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ABSTRACT

This study developed a hybrid solar greenhouse dryer (lean-to) incorporated with a solar collector and
photovoltaic (PV) system for smallholder processors of tomatoes and evaluated the thermal performance of
forced convection mixed-mode solar dryer with two pretreatments of fresh tomatoes (halves and slices) with
salt and sugar. Tomatoes dipped in a 40% sucrose solution for 72 hours before drying exhibited a greater
initial drying rate than those treated with salt. The hourly average incident solar radiation without a reflector
was 673.8 (+214.2) W/m? outside and 754.6 (£284.5) W/mZ inside the lean-to solar dehydrator during operation.
The incident solar radiation in the collector ranged from 390.3 to 1156.0 W/m?2, indicating higher levels at the
tilt angle. The hourly average air temperatures outside and inside the solar dehydrator and solar collector
during the experiment, respectively, were 30.7 (£2.3), 52.7 (£10.1), and 30.7 (x2.3), 79.7 (x26.9)°C for the salt
treatment and 31.0 (£2.0), 55.1 (x15.3), and 31.0 (£2.0), 84.8 (¥28.0)°C for the sugar treatment. Thus, the
solar dehydrator and the solar collector raised the dehydrating air temperatures over the outside for the salt
and sugar treatment by an average of 22.0, 49.0, 24.1, and 53.8°C, respectively. The average hourly air-
relative humidity inside the solar dehydrator was 33.5%, while outside was 47.2%. The pretreated tomatoes
had an initial moisture content of 93.1% (w.b). The solar dehydrator's thermal efficiency was 72.21%, and its
drying efficiency was 56.48%. Consequently, solar energy contributed 84.28 and 71.18% of the generated
heating power. The solar dehydrator lost 15.72 and 28.82% of its remaining solar energy due to exhausted air.
The solar dehydrator had a daily average energy of 59.375 kWh, and the heating power was 47.473 kWh
during the experimental period (29 h).
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INTRODUCTION

Tomato (Lycopersicon esculentum Mill.) is a commonly cultivated vegetable worldwide, boasting a
productivity of approximately 182,301,395 tons from an area of 4,848,384 ha. China, the USA, Turkey, India,
and Egypt are leading global tomato producers.
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Egypt produced 6,275,443 tons of tomatoes in 2022 (FAO, 2022). After harvest, the drying process is
implemented by many local processors as an effective means to extend the shelf life of tomato crops (Li, 2021).
Solar energy is a well-established and renewable source, especially for low-temperature heating. Solar drying
is the most optimal solution to overcome artificial mechanical and natural sun drying drawbacks. Moreover,
adopting solar energy for crop drying offers both environmental benefits and economic viability in developing
countries. Providing energy for agricultural applications is contingent upon advancing solar energy systems
with optimal thermal performance, exceptional reliability, and competitive economic features. This
advancement must attain a stage where optimal thermal performance and reliability can be attained for a wide
range of solar energy applications. For solar energy to be economically viable, solar energy systems must
exhibit high annual utilization, extended lifespan, and meticulous design tailored to the specific application and
location, thus enabling a realistic evaluation of solar energy as a feasible alternative energy source.
Consequently, solar energy is a viable heat source for drying various crops. Because of the uncertain rise in
fossil fuel prices and the potential depletion, it has received significant attention in recent years (Abdellatif et
al., 2015; Ramos et al., 2015). Fruits and vegetables, including potato slices, red peppers, cherry tomatoes,
banana slices, and tomatoes, have been subjected to solar drying techniques. There have been few studies
conducted on the solar drying of cherry tomatoes. Several studies were conducted to investigate the thermal
and mass transfer balance in hybrid solar dryers and the effectiveness of solar greenhouse dryers (Azam et
al., 2020). Patil and Gawande (2016) reviewed various techniques employed in greenhouse dryers and solar
tunnels, focusing on forced and natural convection methods. Using tunnels and greenhouses for solar drying
proves to be highly suitable for rural areas. Using these dryers leads to substantial fuel savings and enhances
the product's quality regarding color, taste, and aroma. The enhancement of dried agricultural products' quality
is of utmost importance, and this can be accomplished by implementing pretreatment methods that ensure
product preservation and enhance their visual appeal. Osmosis is a convenient and effective method for
pretreating fruit before drying. Immersing products in the solution reduces costs by removing water. Osmosis
pretreatment might enhance the drying rate of cashew apples by impacting both their quality and drying kinetics
compared to fruits that have not undergone pretreatment (Shahi et al., 2016). The dryer and collector had
average energy efficiencies of 50.5%, and 34.98%, respectively. Tiwari and Tiwari (2016) studied the
exergoeconomic of PV-thermal mixed-mode greenhouse solar dryer. Lakshmi et al. (2019) investigated stevia
leaf drying in a mixed-mode forced convection solar dryer. The dryer's overall efficiency was approximately
33.5%. The dryer's payback duration is approximately 0.65 years. A hybrid solar drying system, including a
greenhouse dryer, a flat plate solar collector (FPSC), and a PV system, was investigated in some literature
using forced thermal convection drying mode.

Thus, this study involves developing a solar greenhouse dryer for post-harvest tomato drying and
evaluating the thermal performance of hybrid forced convection mixed-mode greenhouse dryers, integrating
tomato load, solar air collectors, and PV system operation.

MATERIALS AND METHODS

The trials were performed at the Faculty of Agriculture, University of Damietta (31°39'07.05" E, longitude;
31°25'38.24" N, latitude) from August 20th, 2022, to August 26th, 2022.

