.7697
CD 105.38 1 | 105.38 6.95 0.0195**
A2 29.84 1 29.84 1.97 0.1824
B2 0.019 1 0.019 1.25 e-03 0.9723
Cc2 13.3 1 13.3 0.88 0.3649
D2 0.35 1 0.35 0.023 0.8816
Residual 212.21 14 15.16 - -
Lack of Fit 179.45 11 16.31 1.49 0.4117
Pure Error 32.76 3 10.92 - -
Cor Total 3044.76 | 28 - - -

*** indicates extremely significant (P < 0.01); ** indicates significant (0.01 < P < 0.05); * indicates significant (0.05 <P <0.1).

Table 5 shows that the experimental model is significant (P < 0.01). The surface energy density and
rolling friction have extremely significant effects on the soil accumulation angle, whereas the particle density
and interaction CD (surface energy density and Poisson's ratio) significantly affect the soil accumulation angle.
The order of the influence of the various factors and interaction factors on the bulb loss rate is A, C, B, CD,
AC, and D, and the regression equation between the index and various factors is:

StackingAngle =19.04809-187.02557« + 0.026875/ + 36.41221 +11.1048y -5.131y (13)

where 1 is the surface energy density, y is Poisson's ratio, « is rolling friction between soil particles, and £ is
soil particle density. The friction angle was calibrated to 38.5° by adjusting the surface energy density and
rolling friction parameters, as shown in Fig. 14.

There are many methods for measuring the stacking angle, and the funnel falling device structure was
chosen which is more accurate and convenient to control, so that it is more in line with China's national
standards for measuring discrete materials. Finally, the surface energy between the material and the particles
was found to be 36.5 J/m?, and the surface energy between the particles was 1 J/m?2.
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Parameter Unit Numerical value

Poisson's ratio of soil particles - 0.35
Shear modulus of soil particles MPa 1.06
Density of soil particles kg/m3 1540
Poisson's ratio of 65 manganese - 0.3

Shear modulus of 65 manganese MPa 1.92
Density of 65 manganese kg/m?3 7800
Recovery coefficient between particles - 0.13
Rolling friction factor between particles - 0.27
Static friction factor between particles - 0.56
Recovery coefficient between particles and excavating shovel - 0.16
Rolling friction factor between particles and excavating shovel - 0.5

Static friction factor between particles and excavating shovel - 0.43
Simulation time step S 13.2
Acceleration of gravity m/s? 9.81

Establishment of test soil tank model

Table 6 lists the other parameters. Based on these data, a realistic model of the target soil groove was

Table 6

Owing to the complexity of the soil composition, it is challenging to explain the adhesion problems of

machinery in soil disturbance using a single force. With the destruction of the stable soil structure, the total
surface area of the particles increases, the surface energy becomes large, and the adhesion becomes severe.
Therefore, to accelerate the calculation, a 400x350%330 mm calculation domain was established to move with
the shovel and perform the dynamic auxiliary calculation. Soil entry is the initial state of the shovel body. With
the accumulation of granular beds, the 350x243x500 mm soil grooves were elongated to 350x243x1200 mm
after the granular bed particles were stabilized at 0.5001 s to simulate the actual soil environment.
Subsequently, the amount of soil in the space was calculated when the soil grooves moved in the x-direction
at a speed of 0.5 m/s, stopped at 4 s, moved in the z-direction at a speed of 0.5 m/s, and stopped at 5 s.
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Fig.15 depicts the soil groove model. A completely closed soil groove will cause incorrect soil
displacement. Therefore, the wall was dismantled in stages during the simulation process and designed a kind
of soil groove model similar to a matchbox, and thus eliminated the rebound force of motion potential energy
acting on the wall.

Fig. 15 - Modified soil model

RESULTS

Fig. 16 presents the results of the potato-harvesting simulation. The proposed harvesting shovel with
a ridge-type non-smooth (HD) surface is clearly more effective than other harvesting shovels in reducing clay
and soil. The soil removal effect directly affects the size of soil particles in the spatial grid of each shovel. After
dividing the particles in the region in which the shovel was located, the soil volume attached to the conventional
flat-type shovel (PB) surface is 312.9416 mm?3 per unit time after process termination. Compared with the flat
type, the single-direction radian shovel designed by the ridge function has 295.693 mm of soil attached to it
after process termination because of its unique angle. Therefore, the outer contour has a certain influence on
soil removal. Simultaneously, it bends along the function of the pangolin scale from the front and back
directions as well as the left and right, but the surface is relatively smooth and has no ridge structure (QG).
After the work stops, the attached soil volume is 270.4352 mm3, which is better than that in the single direction
case, further confirming the influence of the outer contour on soil removal.

)

85.7659 mm?| /
881773 mm® |

75.8837 mm’ ,r
76.3627 mm’ /

/“v,»/
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> -
L !
Tl
Fig. 16 - Soil adhesion to the surfaces of different types of shovels
(a) Conventional flat-plate harvester; (b) Bionic radian shovel; (c) Bionic smooth-surface shovel; (d) Bionic non-smooth-surface shovel

The bidirectional surface shovel, combined with the texture characteristics of the surface ridges (QL),
has a significant effect. After the work stops, the soil volume attached to the shovel body is only 20.93897 E-
08 mm3, indicating that the non-smooth surface has a substantial impact on soil removal. Fig. 17 is a
comparison of the pressures of four excavating shovels.
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CONCLUSIONS

In this study, a potato-harvesting shovel based on the texture characteristics of pangolin scales was
designed considering the unique external surface profiles of organisms, combined with knowledge of bionics,
reverse engineering, soil adhesion mechanics, materials science, and other fields. Soil was collected during
the potato-harvesting period and measured on the spot, and the soil groove model was established in stages
after calibrating the soil particles parameters. The accuracy and scientific nature of the model were verified by
comparing the soil on the surface of the excavating shovel after bionic and conventional shovelling.

(1) Compared with the existing potato-harvesting shovel design methods, the design method proposed
in this paper has the following advantages.

Based on the natural behaviour and living environment of the pangolin, pangolin scales were found to
be extremely similar to potato-harvesting shovels, providing the best harvest in certain respects. Therefore,
according to the depth-of-field microscope observation results to search for a non-smooth ribbed surface with
the best arrangement, combined with the discrete element method, the 0.5 mm diameter clearance
arrangement was confirmed to be the optimal solution. In addition, the overall profile of the spade face was
determined according to reverse fitting, and the mathematical model of the corresponding function was
established. Simultaneously, various control groups were established and applied in the subsequent simulation
tests.