Description of the solar dehydrator (lean-to)

It comprises space heating for pre-heating the drying air, a drying chamber, and a reflector for increasing
the solar radiation intensity. The structural frame comprises 12.7 mm diameter hot-dipped galvanized pipes
with anti-corrosion qualities. The structural frame consists of beams, posts, and rafters that can be assembled
on the spot by joining parts, bolts, and nuts with no welding points to secure optimal anti-corrosion
performance. It was 2.0 m long, 1.0 m wide, 0.96 m high vertical back wall (reflector), 40 cm high vertical front
wall, 1.15 m rafter length. The rafter tilt angle is 17.97° for August. The net dehydration surface area is 2.0 m?,
and the net air volume is 1.36 m3. The drying tray is a 2.0 m long and 1.0 m wide galvanized wire mesh with a
2.0 m? surface area. Below the drying tray lies an air chamber comprising two layers of a 2.0 mm thick firm
galvanized sheet. These layers are separated by a 2.5 cm space and filled with loosely packed rock-wool
insulation to lessen heat energy gain or loss. It was 2.0 m long, 1.0 m wide, 40 cm deep, 2.0 m? surface area,
and 0.8 m?3 space volume. To circulate the dehydrated air through the solar dehydrator, an electric forced air
fan with a power of 38 W, a speed of 2000 rpm, and operating at a current of 220 V is positioned at the center
of the eastern side (lateral section) of an air chamber. This fan is connected to an air duct with a diameter of
12 cm. On the opposite side, the solar dehydrator's gable incorporates a circular opening with a 12 cm diameter
(inlet for drying air) at its center.
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This configuration ensures that air enters the upper section's solar dehydrators and descends through
the drying tomatoes before being expelled from the dehydrator. The solar dehydrator is located 10 cm above
the floor level using four metallic legs over a cubic concrete block (20x20 cm), as shown in Fig. 1.

The dehydration chamber's upper surface was covered by a perforated galvanized steel sheet, and the
other sides were covered with sold galvanized steel sheets. The solar dehydrator is equipped with a
transparent polycarbonate sheet that is 2.0 mm thick, providing UV protection and allowing for high radiation
transmission to optimize the dehydrator's solar radiation. A 2.0 mm thick sheet of nickel chrome was applied
to the vertical back wall as a solar reflector. The solar dehydrator was in an East-West orientation.

Inlet air

Polycarbonate cover
12cm

Wire netted
floor

Nickel chrome sheet

.......................

,,,,,,,,,,,,, e Structural frame

7 . Wall for
. batch

Air chamber

Fig. 1 — Simplified scheme and picture of solar dehydrator (lean-to architectural form)

Flat plate air solar collector

It comprises space heating for pre-heating the air, a wooden box, and an absorber plate for increasing
the intensity of solar radiation. It was inclined with 30° and supplied the lean-to solar dryer with auxiliary heat.
The structural frame was made from wood with a 2.0 m? surface area (2.0 m long, 1.0 m wide), 0.15 m depth,
and 0.3 m?® space volume. It had 2.5 cm rock-wool insulation to lessen heat gain or loss. It has a black-painted
aluminum corrugated sheet of 0.002 m thick, and the thermal conductivity coefficient was 204 W/m.°C, which
was utilized to absorb thermal solar radiation and used it to heat the air, which moves up toward the solar
dryer. A 0.10 m fiberglass insulation layer was installed to insulate the absorber plate from the backside to
minimize heat energy gain or loss. The upper surface of the solar collector was protected by a polycarbonate
sheet measuring 0.002 m, maintaining a gap of approximately 0.10 m between the absorber sheet and
polycarbonate to facilitate airflow. The upward movement of hot air from the collector toward the lean-to solar
dryer occurs through an insulated tube measuring 0.15 m in diameter, as depicted in Fig. 2.

Air inlet to
dryer

/
f, /j 2 15cm
Boly carbonate &
cover 7
(LA © ,

Absorber plate

100 cm

Black Wooden box

o 200 cm
Air inlet to solar
collector

Fig. 2 — Simplified scheme of flat plate air solar collector (architectural form)

Solar photovoltaic cell (PV) panels

The PV system included a 385 W ASEM PV panel, a charge controller with 12 V/24 V capabilities and
load current up to 20 A, and a 12 V battery with a rated current of 17 A h). Inverter (Yumatsu JAPAN 220V
50Hz/60Hz Power capacity: 2000VA). This was used to convert the current to DC, which comes from the PV
panel and is integrated into the battery. The PV panel's inclination was set to 30° in a southerly direction. The
PV system was used to power a DC fan, which helped optimize the drying process, as revealed in Fig. 3.
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Fig. 3 — Tomatoes spread under natural sun drying

Experimental parameters of PV-solar collector incorporated with greenhouse dryer

An evaluation was performed to measure the performance of the greenhouse dryer when used outdoors,
specifically for drying tomatoes. The initial trials were performed at varying airflow rates of 2.10, 3.12, and 4.18
m3/min, utilizing the DC speed controller to regulate the DC fan's flow rate. The optimal airflow rate of 3.12
m3/min was elected for drying tomatoes. Fresh tomatoes were purchased from the local market in 2022. Before
the drying process, the selected fresh tomatoes were subjected to a cleaning and pre-conditioning procedure,
which involved the removal of foreign impurities and immatureness. As a result, a homogeneous size of
tomatoes unaffected by bacteria and fungi was chosen for the experimental investigation. These tomatoes
were carefully graded by hand, with a preference for smaller sizes (0.020-0.035 m diameter). After washing,
the tomatoes were divided into two groups of equal weight (7.0 kg each). Fresh tomatoes were halved and
sliced, then osmotically treated with sugar. They were compared to halved and sliced tomatoes, treated with
salt, and dried in the greenhouse dryer. The fruits treated osmotically with sugar are cut into halves and slices
and dipped in a 40% sucrose solution for 72 h (10.5-liter water/ 2.8 kg sugar/ 7kg of tomatoes). The samples
were stored at 5°C before beginning the experiments and then allowed to reach room temperature.
Measurements