(2) In calibrating the soil model parameters, it can be concluded from the factorial experiment that the
soil accumulation angle is mainly dependent on the surface energy density and rolling friction. The smaller the
total particle weight, the larger the surface area and surface energy. Therefore, it is impossible to solve the soil
adhesion problem effectively from the perspective of broken soil. Therefore, from the angle of the surface
energy, the continuity of water film on the surface is destroyed by making the surface non-smooth. Defining a
reasonable calculation domain in the EDEM granular bed calculation could reduce the calculation time without
affecting the whole.

(3) This design method can be applied to the design of other soil-touching parts of agricultural
machinery, such as deep turning machines, deep loosening machines, and ditch openers. This approach is
not limited to potatoes and has strong generality to solve the problem of soil desorption.

This design method can be applied to the design of other soil touching parts of agricultural machinery,
such as deep turning machine, deep loosening machine, ditch opener, etc. Crops are not limited to potatoes,
and have a strong generality to solve the problem of soil desorption. In order to make better use of bionics to
solve the problem of soil adhesion of agricultural machinery, a database matching a variety of soil organisms
with the actual production conditions of more agricultural machinery will be established in the future, so as to
provide more inspirations for the design of agricultural machinery from the perspective of biology. This method
ignores the fibre root agglomeration model of crops because only soil adhesion to the surfaces of shovels was
analysed in this study. Therefore, to make our model closer to the actual soil environment, the next steps will
be to add the characteristic parameters of the soil swelling force caused by roots and to perform further
exploration by coupling the ANSYS and EDEM methods.
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ABSTRACT

In this paper, a small pneumatic vegetable precision seeder suitable for facility greenhouses was designed.
Based on the traditional positive and negative pressure seed-metering device, the airway disc structure was
designed, and the negative pressure air chamber was divided into three separate air chambers. The separate
air chambers could solve the problems of high-pressure requirements of traditional seed-metering device with
large air chamber and suitable for small power machineries more. One, two, or three rows drill can be
completed by replacing the seed plate and divider. The seed discharge process of the seed-metering device
was analyzed and the bench test was performed. Results showed that the required pressure of the seed-
metering device with the airway disk was 1 kPa less than traditional seed-metering device with large air
chamber when the eligible rate of seed discharge was 95%. Field experiments were performed, results showed
that the best performance were achieved under the speed of 3 km/h, for 3.72 % missed, 1.93% repeat and
94.35 % of inner ring, and 5.72%, 1.87% and 92.41% respectively of outer, meeting the requirements for
vegetable seeding.
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INTRODUCTION

Facility agriculture is an important part of modern agriculture. At present, China has become a major
country in facility agriculture, with the largest planted areas and most output of vegetables in the world (Xiao
et al.,, 2017; Chen et al., 2018; Yazgi A et al., 2014). However, compared with developed countries, the
mechanization level of facility agriculture was relatively low, with the comprehensive mechanization level was
only about 30% and the planting mechanization level was only 15.2% (Li et al., 2021; Qi et al., 2020; Li et al.,
2014). Due to the small space of the facility's greenhouse, large pneumatic vegetable planters could not be
brought into operation. Vegetable seeding was usually done by manual or small simple mechanical seeder,
which have low accuracy and high labor intensity, severely limiting the level of mechanization in facility farming.

At present, the research of vegetable seeder in developed countries in Europe and America are mainly
focused on vegetable seeding machinery in large field, which can realize many functions such as ditching,
seeding, soil covering and drip irrigation belt laying, but with large power and high sales price, which is not
suitable for facility greenhouses. An air-suction vegetable seeder from Maschio, for example, can produce
precise seeds of different sizes by changing seed plates with different apertures. While research in Asian
countries like China, Japan and South Korea are focusing on small and medium-sized mechanical vegetable
planters, which are compact and lightweight and more suitable for facility greenhouses.
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For example, Hu Jingming et al. in China designed the hand-held precision acupoint planter for rapeseed,
and the disc vegetable planter produced by Borante in Korea, etc. But mechanical seed planters have a high
seed damage rate and low accuracy for irregular seeds and are suitable for granulated seeds (Hu et al., 2017,
Jafari et al., 1991; Maleki et al., 2006).

In this paper, for the demands of vegetable precision seeding in facility greenhouses, a vegetable seeder
was designed, whose seed-metering devices had single disc but multi-row seeding and independent airway.
And the airway disc was innovatively designed base on the traditional positive and negative pressure seed-
metering device, which reduced the negative pressure chamber and low pressure needs for seed suction and
avoided the problem of miss-seeding caused by insufficient fan speed because of the insufficient power of the
small machine. The seeder designed in this paper could improve the accuracy of vegetable sowing and
promote the mechanization level of facility agriculture.

MATERIALS AND METHODS
Overall structure and working principle

As shown in Fig. 1, the overall structure of the vegetable seeder mainly includes the frame, seed-
metering device, ditching and seed division device, row suppression device, front and back suppression device,
depth adjustment device, plant spacing adjustment transmission, fan and power system.

The gasoline engine power was divided into two ways, one through a chain drive back suppression
wheel which drives the whole machine, while the front suppression wheel was rotated passively and drove the
seed-metering device through the gearbox and chain. When travelling on road, the gearbox was in neutral,
and the seed-metering device didn’t work. And when seeding in the facility greenhouse, the gearbox was
adjusted in the position rely on the seeding space requirements, while the seed-metering device was rotated.
The other power part from gasoline engine drove the fan by belt. The fan connected with air pipe, which
provided stable air flow to the seed-metering device.

1 2 3 4 6

wn

Fig. 1 - Complete machine structure diagram
1. Gasoline engine; 2. Fan; 3. Positive pressure air duct; 4. Seed-metering device; 5. Depth limit and adjustment device;
6. Transmission chain; 7. Front suppression wheel; 8. Seed-metering device drive chain; 9. Gearbox;
10. Ditching and seed division device; 11. Row suppression device; 12. Back suppression wheel; 13. Clutch; 14. Walking driven chain.

Seed-metering device structure and principle

Seed-metering device is the key component of the whole machine, which directly determines seeding
accuracy and working efficiency (Wang et al., 2020; Zhang et al., 2011; Jiang et al., 2014). Pneumatic seed-
metering devices have been widely used in the vegetable sector due to their good adaptability to seed shapes,
little damage, and high accuracy and uniformity. For example, Zhang Kaixing et al. (Zhang et al., 2019)
designed an air suction seed-metering device with double-disc for vegetable, which can achieve precise
seeding for different sizes seeds, but it is easy to produce sticky disk phenomenon when seeds fall by seed
weight for light vegetable seeds. Cong Jinling et al. (Cong et al., 2014) designed a seed-metering device with
positive and negative pressure, which relied on negative pressure to fill seeds, and blew the seeds off through
increasing positive pressure at the seed dropping site, thus solving the problem of seed sticking disc. However,
conventional air suction seed-metering device could only plant one row, which was difficult to meet the
requirements of leafy vegetable seeding with small row spacing. Yan Qiuyan et al. (Yan et al., 2014) developed
a pneumatic seed-metering device which could realize two-row seeding.
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However, the structure of the seed-metering device was complicated with two seed plates and the two
seed plates share one air chamber, which requires high pressure. Li Ming et al. (Li et al., 2013) developed a
pneumatic aggregate precision seed-metering device for rape, which could plant multiple rows by one device,
but it was suitable for the field traction vegetable planter, which had a large power demand.

Aiming at the requirement of small row space for vegetable seeding, seed-metering devices having
single disc but multi-row and independent airway was designed as shown in Fig. 2. The airway disc was the
core component of the metering device. The traditional air chamber shown in Fig. 3a which required higher air
pressure to ensure the stability of seed absorption (Wu et al., 2007) was divided into independent airway by
airway disc shown in Fig 3b which reduced the demand for air pressure, and only negative pressure was
passed in the airway corresponding to the seed suction hole but positive pressure was at the seed dropping
mouth shown in Fig 3c, so as to solve the problem of miss-seeding caused by limited power and insufficient
air pressure of the small seeder.

Fig. 2 - Structure diagram of seed meter
1. Seed box; 2. Shell; 3. Seed stirring device; 4. Power plate; 5. Seed arrangement plate; 6. Airway plate;
7. Right shell of seed discharging device

Fig. 3 - Schematic diagram of airway disc structure
1. Negative pressure annular groove; 2. Negative pressure ventilation groove;
3. Positive pressure groove; 4. Positive pressure vent hole;
A: Conventional air chamber; B: Independent chamber; C: Airway disk structure and flow route map

Analysis of seeding process

According to the different functions of each region during seeding, the working area of the seed-metering
device was divided into four regions: seed filling region, seed clearing region, seed carrying region, and seed
unloading region, as shown in Fig.4. According to Bernoulli equation, the pressure was equal everywhere in
the constant chamber flow field (Li et al., 2012; Chen et al., 2007).
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Fig. 4 - Partition of seed-metering device working area
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(1) Seed filling process analysis

Ignoring the effects of machine vibrations and other factors in the seeding process, rape seeds with a
good spherical shape were chosen as the objects of study, and outer ring seeds were used as particle points
to establish a Cartesian coordinate system. The direction of the centrifugal force on the seed was taken to be
the positive direction of the x axis, the direction of air and friction between seeds was taken as the positive
direction of y axis, the direction of the normal vector of the seed plate was taken to be the positive direction of
the z-axis, the kinematic analysis of the seed filling process was shown in Fig. 5.

Fig. 5 - Force analysis of suction seed course

Note: G is seed gravity, N; J is centrifugal force of seeds, N; F; is frictional resistance between air and seeds, N; Q is resultant force of
G, J and F; of seeds, N; T is normal force of suction hole to seeds, N; Ty, Tyand T, are component force of T on the x, y and z axis, N; Ty
is resultant force of Ty and Ty, N; F, is suction force of seed, N; w is angular speed of seed-metering plate, rad-s; O is center of seed-
metering plate; 6 is included angle between attachment from seed barycenter to seed-metering plate center and vertical direction, (°); B
is included angle between gravity and y-axis, (°); r is radius of seed-metering plate, m; ro is radius of the circle surrounded by the
outer holes, m; D is diameter of seed, m; a is distance from action point to suction axis, m; b is distance from action point to resultant force
Q, N; d is diameter of suction hole, m; a is taper angle of suction hole, (°).

The stress balance equation of rape seeds in the filling process was as in formula (1).
D F=0Ti-Gcosf-J =0
ZFy =0,Ty-Gsind—-F, =0
> F=0,T.—-Fp=0
> Ma=0,Fra-Qb=0

According to formula (1), binding force on seeds in the XY plane during seed filling can be expressed

as formula (2).
Txy = ﬂsz -}-Ty2 =

@

2
\/GZ + 3%+ Fr* +2Gy(J* + Fi*) sin( 6+ )
If the seed was balanced at the suction hole, then:
F.=Qa/b=Qtan(a/2) =T, tan(a/2) = 3)

\/GZ+JZ+Ff2+2G,/(J2+Ff)sin(aw)xtan(a/z)

The critical value of negative pressure vacuum degree at the seed suction hole was simulated as formula

(4).
p-Fo_
S
4\/(32 +3%4+26, (32 +F2) sin( 0+ ) xsin(a2)
ﬂDZCOSS(a/Z) (4)
where:
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P - the theoretical negative pressure value at which the seed can be adsorbed in the filling process, kPa;
S - the force region of the seed on the suction hole, m2.

In practice, seeds were subject to external factors such as air resistance, self-vibrations, and
inconsistent seed sizes and shapes. To ensure the reliability of seed suction, the actual minimum vacuum
degree of negative pressure during seed suction was as formula (5).

P

Omin

=K/K,P=KK,

4\/62 +3242G\/(3%+F,%)sin( 0+ ) xsin(a/2)
aD?*cos®(a/2) ©)

where:
Ki is coefficient of external conditions. (The external influence coefficient accounts for air resistance,
external vibrations, and other factors that affect the seed suction process, K; is generally 1.8 ~ 2, take K;1=1.8);
Kz is suction reliability coefficient. (To compensate for errors due to seed size, shape, and inter-specific
collisions, K is generally 1.8 ~ 2, take K,=2) (Li et al., 2009).

According to Equation (5), in the process of seed filling, the negative pressure required by the negative
pressure gas chamber was related to the angle of seed suction hole, seed linear velocity (determined by the
rotation speed of seed disc and the radius of seed suction hole), physical and mechanical characteristics of
seeds and other factors.