The ambient weather and various parameters of the greenhouse dryer (GD) were measured using
instruments, including a meteorological weather station (Vantage Pro 2, Devise, USA). This allowed for
accurately evaluating the macroclimatic conditions surrounding the developed drying system. These
measurements comprise various weather factors, including solar radiation intensity on a horizontal plane, dry-
bulb air temperature, air relative humidity, and wind speed. The weather station is beside the solar dehydrator
(about five meters away). The collected data were stored in a computer file for data acquisition. The speed of
dehydrated air was measured thrice daily at the drying air inlet and outlet locations throughout the experimental
duration. This was conducted using a vane LCD Digital Anemometer (Montreal, Canada). Solar radiation
intensity was measured using disk-solarimeters (TENMARS TM-207, Taiwan). They were placed horizontally
with the dryer and were inclined toward the PV module and the solar collector. Temperature and relative
humidity were measured by a weather anemometer sensor (Pasport, 1000 series, USA). Measurements of the
relative humidity in the ambient air and inside the dryer were conducted using the Amprobe THWD-5. The
dryer's airflow rate and wind speed were measured using an airflow meter/Hotwire anemometer. The moisture
content of tomatoes was determined using an electric oven dryer set at a temperature of 70 + 1°C (ASAE
1991). The initial, final, and instantaneous moisture contents were calculated based on dry basis according to
Mumba (1996), as follows in Egs. 1-3:

Wo — Wy

My = =2 ®

Wwet - Wd

M, =—wet_d
¢ w, (2

M, + DWW, W, —W,
Mt=[(0 ) 0_1=(t ) 3)
W Wa

where:

Mo denotes the initial moisture content [%)], W, represents the initial weight of sample [kg], Wq
represents the weight of dry matter [kg], Mrimplies the final moisture content [%], M; implies the instantaneous
moisture content [%)], and W:represents the weight of sample at time (t) [kg].
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Thermal energy balance analysis

An energy analysis of tomato drying with a PV solar collector integrated with a lean-to solar dryer is
presented in this study. The steady-state energy equations are used to optimize tomato drying conditions
(Hepbasli, 2008).

The net energy balance between the inlet and outlet can be represented by Eq. 4:

D Eu=) Fou @)

where Ein denotes the net energy input, [W], Eou represents the net energy outlet, [W].
Solar collector's thermal balance
The solar collector's thermal balance was determined as follows in Egs. 5-7:

Ein,coll = Eout,coll (%)
Ein,coll = (Eout,coll + Eheat transfered + Einfiltration) (6)
Eu,coll = Ein,coll - (Eheat transfered + Einfilt‘ration) (7)

The energy input and heat gain of the solar collector are computed by Duffie and Beckman (2013); Usub
et al. (2008), as follows in Eqgs. 8-10:

t

Ein,coll = Esolar,coll = Acollf Leou (8
0

Eu,coll =mg X Cp,a (Ta,in - Ta,out) (9)

Mg = Pa X VZL = Pa X Ug X Acall (10)

where m. denotes the air mass flow rate, [kg/s]; Acu represents the collector area [m?], ua implies air speed,
[m/s]; and pa stands for the air density, [kg/m?].
Hence, collector efficiency (#con) is calculated as follows in Egs. 11-13:

Eu,coll
Neou = E— (11)

in,coll
Eloss = Eheat transfer + Einfilt‘ration (12)
Eheat transfer = Lwau + Eground + Eloss,tube (13)

Heat losses from solar collector surfaces can be determined according to Sahin and Sumnu (2005), as
follows in Egs. 14 and 15:

Eheat transfer(surfaces) — Ucoll,surf X Acoll,surf X dT (14)
U 1
coll,surf — 1 X1 1 Xl (15)
+ + +
hconv,abs—g hrad,abs—g hrad,g—amb hconv,g—amb

Where:
Ucosurrdenotes the overall heat transfer coefficient for the solar collector surfaces [W/m?2.K],
Aconsurrdenotes the solar collector's area [m?], and dT refers to the temperature difference [K].

Heat losses from collector walls and ground to air
The convective and conductive resistances of the overall heat transfer coefficient were determined as

follows in Eqg. 16:
1

Ucoll,wg = (1 1 (16)

2y % o X X3, 2
hi+k1+k2+k3+ho>

where A; and h, represent the heat transfer coefficients for internal and external surfaces [W/mZ2.K],
respectively, x;is the layer's thickness [m], 4 is the layer's thermal conductivity [W/m.K].

The solar collector's walls and ground heat losses can be determined using Eq. 17:

Eheat transfer(wall,ground) = Ucoll,wg X Acoll,wg x dT (17)

where U.onwgrefers to the overall heat transfer coefficient [W/m?2.K], AwnweStands for the solar collector's area
of walls and ground [m?], and dT denotes the temperature difference [K].
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Heat transfer by convection from the collector
The convective heat transfer coefficient caused by wind is calculated based on Duffie and Beckmen
(2013), as follows in Eg. 18:

hg—amb,coll =28+ (3.0 x W) (18)

The convective heat transfer coefficient for air over the absorber surface can be calculated by
determining the Reynolds Number (Re) and Nusselt number (Nu) Bergman et al. (2011), as follows in Egs.
19-21:
ua,coll X Pa X Dh,coll

Re = 19
o (19)
h o XD
Nu = % = 0.0158Re"® (20)
a
k, X Nu w
hconv,abs—a = Dh coll (m2 X °C> (21)

where Dy.constands for the air passes hydraulic width (m), and is determined according to Cengel et al. (2003),
as follows in Eq. 22:
_ 4(D x H)
Dh,coll - 2(D + H)
where Doy and Heon represent the actual width and height of the air passes [1 m and 0.08 m, respectively], DA
is the air pass width [m], vis the air viscosity [m?/s], Tabsis the absorber temperature [65°C = 338K], and Tamb
is the surrounding temperature [31°C = 304K]. Thus, hconv,abs-a = 1.746 W/m2.K; and heat loss below the
absorber is obtained as shown in Eq. 23:

Ecomi,(abs—a) = Aabs X hconv,abs—a X (Tabs - Tamb) (23)

where A.ss represents the contact area between the absorber and the air within the collector [m?2].
Collector's radiation heat transfer (Erad,coll)

The radiation heat transfer coefficients can be determined by employing Egs. 24 and 25 given by Duffie
and Beckmen (2013) for the interactions between the sky and the collector glass cover and between the
absorber and collector glass cover.