(2) Seed charging process analysis

At seed charging process, the adsorption force of the negative pressure air chamber on the seed
vanished, and the positive pressure acted on the seed through the vent hole. At this point, the seed was
affected by its own gravity G and barotropic pressure F (Li et al., 2009). Depending on the magnitude of
positive pressure on the seed, the seed charging process was divided into active falling and forced falling.

a. Active falling process analysis

If the positive pressure was enough for the seed to fall out of the suction hole and into the seed division
device, it was an active falling. It took a certain amount of time for the seed leaving the seed plate to enter the
seed division device. When the positive pressure was low, the horizontal acceleration and horizontal
displacement of the seed were small, and the motion trajectory of the seed was dotted line b shown in Fig. 6.

The horizontal displacement of the seed was increased by the increasing of positive pressure when the
displacement increased to the point where it collided to the shell, the seed bounced back, and the trajectory
was dotted line c. When the positive pressure continued to increase, the seed had multiple collisions between
the seed plate and the shell, and the trajectory was dotted line a.

7]

Fig. 6 - Active falling trajectory

Assuming that the positive pressure only generated an instantaneous shock force on the seed during seed
dropping, and there was no longer pressure when the seeds removed from the seed suction hole. The velocity
of seeds removed from the seed plate was equal to that before (Yong et al., 2015), then according to Newton's
second law the trajectory of the seed during seed dropping can be represented by the equation (6).
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where:
m is the weight of seed, (kg); F is the instantaneous force of positive pressure on the seed through the
suction hole, (N);

tis the time from seed breaking away from the seed plate to getting out of the seed-metering device, (t);
| is the horizontal displacement of the seed, (m);

V is the vertical velocity of the seed at the moment of its release from the seed plate, (m/s);
H is the vertical displacement of the seed, (m);

L is the distance between the two seed outlets, (m);

P is the positive pressure zone, (Pa);

S is the bearing area of seed, (m?).

According to equation (6), it was deduced that the positive pressure should satisfy equation (7).

O<P< ZTL
Q°S (7
Q_—Zvi,/v2+29H
g

b. Forced falling process analysis

If the positive pressure couldn’t meet the minimum requirement for seed active falling and couldn’t blow
the seed away from the suction hole, and if the seed could not be dropped by gravity alone, the seed continued
to rotate with the seed plate, rotate towards the seed guide plate to forcibly scrape off the seed, and fall tightly

into the seed separator below. One, two, or three rows of seeding with a seeder was completed. The structure
of the seed guide plate and seeding apparatus is shown in Fig. 7.

Fig. 7 - The structure of seed guiding plate and seed separator

RESULTS
Bench experiments

In order to explore the effect of the airway disc on reducing the negative pressure, a bench contrast test
was carried on the JPS—12 seed-metering device performance testbed, the seed-metering device with and
without airway disc was used to make a comparison, as shown in Fig. 8.

Rape seeds and a seed disc with 1 mm suction hole were selected and the experiments were carried
under the condition that the seed plate rotational velocity was 15 r/min. Eligibility rates, leaky absorption rates,
and re-absorption rates were as the evaluation metrics, and the results of the tests were shown in Table 1.
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Fig. 8 - JPS—12 seed-metering device performance testbed

Table 1
Contrast test results of air chamber structure
Air chamber Index (%) Negative pressure (kPa)

structure 1.0 15 2.0 25 3.0
With airway Qualified rate 94.6 95.22 95.47 93.61 91.38

disc Miss-seeding rate 2.89 2.34 0.96 0.45 0
Reseeding rate 251 2.44 3.57 5.94 8.62
With no Quialified rate 89.4 90.26 94.63 95.13 95.36
airway disc Miss-seeding rate 10.2 8.61 3.05 2.46 2.03
Reseeding rate 0.4 1.13 2.32 2.41 2.61

Experimental results shown that for negative pressure of 1 kPa, the qualified rate of seed-metering
devices with airway disk reached more than 90% and as the negative pressure increased to 1.5 kPa and 2.0
kPa, the qualified rate was over 95%. However, when the negative pressure reached 2.5 kPa, the reseeding rate

was high, resulting in a drop in the qualified rate. In contrast to traditional seed-metering device which with no

airway disc, as the negative pressure increased, the miss-seeding rate gradually decreased, the reseeding rate
slightly increased, and the qualified rate was in increasing trend. When negative pressure reached 1.5 kPa, the
qualified rate reached more than 90%, and more than 95% when the negative pressure reached 2.5 kPa, which
pressure was 1kPa higher than that with airway disc. The results indicated that the airway disc structure could
effectively reduce the suction negative pressure.

Field experiment

Field tests were carried on in Fuqun Agricultural Machinery Professional Cooperative in Linz on
February 29, 2023, the seeder with two seed-metering devices with airway discs and had two circular suction
holes on the discs, as shown in Fig. 9. The commercially available cilantro seeds were selected, the theoretical
plant spacing was set to 5 cm, and the operating speeds were set to 2 km/h, 3 km/h, and 4 km/h respectively.
After seeding, a 2 m long seeding section was randomly selected from each row and 20 measurement points
were selected according to "GB/T6973-2005 Testing methods of single seed drills (precision drills), the plant
spacing, qualified rate, miss-seeding and reseeding rate were determined, and the test results were shown in
Table 2.

Coriander seeds Séeder A Test after seeding

Fig. 9 - Prototype field test
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Table 2
Calculation result of performance index of small pneumatic precision planter for vegetable
Speed 2 km/h 3 km/h 4 km/h
Index

Innerring  Outerring Innerring  Outer ring Inner ring Outer ring

Qualified rate (%) 93.29 91.59 94.35 92.41 90.61 90.16
Miss-seeding rate (%) 2.84 4.16 3.72 5.72 7.68 8.63
Reseeding rate (%) 3.87 4.25 1.93 1.87 1.71 1.21

The test results showed that all qualified rates reached 90% under three speeds. However, the miss-
seeding rates were increasing and the reseeding rates were decreasing as the speeds increased. And the
miss-seeding rate increased but reseeding rate decreased dramatically under the speed of 4 km/h. The best
performance speed was 3 km/h, but there was certain gap compared to the performance on the bench test,
as the actual field operation of the seeder was affected by its own vibrations, soil environment, and other
factors. In addition, the qualified rates of the outer ring were lower than that of the inner rings similar with those
on the bench test. As the seeds in the outer ring were subjected to a greater centrifugal force, the phenomenon
of miss-seeding was easily produced. In order to solve the problem, the size of annular grooves corresponded
with the outer ring could increase, to balances the forces and reduce the miss-seeding rates in subsequent
improvements.