(22)

Rraag-s = €g X 0 X (TF + T X (T, + Ty) (24)
_ox (T2 + T2) X (Taps + Ty)
hrad,abs—g - 1 1 (25)
+—=-1
Eabs Sg

where &5 represent the emissivity of the absorber surface [assumed 0.98], & represents the emissivity of the
glass surface [assumed 0.92], and s represents the Stefan-Boltzmann constant [5.67x108 W/mZ2.K#]. The sky
temperature (Ts) is calculated according to Duffie and Beckmen (2013), as in Eq. 26.

Ty = 0.0552 X (Tapmp)™® (26)

where Ts and Tamp are expressed in Kelvin. The losses caused by radiation and convection from the insulation
layer surrounding the sides and bottom of the solar collector were determined using Eq. 17.
Tube heat losses between the collector and greenhouse dryer
The connection tube, which links the collector and greenhouse dryer, was constructed using tin and
insulated with fiberglass. Therefore, the total heat transfer coefficient for the tube (Uwpe) is determined in Eq.27:
Utube = ! 27
G+ 7+ B+ m) 0
where r; and 1, represent the inner and outer layer radius, [m], in order. The heat losses from the connection
tube (Ejoss,ube) are expressed as follows in Eg. 28:

(Ti - To)

2
1 In () L1 (28)
nn; k rOhO

Eloss,tube = 2nL X
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where h, = hq stands for the conductive heat-transfer coefficient across the insulation, [W/m2.°C] and is

determined as follows in Eq. 29:
ha =8 (29)

where Ky stands for thermal conductivity for fiberglass 0.043 [W/m.°C], and d; denotes the average insulation
thickness [0.05 m].
Greenhouse dryer's thermal balance

In order to estimate the thermal performance of the tomato dryer, the GD underwent experiments in
which the heat balance and theoretical analysis were applied according to Dewanto et al. (2002); Lewicki
(1998), as follows in Eq. 30:

Ein,dryer = (Enet,coll + Esol,dryer) (30)
Eout,dryer = (Eevap + Eloss)

Enet,dryer = Lsol,dryer + Enet,coll - (Eevap + Eloss)

Heat gain to the greenhouse dryer
Solar energy in the greenhouse dryer can be determined by considering the solar radiation and surface
area, as follows in Eq. 31:

Esol,dryer = Idryer X Adryer (31)

where lgryer represents the horizontal insolation on the GD, [W/m?], and Adryer denotes the area of the GD, [m?].
The collector transfers heat to the GD, resulting in a useful heat gain as expressed in Eq. 32:

Enet,coll = Eu,coll X Eloss,tube (32)

Heat evaporated from the greenhouse dryer

The overall thermal energy required for evaporation (Eevap) comprises two components: sensible heat
(Esens), which raises the temperature of tomatoes to the desired level, and latent heat energy (Ejatent), Which
vaporizes water from tomatoes, as follows in Eq. 33:

Eevap = Esens X Elatent (33)

The estimation of the sensible heat required to increase the temperature of tomato (Esens) can be
determined as follows in Eq. 34:

Egens = My X Cpp X AT, = pe X Vi X Cp e X AT, (34)

where m; represents fresh tomatoes rate, [kg/s], Cp,t stands for tomato's specific heat, [4.08 kJ/kg.°C], pt
denotes tomato's density [672.78 kg/m?], Tiin refers to the tomato's inlet temperature to the dryer, [°C], and
Tiout denotes the tomato's outlet temperature from the dryer, [°C].

The latent heat required for vaporizing water from tomatoes can be determined as follows in Eq. 35:

Eigtent = MW X Aw (35)

where mw represents the water removal rate from tomatoes, [kg/s], and Aw denotes the latent heat of water
vaporization, [2300 kJ/kg].

Hence, the dryer efficiency (7dryer) is determined as follows in Eq. 36:

Naryer = E‘Ee& (36)
indryer

Heat losses from the greenhouse dryer via convection and radiation
By convection

The convection heat loss coefficient from the greenhouse dryer (Nconv,adryer) Was determined using
EQs.19-22.
By radiation

The radiation heat transfer coefficient between the greenhouse covers and the sky and between the
cover and the tomatoes was determined using Eqgs. 24 and 25.

Thermal radiation losses can be attributed to the surfaces of the dryer cover and the dried product. The
losses of radiant heat were minimal because of the low temperatures of the surface. The heat losses by

radiation from the cover surface (Eraq ) were calculated as follows in Eq. 37:
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Erad,f = Af X & X Fe_gxé= [(Tf,out)4 - (Ta,out)4] (37)
where & refers to the surface emissivity [assumed 0.93 for the cover], and Fc.q denotes the dryer wall's cover
surface (Bergman et al., 2011).