CONCLUSIONS

(1) A small vegetable seeder with single disc but multi-row seeding was designed. The independent airway
disc was innovatively designed base on the traditional pneumatic seed-metering device which could decrease
the negative pressure. The bench test results showed that the negative pressure value was lower by 1 kPa
when the airway disc was used than that of the traditional pneumatic seed-metering device when qualified rate
reached 95%.

(2) Field experiments of the small vegetable seeder were carried on, results shown that it was the optimum
operation in a seeding speed of 3 km/h, while the miss-seeding rate was 3.72 %, the reseeding rate was 1.93 %
and the qualified rate was 94.35% for the inner ring, and 5.72%, 1.87% and 92.41% respectively for the outer
ring. The seeder meets the requirements for vegetable seeding.
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ABSTRACT

Castor is one of the important oil crop, the shelling process of which directly affects the quality of castor seeds.
In the process of shelling, the shelling force of castor is an important index to study its damage. The castor
capsule model was established and the shelling test machine was established based on the discrete element
method. Then the extrusion law of castor capsule during shelling was analyzed. The shelling process is divided
into three stages, which are the Initial stage, stable shelling stage and the final stage. The force law of shelling
process is analyzed. The results show that with the increase of rotating speed, the maximum force decreases
from 68.78 to 68.10 N, the maximum speed increases from 8.92 to 12.99 m/s, the force of inner drum increases
from 509.34 to 533.14 N, and then decreases to 456.15 N. The shelling increases from 91.23% to 91.28%,
and then decreases to 88.89%. With the increase of filling amount, the maximum force increases from 55.86
to 76.93 N, the maximum speed decreases from 12.99 to 10.86 m/s, the force of inner drum increases from
338.58 to 603.364 N, and the shelling rate changes from 91% to 90.05%. This study can provide theoretical
support for the design of castor shelling machine.

=

BAEHBNHFIEY), e FEE B B T i d s TE el FE, BRI 52 7 2 TE A 1
BEIEFR . KT HE T B HIE 775, L T BRI FTEE T i92 6o 7P BRI e FE P 955
JERE . ZITFEG =T EE RIFFAG B R & BRFIZE A . 407 7= 1N BT e L FEHT I 7 R o
LR, BEEFEERIE N, RAZF M 68.78 N F£68.10 N, RZAF#H 8.92 mis H#£12.99 mls, A
M 77M 509.34 N /£ 533.14 N, )5/ % 456.15 N, M55 M 91.23% /-2 91.28%, /7/% % 88.89%. /F
FFRETH i 1918 ), BRASE M 55.86 N 17117 76.93 N, R AF/ZLM 12.99 mis [FIE#/10.86 mis, [/ 77 M
338.58 N #77/#/603.364 N, /il 7%# M 91% & % 90.05% . AHF7 7] g BN 75 HLIT 15 i1 FEHLFE 16 35 1.

INTRODUCTION

Castor is one of the ten oil crops in the world. Castor oil extracted from seeds has a high viscosity,
ignition point and low freezing point, which is one of the advanced lubricating oils for trains, high-speed lathes,
and aerospace (Huang et al., 2013; Liu et al., 2015). Shelling is the first step of castor oil processing, which
directly affects its quality. The force law of castor is a vital index to affect the damage of castor capsule during
the process of shelling.

Guner et al., (2003), determined the fracture force and fracture energy required for hazelnut shell
breaking, which provided a reference for the design of hazelnut sheller. The anisotropic behavior of hazelnut
was analyzed with numerical simulation (Delprete et al., 2014). The significant data of mechanical properties
was obtained, which can provide a reference for the design of shelling machine. The effect and shelling
mechanism of rubber materials on the shelling performance of grain sheller was studied (Baker et al., 2012).
The results show that the shear force is the main factor affecting the shelling rate. The mechanical behavior
of collision between rice grain and the key parts of shelling machine was studied (Zhao et al., 2013). The
results show that the difference of normal contact force increased with the increase of particle size ratio. The
geometric model and stress model for ginkgo biloba were established, which can analyze the stress based on
the finite element method (Wang et al., 2003).
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The best direction and mode of force application were found, which provides a theoretical basis for the
development of shelling equipment. The shelling method of ginkgo fruit was determined, and the force of
ginkgo fruit in extrusion working area was analyzed (Pan et al., 2019). The finite element model of chestnut
shell breaking was established in vacuum. The results show that the wet stress is the main factor of chestnut
shell breaking in vacuum (Yuan et al., 2011). The mechanical behavior of Jatropha curcas L. seeds under
compression was studied. The results showed that the stamping speed has a great influence on deformation,
deformation energy and oil yield (Kabutey et al., 2013). Wang studied the mechanical properties of kenaf
capsule (Wang et al., 2015). The results showed that the capsule began to break from the middle near the top
and then produced cracks to make the seeds come out of the capsule. The nonlinear relationship between
water content, loading speed, transverse diameter ratio and shell breaking force of walnut was established,
which provided the law of shell breaking conditions and crack variation characteristics (Zhang et al., 2014). Liu
et al. (2016) analyzed the stiffness of walnut shell by mechanical theory of elasticity. The dynamic response of
different drop height to the impact of potato rigid plate was supervised (Gao et al., 2018). The results show
that the maximum impact force and the maximum deformation are positively correlated with the drop height.
The mechanical behavior of Jatropha curcas L. seeds was studied at different pressing vessel diameters and
seed pressing heights under compression loading (Herak et al., 2013). The mathematical models can provide
the basis for the development of further models. The mechanical properties of the sides and middle parts of
the film were enhanced to improve the recovery efficiency of residual film (Hu et al. 2017). The results
suggested that the film was of tensile strength after its mechanical properties have been reinforced. The force
and rate of shelling removal of the inner drum were analyzed (Hou et al., 2020). The results provided theoretical
support for the design of the castor shelling machine. The minimum fall height of potatoes falling onto steel
sheets, steel rods and rubber-steel rods causing unallowable damage to potatoes was studied (Rady et al.,
2015). The results showed that steel sheet and steel rods resulted in higher bruise volume values compared
to the coated steel rods. The design of the seed metering device was optimized (Shi et al., 2020). The result
showed that the optimized seed plate had a better performance at high speed and vibration conditions. The
collision recovery coefficient of soybean seed contact with seed plate, seed wheel and organic glass was
determined (Zhang et al., 2017). The results showed that the collision recovery coefficients were 0.561, 0.518
and 0.472, respectively.

The critical forces of walnut, the vital forces of shell breaking, and the conditions of crack propagation
after fracture were obtained. Considering the related studies, progress has been made in the study of the
mechanical law of agricultural materials shelling. However, the process of shelling on agricultural particles
based on Discrete Element Method (DEM) has not been studied in detail deeply. Especially, the force
parameters of particles in the shelling process were not discussed.

In the study, the model of castor was established based on DEM. The law of force extrusion in the
process of shelling was analyzed. The shelling process is divided into three stages, which are the beginning
shelling stage, stable stage, and the ending stage. The shelling process and force law of the three stages were
analyzed.

MATERIALS AND METHODS

Establishment of castor model
The castor capsule bond model was established. The relationship between the force and displacement of

particles in each contact motion was described. Its three axis dimensions are 15.00 mm in length, 14.50 mm
in width, and 16.00 mm in height. The contact of particles, center of the area, line between the center point of
two particles, and the center point were established.

P e, ¢ ,'%Clx\
‘\ |

(@) Three-dimensional map (b) Direction X (c) Direction Y (d) Direction Z
Fig. 1 - 3 DEM model of castor fruit
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Division of shelling stage for castor capsule

The variety of TongBi No.7 castor was selected as the test material. The replacement effect occurs at

0.395 s during the simulation. At 1.5 s, the particles fell into the shelling drum and began to shell. Fig. 2 shows
the process of castor shelling.

100
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Fig. 2 - The process of castor shelling

It can be drawn that the shelling rate rose rapidly from 1.5 s to 3 s. It ran stably from 1.5 sto 6 s, and
ran gently from 6 s to 8 s. It continued to rise from 1.6 s to 6 s, then it ran smoothly from 6 s to 8 s. Therefore,
the shelling process was divided into three stages which are the initial, stable, and ending shelling stages. The
three stage curve fitting equation and correlation coefficient are shown in Table 1.

Table 1
Regression equation of undamaged bond
Shelling distance process Fitting equations The correlation coefficient
Initial stage Y=1.44X-3.86 0.9939
Stable shelling stage Y=0.75X+43.66 0.9878
Final stage Y=0.23X+87.78 0.9630

It can be drawn that the shelling efficiency decreased continuously in the process of shelling. Therefore,
the shelling efficiency shows a downward trend. The correlation coefficients of the fitting equation are all close
to 1.0. Table 2 shows the division of shelling stages.

Table 2
Division of shelling stages
Shelling distance stage Feeding Initial stage Stable shelling  The end of the shelling
Period of time/s 0~1.5 1.5~3 3~6 6~8

Simulation of castor capsule at the initial stage

The relationship between average velocity and maximum patrticle force is shown in Fig. 3. It can be drawn
that when the average speed of particles reached 1.81 m/s, the maximum force of particles reached a
maximum value of 48.86 N. When the average particle velocity reached 1.77 m/s, the maximum particle force
reached the minimum value of 10.04 N. When the average speed of particles was from 1.57 m/s to 1.83 m/s,
the maximum force of particles fluctuated greatly, and the fluctuation frequency was small. When the average
velocity of particles changed from 1.83 m/s to 1.95 m/s, the maximum force fluctuation of particles was low.
Because the particles entered the shelling part in a short time, the force changed significantly.
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0
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Fig. 3 - Relationship of average velocity and maximum force
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The force exerted by the particle groups on the shelling model is shown in Fig.4. It can be seen that with
the progress of the shelling process, the force produced by the external drum of particles changes smoothly,
reaching the maximum value of 101.53 N at 1.75 s.

The average force at the beginning of the shelling stage was 47.28 N. The force exerted by particles on
the inner drum fluctuated greatly, reaching a maximum value of 245.09 N at 2.75 s. The average force was
141.73 N in this stage. At this stage, the particles fall into the shell chamber from the inlet. Comparing the force
of particles on the inner with outer drums, it can be seen that the force of the inner drum is higher than the
outer drum at the same time. Therefore, the inner drum performs the main shelling work at this stage. The
force fluctuation range of the inner drum is extensive, so the shelling effect at this stage is mainly the collision
between the particles and the drum.
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Fig. 4 — Force of particle group to shelling model

The average and tangential force among particles is shown in Fig.5. According to Fig.5 (a), in the X-axis
direction, when the average velocity of particle reached 1.81 m/s, the maximum force among patrticles reached
23.66 N. When the average velocity of particle reached 1.57 m/s, the maximum force among particles reached
5.75 N. When the average patrticle velocity reached 1.71 m/s, the maximum force among particles reached

6.29 N. When the average patrticle velocity reached 1.57 m/s, the maximum force among particles reached
4.34 N.
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Fig. 5 - Contact forces between particles

Fig.5 (b) shows the results in the Y-axis direction. When the average velocity of particle reached 1.81
m/s, the maximum force among particles reached 11.45 N. When the average speed of particles reached 1.57
m/s, the maximum force among particles reached the minimum value, which is 3.99 N. When the average
particle velocity reached 1.81 m/s, the maximum tangential force among particles reached 4.82 N. When the
average speed of particles reached 1.57 m/s, the maximum force among particles reached the minimum value,
which is 2.06 N.

Fig.5 (c) shows the results in the Z-axis direction. When the average particle velocity reached 1.81 m/s,
the maximum normal force among particles reached 6.62 N. When the average velocity of particles reached
1.70 m/s, the maximum force among particles reached the minimum value, which is 3.36 N. When the average
particle velocity reached 1.81 m/s, the maximum tangential force among particles reached 9.03 N. When the
average speed of particles reached 1.65 m/s, the maximum force among particles reached the minimum value,
which is 4.22 N. The results show that the inner and outer rollers jointly provide the shelling effect, and the
frequency difference of force fluctuations caused by particles on the inner and outer rollers is small.
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Simulation of stable shelling stage

The relationship between average velocity and maximum particle force is shown in Fig. 6. It can be
drawn that in the stable shelling stage, when the average velocity of particles reached 1.77 m/s, the maximum
force of particles reached a maximum value of 41.39 N.

When the average speed of particles reached 1.51 m/s, the maximum force of particles reached the
minimum value, which is 6.98 N. When the average velocity of particles was between 1.44 m/s and 1.59 m/s,
the maximum force of particles fluctuates greatly.