Fan's heat losses in the greenhouse dryer

In the forced convection greenhouse dryer system, the heat losses through the transparent cover are
significantly lower than the direct heat loss through the exhaust vent (Mohsenin, 2020).
Thermal balance for PV panel

Enet,pv = Egain - Eloss (38)

Eloss = Eoperating - Einfiltration (39)
The photovoltaic efficiency (nev) and the solar system's overall efficiency (noverar) were calculated
according to Eltawil et al. (2018), as follows in Eqgs. 40 and 41:

Eout,PV _ Vmax,PV X Imax,PV

= = x 100
ey Einpv Inspy X Apy (40)
Eout dryer
n = : X 100 41
overall Ein,coll + Ein,dryer + Ein,fan ( )

where: np, represents photovoltaic efficiency [%)], Vaaxrv refers to the maximum PV voltage for power [V],
Imaxpv refers to the maximum PV current for power [A], /nspv denotes the insolation in the same plane of PV
module [W/m?], Arrdenotes the area of solar module [M?], ,verqu IMplies the solar system's overall efficiency
[%], Eout,aryer implies the dryer output, E;, .,;; denotes the insolation input on the collector, Ej, 4, represents
the incident solar energy on the dryer, and E;, r4, refers to the DC fan energy consumption.

RESULTS AND DISCUSSION
Intensity of incident solar radiation

The dehydration of tomatoes was performed utilizing the developed drying system that was incorporated
with the flat plate air solar collector (FPASC) and operated using a solar PV system. The dehydration process
of tomatoes included 72 hours of bright sunshine, with 25 hours for salt pretreatment and 29 hours for sugar
pretreatment in the lean-to solar dehydrator. These measurements were recorded and utilized in the
dehydration process. The experiment involved measuring and monitoring the intensity of solar radiation on
horizontal (Iho = ldaryer) and inclined (lincined = lcollector = lpv) Surfaces. The results are summarized and presented
in Table 1.

Table 1

Hourly average incident solar radiation measured and recorded outside (Ro), inside the solar dehydrator (Ri) and
inclined solar collector, PV panels during the experiment, and the maximum and minimum values

Solar collector =
Lean-to PV panels
Date Ro, W/m?2 Ri Ri Ri Ri
Reflected, Horizontal, Total, Inclined,

W/m? W/m? W/m? W/m?2

Max. 633.0 87.7 519.6 607.3 1120

Min. 266.8 36.8 190.3 227.1 540.0

20/08/2022 Mean 455.6 58.0 355.2 413.2 897.8
SD +183.3 +26.5 +164.7 +190.2 +220.3
Max. 928.3 213.2 882.4 1091.9 1131.0

Min. 275.5 69.0 285.4 285.3 399.0

21/08/2022 Mean 596.0 155.4 528.6 684.0 878.6
SD +210.2 +56.1 +220.4 +257.2 +239.3
Max. 932.5 242.0 885.5 1127.5 1186.0

Min. 301.2 59.5 238.3 297.8 430.0

22/08/2022 Mean 702.3 178.5 625.2 803.7 839.1
SD +227.1 +64.7 +232.8 +295.1 +254.6
Max. 831.3 180.9 762.5 942.2 1145.7

Average Min. 281.2 55.1 238.0 270.0 456.3
Mean 584.6 130.6 503.0 633.6 871.8
SD +196.8 +49.1 +206.0 +247.5 +238.1
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Solar collector =
Lean-to PV panels
Date Ro, W/m? Ri Ri Ri Ri
Reflected, Horizontal, Total, Inclined,

W/m? W/m? W/m? W/m?

Max. 943.4 266.5 887.6 1154.1 1214.0

Min. 441.3 59.4 248.3 307.7 353.0

23/08/2022 Mean 737.3 187.8 622.8 822.8 840.2
SD +170.4 +74.8 +217.7 +289.1 +275.7

Max. 964.8 277.2 915.8 1193.0 1135.0

Min. 309.0 66.5 256.7 323.2 320.0

2410812022 Mean 696.7 199.9 622.9 810.6 807.1
SD +209.1 +68.0 +214.8 +276.9 +290.8

Max. 1033.3 182.0 1045.1 1227.1 1092

Min. 329.3 91.0 225.0 316.0 341.0

25/08/2022 Mean 701.9 140.8 680.2 821.0 862.2
SD +244.2 +34.4 +282.0 +316.4 +236.7
Max. 953.9 178.0 1011.6 1189.6 1224.0

Min. 86.9 84.3 157.0 241.3 420.0

26/08/2022 Mean 707.9 134.6 642.2 776.8 864.6
SD +298.8 +25.5 +307.7 +333.3 +260.6
Max. 973.9 225.9 965.0 1191.0 1166.3

Average Min. 291.6 75.3 221.8 297.1 358.5
Mean 711.0 165.8 642.0 807.8 843.5
SD +54.5 +59.1 +255.6 +304.0 +266.0

The incident total solar radiation inside the lean-to solar dehydrator comprised transmitted and
reflected solar radiation for salt and sugar pretreatment ranged between 270.0, 942.2 W/m? and 297.1, 1191.0
W/m2. The average hourly incident solar radiation outside and inside that dehydrator for salt and sugar
pretreatment, without reflector was 584.6 (£196.8), 633.6 (+247.5) W/m? and 711.0 (£54.5), 807.8 (x304.0)
W/m2, respectively, which realized the polycarbonate cover had an average transmittance of 87.35% (+9.6)
per hour. The solar radiation inside the lean-to solar dehydrator changed hourly because of the polycarbonate
cover's transmittance, which is influenced by the solar incident angle. The incident total solar radiation inside
the solar collector for salt and sugar pretreatment, respectively, ranged between 456.3, 1145.7 W/m? and
358.5, 1166.3 W/m?, and the tilt angle recorded higher insolation than on the horizontal level. The variation in
average insolation and wind speed is depicted in Fig. 4.
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Fig. 4 — The drying system's average insolation and wind speed variation
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The influence of the polycarbonate cover on the solar dehydrator was examined by plotting the incident
solar radiation inside and outside the dehydrator, as shown in Figs. 5 and 6. The regression equations provided
the best-fit correlations between incident solar radiation inside and outside for the solar dehydrator and solar
collector, as follows in Eqgs. 42, and 43:

R;(lean — to) = 1.2080 (R,) (42)

R;(solar collector) = 1.3348 (R,) (43)

The regression analysis revealed correlation coefficients of 0.9865 and 0.9462 between incident solar
radiation inside and outside the solar dehydrator and solar collector, respectively (P > 0.001). The regression
equation showed that each equation's slope almost equals the effective transmittance of the solar dehydrator
cover (polycarbonate sheet). Regression analysis also showed that 10.47% and 9.49% of the outside incident
solar radiation were reflected into the surrounding space of the solar dehydrator and solar collector,
respectively.
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Fig. 5 —Incident solar radiation inside and outside the lean-to solar dehydrator
solar collector
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Fig. 6 — Incident solar radiation on and outside the solar collector

The relation between reflected solar radiation and incident solar radiation inside the solar dehydrator
was investigated. The data regarding reflected solar radiation during the experiment were utilized to establish
the correlation with incident solar radiation within the lean-to solar dehydrator (Fig. 7). The regression analysis
showed a linear correlation between these two parameters, resulting in the best fit. The regression analysis
also unveiled a high-significance relationship (r = 0.7584; P > 0.001). The equation used for regression analysis
to find the optimal fit under certain experimental conditions is as follows in Eq. 44:

R, = 0.1604(R,) (44)

Regression analysis also showed that the total reflected radiation from the vertical back wall almost
represented 16.04% of the total incident solar radiation inside the lean-to solar dehydrator. Therefore, the
reflector increased the total incident solar radiation inside the solar dehydrator over the outside incident solar
radiation. Due to the lower values of solar altitude angles and higher values of solar azimuth angles and solar
incident angles in the early morning and late afternoon, there was scattering in the data measured at those
times.
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Fig. 7 — Reflected solar radiation against incident solar radiation inside the lean-
to solar dehydrator during the experiment

Dehydrating-air-temperature

Average hourly air temperatures outside and inside the solar dehydrator and solar collector during the
experiment, respectively, were 30.7 (£2.3), 52.7 (£10.1), and 30.7 (£2.3), 79.7 (x26.9) for the salt treatment
and 31.0 (z2.0), 55.1 (¢¥15.3), and 31.0 (z2.0), 84.8 (+28.0) for the sugar treatment. Thus, the solar dehydrator
and the solar collector increased the dehydrating air temperatures over the outside for the salt and sugar
treatment by an average of 22.0, 49.0°C, and 24.1, 53.8°C, respectively. Consequently, the increasing
percentages in dehydration-air temperatures for the solar dehydrator system were 77.90%, 145.80%, 80.80%,
and 180.30%, respectively.

Dehydrating-air-relative-humidity

During the dehydration process of tomatoes, the average hourly relative humidity inside the collector
(RH1) and inside the solar dehydrator (RH2) was 33.5% (£7.7) and 29.1% (+7.4), respectively. The relative
humidity of the outside air in salt pretreatment was 45.7% (+7.6). Regarding the sugar treatment, the average
hourly relative humidity inside the solar collector (RH1) and the solar dehydrator (RH2) was measured to be
35.9% (+5.9) and 32.2% (+5.5), respectively.

Meanwhile, the relative humidity of the outside air was found to be 47.2% (+6.9). As a result, the solar
collector reduced the relative humidity of the dehydrating air by 27.5% and 28.0% for the salt and sugar
pretreatments, respectively, compared to the outside air relative humidity. Furthermore, the solar dehydrator
effectively lowered the air-relative humidity for salt and sugar pretreatments by 4.3% and 5.7%, respectively.
Fig. 8 illustrates the drying system's average temperatures and relative humidity variations. The recorded
drying temperatures inside the dryer exceeded the surrounding temperature (Tout side). Simultaneously, the
relative humidity level inside the GD (RHin) was less than the outside (RHout)
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Fig. 8 — Variation of temperature and air relative humidity for salt and sugar pretreatments

Moisture content

Fig. 9 presents the moisture content variations of tomatoes at different times of the day for two
treatments applied in the drying process. Increasing the duration of the drying process resulted in a decrease
in the tomato's moisture content. The data concluded that the drying process of various tomato treatments
follows a consistent drying rate and then transitions to a declining one. The tomatoes' moisture contents (w.b.),
which dried inside the dryer for two treatments (salt and sugar) were 93.1% (10.20%) and 95.1% (11.30%),
respectively. Moisture absorption during tomato pretreatment affects initial moisture content. For salt
treatment, the dried tomatoes achieved equilibrium moisture content in the dryer after 20 and 25 hours for
slices and halves, respectively. For sugar treatment, equilibrium moisture content was achieved by the dried
tomatoes in the dryer after 23 and 29 hours for slices and halves, respectively.

To assess the impact of solar energy on heating power, the recorded data from the solar dehydrator's
heating process were graphed against internal solar energy for both pretreatments, as shown in Figs. 10 and
11. The regression analysis results showed a remarkably significant linear relationship (r = 0.9213 and r =
0.9253, in order; P > 0.001). The regression equations with the best fit were as shown in Egs. 45 and 46:
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Fig. 9 — Variation of tomatoes moisture contents for salt and sugar treatments inside the lean-to solar dryer

Hp (salt) = 0.8428 (q) (45)

Hp (sugar) = 0.7118 (q) (46)

Regression analysis shows that 84.28% and 71.18% of solar energy were used for heating power in the
tomato dehydrator system. The solar dehydrator lost the remaining solar energy (15.72% and 28.82%,
respectively) through various modes of heat transfer (radiation, convection, conduction, and exhausted air) to
the surroundings.