When the average velocity of particles was from 1.59 m/s to 1.76 m/s, the maximum force fluctuation of
particles was low. When the average velocity of particles was from 1.76 m/s to 1.84 m/s, the maximum force
of particles fluctuated greatly. The reason is that particles are uniformly distributed in the inner part of the
shelling chamber, and the inner and outer rollers act together to remove the shell.
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Fig. 6 - Relationship of average velocity and maximum force

The force of particle group in the shelling process is shown in Fig. 7. It can be drawn that the force
generated by the particles in the external drum. It presented a downward trend with the progress of the shelling
process. The maximum value is 74.39 N when the time is 3.30 s. The average value was 23.87 N in this stage.
The force exerted by particles on the inner drum showed a downward trend, reaching a maximum value of
133.80 N at 3.10 s. The average value was 26.79 N in this stage. By comparing the force on the inner and
outer drum, it can be drawn that the particles evenly distributed in the interior of the shelling region. Therefore,

the outer and inner drum worked together to break the shell in this stage. The particles were impacted,
squeezed and rubbed together with the drums.
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Fig. 7 - Force of particle group in the shelling process

The law of the normal and tangential forces among particles is shown in Fig.8. It can be seen from
Fig.8(a) that when the average particle velocity reached 1.67 m/s, the maximum force among particles reached
12.55 N in the X-axis direction. When the average particle velocity reached 1.57 m/s, the maximum normal
force among particles reached to the minimum value, which was 5.75 N. When the average particle velocity
reached 1.73 m/s, the maximum tangential force among particles reached 6.97 N. When the average speed

of particles reached 1.96 m/s, the maximum reasonable force among patrticles reached the minimum value,
which was 5.50 N.
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Fig. 8 - Contact force between particles

Fig.8 (b) shows that when the average particle velocity reached 1.67 m/s, the maximum reasonable
force between particles reached 9.16 N in the Y-axis direction. When the average particle velocity reached
1.75 m/s, the maximum reasonable force among particles reached the minimum value, which was 4.88 N.
When the average particle velocity reached 1.61 m/s, the maximum tangential force among particles reached
6.51 N. When the average speed of particles reached 1.76 m/s, the maximum reasonable force among
particles reached the minimum value, which was 3.31 N.

Fig.8(c) shows that when the average particle velocity reached 1.77 m/s, the maximum normal force
among particles reached 9.54 N in the Z-axis direction. When the average speed of particles reached 1.51
m/s, the maximum normal force among particles reached the minimum value, which was 4.16 N. When the
average particle velocity reached 1.70 m/s, the maximum tangential force among particles reached 6.44 N.
When the average speed of particles reached 1.52 m/s, the maximum reasonable force between particles
reached the minimum value, which was 5.30 N. The frequency of force fluctuations generated by particles on
the external drum is high. At this stage, the collision between the capsules and their forces on the shelling
parts cause them to break.

Simulation of final shelling stage
The relationship between average velocity and maximum particle force is shown in Fig.9.
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Fig. 9 - Variation of average velocity with maximum force

It can be drawn that when the average particle velocity reached 1.79 m/s, the maximum patrticle force
reached a maximum value of 22.59 N. When the average particle velocity reached 1.78 m/s, the maximum
particle force reached the minimum value of 6.56 N. In this stage, with the increase of average speed, the
maximum force fluctuation of particles is relatively stable. The collision between the capsules and their forces
on the shelling parts cause them to break.

The force exerted by particles group on the shelling model is shown is Fig.10. It can be drawn that the
force generated by particles in the external drum. It decreased with process of shelling, reaching a maximum
value of 25.87 N at 6.75 s. The force exerted by particles on the inner drum decreased with the prolonging of
the shelling process when it reached a maximum value of 21.64 N at 7.80 s. By comparing the force of particles
on the internal and external drums, the inner and outer drums provided the shelling effect in this stage.
Moreover, the force fluctuation of particles on the inner and outer drums was small. Therefore, the outer and
inner drums worked together to complete the shelling in this stage.
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Fig. 10 - Force of particle group on the shelling model

To analyze the interaction among particles during the shelling process, the average and tangential forces
of the interaction among patrticles are shown in Fig.11.
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Fig. 11 - Force of the particles

According to Fig.11 (a), when the average particle velocity reached 1.70 m/s, the maximum force among
particles reached 8.25 N in the X-axis direction. When the average speed of particles reached 1.78 m/s, the
maximum force among particles reached the minimum value, which was 6.65 N. When the average particle
velocity reached 1.78 m/s, the maximum tangential force among particles reached 6.40 N. When the average
speed of particles reached 1.66 m/s, the maximum force among particles reached the minimum value, which
was 5.41 N.

According to Fig.11 (b), when the average particle velocity reached 1.96 m/s, the maximum force
between particles reached 6.95 N in the Y-axis direction. When the average particle velocity reached 1.69 m/s,
the maximum reasonable force among particles reached the minimum value, which was 5.19 N. When the
average speed of particles reached 1.70 m/s, the maximum tangential force among particles reached 6.09 N.
When the average velocity of particles reached 1.76 m/s, the maximum reasonable force among particles
reached the minimum value, which was 3.70 N.

When the average speed of particles reached 1.76 m/s, the maximum tangential force among particles
reached 6.27 N. When the average patrticle velocity reached 1.69 m/s, the maximum force among particles
reached the minimum value, which was 5.15 N.

The extrusion among the particles and the drums worked to complete the shelling. So, the force among
the particles changes in the way.

Analysis of transition phase and key grid

Considering the continuity and integrity of the process, there is a transition stage among the three
stages. The maximum force, particle normal force, and triaxial displacement of the particles are mostly
between the two period of 2.75-3.25 s and 5.75-6.25 s. Table 3 shows the size comparison of the results of
particles at the time of 2.75 s, 3.25 s, 5.75 s, and 6.25 s.
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Table 3

Statistics of the result size at each moment of the particles

Time Maximum force Interparticle normal Interparticle tangential Displacement
resultant force resultant force
[s] [N] [N] [N] [mm]
2.75 48.86 27.11 11.94 885.54
3.25 26.01 10.21 8.83 944.95
5.75 9.36 10.84 10.39 1255.75
6.25 7.61 7.12 7.63 1409.6

Fig.12 shows the critical state of particles. The result shows that the distribution grid in the process of
shelling.

It showed a trend of growth in the interval from 1.5 s to 2.75 s. The particles number was stable from
2.75 s to 3.25 s. The large number of particles distribution was from 3.25 s to 5.75 s. When the time was
between 5.75 s and 6.25 s, the amount of particles was on the decline. Fig.11(b) shows the maximum force in
the grid. It can be drawn that the maximum force decreased with the continuation of the shelling process and
reached zero gradually with the continuous discharge of particles. Fig.11 (c) shows the maximum velocity of
particles in the grid. The maximum speed decreased with the continuation of the shelling process and reached
to zero gradually with the continuous discharge of particles.
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Test methods and instruments

The speed of the inner drum, the distance of shell removal and the filling amount were the test factors,
while the rate of shell removal, damage rate and productivity were the test indicators. The speed of the inner
drum can be changed through the frequency converter, the position of the outer drum was adjusted to change
the shell distance, and the amount of feed is adapted to fit the filling amount. The high speed camera was
directed towards the observation window, and recorded the status of particles in the drum within 1.5 sto 8 s
after feeding through high-speed photography (Hou et al., 2020).

Fig. 13 - Castor Shelling Test Bed
1. Host; 2. Motor; 3. Light source; 4. Adjustment hole; 5. Frequency converter; 6. Adjustment arm;
7. Shelling drum; 8. Feeding hopper; 9. Observation window; 10. Frame; 11. Camera
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The experimental material was castor capsule Tongbi No.11, which was dried in Tongliao Academy of
Agricultural Sciences, Inner Mongolia. The test equipment includes castor capsule shelling machine, Shuangjie
electronic scale (TC-60K) (maximum weighing 60 kg, accuracy 10.0 g). The shelling machine equipment is
shown in Fig.13.

RESULTS
Shelling machine design

Based on the parameter setting of the simulation shelling model, the shelling machine was designed.
Through changes in the amount of drum rotating speed, the shelling distance and filling amount were taken as
the factors, damage rate and productivity were as an index. The schematic diagram of the shelling machine is
shown in Fig.14.
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Fig. 14 - Schematic diagram of complete machine
1. Motor; 2. Base frame; 3. Adjustment hole; 4. Adjustment arm; 5. Outer drum; 6. Feed hopper; 7. Inner drum

Analysis of test results

The rotating speed of the inner drum, the shelling distance, and the filling amount are the test factors, and
the shelling rate, damage rate, and productivity are the test indicators. The test bench test is conducted. The
level table is shown in Table 4.

Table4d
Test Factor level
Speed Shellmg Filling amount
Level distance
rpm %

mm
-1 250 5 30
0 300 6 40
1 350 7 50

The analysis of variance of shell removal rate is shown in Table 5. The test statistic value F represents
inter group differences. The significance level is P value. It can be drawn that the rotation speed, shelling
distance and filling amount have an extremely significant influence on the rate of shelling, among which the
shelling distance has the most considerable impact, followed by rotation speed. The filling amount was the
smallest.

Table 5
Variance analysis results

Sour.ces of Square sum Freedom Mean square F value P value

variance

A 18.29 2 9.15 134.14 <0.01

B 27.59 2 13.79 202.21 <0.01

C 12.14 2 6.07 89.01 <0.05

Error 0.14 2 0.07

Summation 58.17 8
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Table 6 is the variance analysis of damage rate. It can be seen that the speed and the shelling distance
had an extremely significant influence on the damage rate.

Table 6
Variance analysis results
Sour'ces of Square sum  Freedom Mean square F value P value
variance
A 0.13 2 0.06 134.23 <0.01
B 0.13 2 0.07 139.00 <0.01
C 0.04 2 0.02 4353 <0.05
Error 9.56x10* 2 4.78x104
Summation 0.30 8

Furthermore, the impact of the shelling distance was greater than the speed, and the filling quantity had
a considerable influence on the damage rate. Table 7 shows the productivity variance analysis.

Table 7
Variance analysis results
Sources of variance Square sum Freedom Mean square F value P value
A 10672.16 2 5336.08 239.44 <0.01
B 4698.14 2 2349.07 105.41 <0.01
C 424.24 2 212.12 9.52 <0.1
Error 44.57 2 22.29
Summation 15839.11 8 7919.55

It can be drawn that the speed and the shelling distance had an extremely significant impact on
productivity. The speed had a greater impact than the shelling distance, and the filling amount has a
considerable effect on productivity.

Comparison of shelling rate

The significance order of each factor obtained by simulation was the shelling distance, rotation speed
and filling amount. The significance order of each factor obtained by experiment was the shelling distance,
rotation speed and filling amount. The optimal combination obtained by the simulation was 350.0 r/min, the
shelling distance was 5 mm, and the filling amount was 40.0%. The optimal combination obtained by the test
was 350.0 r/min, the shelling distance was 5.0 mm, and the filling amount was 30.0%. The speed and the
shelling distance were incredibly significant factors, and the filling amount was a substantial factor, which is
within a reasonable range.

CONCLUSIONS

(1) The shelling distance and the filling amount have a significant impact on the force of the inner drum,
while the rotating speed has no significant impact on the force of the inner drum. With the increase of the
shelling distance and the filling amount, the force of the inner drum increased.

(2) The shelling process is divided into three stages. At the initial stage, the maximum force of the
particle is generated, which is 48.86 N. The main shelling form is collision. At the stable stage, the force
fluctuation frequency of the particle is the highest. The shelling work is completed by the inner and outer drum
together. At the final stage, the force fluctuation frequency of the particle on the inner and outer drum is less
different. The inner and outer drum work together to complete the shelling. The main form of shelling is
extrusion and rubbing.

(3) The optimized within roller cone angle is 4.5°, drum length is 605.0 mm with the highest for shelling
rate under the conditions of size parameter adjustment. The rate of shell removal is 96.42% when the size
parameters are applied for simulation. There was a difference of 0.39% from the fitting value.

(4) The simulation model is verified on test bed. The shelling rate was significantly affected by the
rotation speed, shelling distance and filling amount. The shelling damage rate was significantly affected by the
rotation speed. By comparing the shelling rate, it can be seen that the difference ratio between the simulation
result and the test result is 8.73% at the maximum and 1.43% at the minimum. The optimal parameter
combination obtained by simulation was the rotational speed of 350 r/min, the shelling distance of 5.0 mm, and
the filling amount of 40.0%. The results were relatively close, and the difference was within a reasonable range.
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