Useful heat gain and heat losses

During the experiment, the dryer's average heat gain ranged from 1350 to 1850 Wh per day. The
guantity of heat that proved useful displayed variations over the experimental duration owing to the changes
in weather. The reduction in the ambient air temperature (Tamb) led to a decrease in the useful heat gain
because of the diminished temperature difference between the hot air inside the dryer and the air flowing from
the collector to the dryer.
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In the lean-to solar dryer, the average daily heat gain for evaporating moisture from tomatoes decreased
from 60% to 5% at the beginning and end of the dehydration process. The remaining heat was lost through
convection, conduction, and radiation. It is essential to acknowledge that the increase in temperature difference
between the solar dryer's interior and the surrounding air increases heat losses.

o « 3000 Lean-to | Salt
2w pretreatment
g s y = 0,8428x
5 E 2000 | R%=0,9669 o
g5 ®
2% 1000 °
g o ®
£3 e’ ¢
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Solar energy available inside the dehydrator (q), Watt
Fig. 10 — Heating energy generated by the lean-to solar dehydrator against solar energy
inside the dehydrator for salt pretreatment
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Fig. 11 — Heating energy generated by the lean-to solar dehydrator against solar energy
inside the dehydrator for the sugar pretreatment

Assessing the relationship between solar energy and heating power is necessary to evaluate the solar
dehydrator's thermal performance and overall efficiency. The solar dehydrator was found to provide an average
diurnal solar energy of 54.939 kWh, while generating a heating power of 39.670 kWh for salt pretreatment
during the 25-hour dehydrating process. Thus, the solar dehydrator attained an overall thermal efficiency of
76.2%. As a result, the exhausted dehydrating air lost about 23.8% of the heating power. The average daily
total solar energy within the lean-to solar dehydrator and the generated heating power during the experimental
period (29 hours) amounted to 59.375 kWh and 47.473 kWh, respectively. Consequently, the total thermal
efficiency of the lean-to solar dehydrator reached 79.95%. As a result, the dehydrator experienced a loss of
approximately 20.05% in heating power when the dehydrating air was discharged. The solar dryer exhibited
minimal heat infiltration through the door and connections; hence, it was disregarded. During cloudy hours, the
remaining usable energy produced by the PV module can be stored in the battery, along with the energy
required for operating the DC fan. The solar energy inside the lean-to solar dehydrator (Ein), solar energy
outside (Eout), the overall thermal efficiency (nw), and the energy losses during each hour throughout the
dehydrating process are summarized and presented in Table 2.

Overall thermal efficiency

The drying system was assessed, including energy analysis, energy efficiency, and time-dependent
changes in energy loss. The drying system component's input, output, energy losses, and efficiency are
illustrated in Figs. 12 and 13. The average overall efficiency for the salt and sugar pretreatment was 53.5%
and 48.1%, respectively. The salt pretreatment was the best because of its short drying time of 25 hours. The
presence of clouds, which caused solar radiation to scatter, decreased the efficiency of various components
and input energy within the drying system. An increased disparity between output and input energy resulted in
reduced efficiency. The collector's mean efficiency was 65.1% and 57.5% for the salt and sugar pretreatment,
respectively. In contrast, the solar dryer's optimal mean efficiency has a comparable pattern to solar collectors.
This result is associated explicitly with the drying time, whereby the salt experiment on slices exhibited the
shortest period. The collector's efficiency was noted to be at its peak on the first day and displayed a continuous
decline throughout the second, third, and fourth days. This can be because the drying rate initially started at a
high value and gradually decreased over time until the end of the experiment.
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Nonetheless, the sugar trial yielded the highest mean efficiency for the PV system. It could be because
of the solar radiation incident on the PV panel throughout the experiment. Figs. 12 and 13 rely on the thermal
analysis of the solar system, considering solar radiation and weather conditions during the experiment. These
figures' energy inputs in (Ein) depend on the solar radiation during the experiment. The energy output (Eout) is
the energy that exits each part of the drying system after use. The Eioss represents the disparity between Ein
and Eout for the solar collector; the energy input (Ein) denotes the energy acquired from solar radiation, which
progressively increases from morning until 1:00 p.m. and decreases until the day's ending. The energy output
(Eout) refers to the energy expelled through the outlet after accounting for energy losses (Eioss) from the bottom,
sides, and cover.

Table 2
The solar energy inside the lean-to solar dehydrator (Ein), solar energy outside (Eout), the overall thermal efficiency
(nt), and the energy losses during each hour throughout the dehydrating process

Salt pretreatment Sugar pretreatment
5 Ein, Wh Eout, Wh E\;/Shs Efficiency, % Ein, Wh Eout, Wh Eioss, Wh Efficiency, %
3
? 887.8 620.0 244 .4 72.3 806.0 530.0 246.0 63.9
2 757.8 581.1 260.0 62.7 644.0 256.0 283.0 56.0
< 680.0 467.0 207.0 60.3 333.8 390.0 147.0 60.9
- - - - 348.0 405.0 161.0 49.3
E; 1725.0 315.0 1318.8 49.7 1725.0 144.0 1290.0 56.1
'g 1740.0 206.0 1695.0 49.7 1155.0 71.0 1015.0 53.7
° 1531.0 32.4 13775 45.0 655.0 40.0 550.0 52.5
- - - - 817.9 49.0 573.0 51.5
< 503.0 38.9 414.4 12.0 437.0 392.0 46.0 11.7
§ 444.0 51.0 378.0 12.5 395.0 372.0 47.1 135
2 358.8 40.4 322.5 14.9 199.0 181.5 53.5 13.4
- - - - 221.0 215.0 55.7 17.9
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Fig. 12 — The calculated energy input (Ein), energy output (Eout), energy 10ss (Eioss),
and efficiency for collector, dryer, and PV for salt treatment of slices and halves tomatoes

The Eout started with a small value, progressively escalating in response to the strength of solar radiation
until reaching a maximum, followed by a gradual decline by day's end. The solar collector's efficiency has an
inverse relationship with energy loss. The dryer's performance may vary based on weather conditions, as
shown in Figs. 12 and 13. The Eout implies the energy released upon the evaporation of moisture from the
tomatoes; beginning at a high level, it progressively decreases in correspondence with the moisture content
until the solar drying process ends. The value was significantly higher on the initial day because of the high
reduction in the tomato's moisture content. Afterward, a decrease was observed on the second day because
of the tomato moisture content reduction, eventually reaching its lowest point on the third day when the
moisture content became exceedingly low. PV panels had a behavior similar to solar collectors, but their
efficiency trend differed regarding energy input and loss. Furthermore, it was varied based on the weather
conditions. The useful energy is exploited to dry the tomatoes in the drying system by quickly lessening the
tomato's moisture content to a safe level. Hence, the usefulness of solar energy diminished over time. The
results demonstrated a progressive rise in Eioss With passaging drying time throughout each day until mid-day,
after which it declined. Air temperature and moisture content are critical factors that significantly influence Eoss.
Additionally, it was noted that Eiess initially exhibited a high value in these trials. The results revealed that energy
efficiency exhibited higher on the first day than the last, which can be attributed to increased losses during the
drying process. Additionally, the temperature variation led to an elevation in the Eioss resulting from radiation
and convection heat exchange between the internal cover and other dryer elements. The significant
temperature variation observed between the indoor and outdoor air of the dryer suggests that the chosen dryer
design exhibited a high-efficiency level.
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Fig. 13 — The calculated energy input (Ein), energy output (Eout), energy loss (Eioss), and efficiency for collector,
dryer, and PV for sugar treatment of slices and halves tomatoes

CONCLUSIONS

The solar dryer (lean-to) was developed to optimize the absorption of solar radiation for efficient heat
gain. The solar drying system's thermal efficiency was examined by investigating its mixed-mode forced
convection. The moisture content was removed using solar-heated air with temperatures ranging from 40 to
60°C, air-relative humidity between 19 and 40%, and incident solar radiation ranging from 400 to 1200 W/mz2,
As aresult, the solar dehydrator utilized a suction blower to expel water vapor, enabling the transfer of sensible
and latent heat during the evaporation process of water. Different pretreatments before drying were examined
to detect the optimal treatment. Further, energy for various components of the lean-to-solar dryer was
analyzed. The results showed that the dried tomatoes attained the state of equilibrium moisture content within
the drying equipment for slices and halves (salt) after 20 and 25 hours, respectively. In contrast, sugar
treatment was 23 and 29 h, respectively. The initial drying rate of tomato slices was higher than the halves.
The tomato slices that underwent salt pretreatment and were dried in the dryer exhibited the shortest drying
time compared with those that underwent sugar pretreatment. Tomato halves were dipped in sucrose solution
(40%) and then dried in the dryer for 72 h, which had the longest drying period. Increasing the energy difference
between input and output reduces efficiency. The highest level of mean efficiency for the PV system was
observed on the fourth day during the sugar pretreatment phase (slices and halves of tomatoes). The average
overall efficiencies for the salt and sugar pretreatments were 53.5% and 48.1%, respectively. The salt
pretreatment was the optimal choice, resulting in the shortest drying time of 25 hours. The mean efficiency for
the collector was 65.1 and 57.5% for the salt, and sugar pretreatment, respectively.
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ABSTRACT

In this study, the parameters of tiger nut were calibrated based on discrete element method, and significant
influencing factors and optimal levels were selected by Plackett-Burman test, steepest climb test and center
compound test, and verified by electromagnetic vibration hopper bench test. The results show that the relative
error between the simulated resting angle and the actual resting angle is only 0.381%. The fitting degree of
the model is 96.32% and 94.57% respectively, which can provide theoretical basis for the study of the
parameters and discrete element simulation of tiger nut.
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INTRODUCTION

Tiger nut is known as “underground walnut”. It has high oil yield and its yield ranks first among oil
crops (Rebezov et al., 2023; Udefa et al., 2020, Sobhy et al., 2015). It is a new economic crop with high
comprehensive utilization value (Wang et al., 2022; Guo et al., 2021; Umukoro et al., 2020; Pascual et al.,
2000). Automatic feeding is an important part of Tiger nut seed selection and processing, and conveying
stability is an important evaluation index of feeding quality. At present, electromagnetic vibration hoppers are
mostly used in China to transport peanuts, corn and other materials in an orderly manner. However, problems
such as backward slip and in-situ beating during the transportation of Tiger nut are prominent, which seriously
affect the efficiency of Tiger nut seed selection. At the same time, there are few studies on the basic theory of
Tiger nut, and it is impossible to determine the motion law of Tiger nut under high frequency vibration, and the
transportation accuracy is not high in actual operation (Xing et al., 2017; Singh et al., 2020; Misljen et al.,
2016). Therefore, it is of great significance to study the basic physical parameters of Tiger nut for realizing the
accurate and stable feeding of Tiger nut and promoting the development of Tiger nut industrial chain.

In the process of automatic feeding, the trajectory of Tiger nut is complex and changeable under the
action of high frequency vibration of electromagnetic vibration hopper. EDEM software is often used for
discrete element simulation to explore the movement law of agricultural granular materials and the best
operating parameters of the machine. At present, most of the researches on the calibration of material
parameters only verify the accuracy of the calibration parameters through the angle of repose test, which is
different from the actual working conditions of the material, resulting in the simulation conclusion cannot guide
the actual production well (Hao et al., 2019; Wang et al., 2020; Wu et al., 2020; Shi et al., 2022). The research
objects are mostly peanut seeds, potatoes, wheat grains and other materials. There are few studies on the
calibration of the parameter characteristics of the simulation model of Tiger nut tubers.

1 Xiaoning HE, Prof. Ph.D. Eng.; Shikuan MA, M.S. Stud. Eng.; Zhixin LIU, M.S. Stud. Eng.; Dongwei WANG, Prof. Ph.D. Eng.;
Shuqi SHANG, Prof. Ph.D. Eng.

2 Guanghui LI, M.S. Stud. Eng. ;

8 Hao ZHU, M.S. Stud. Eng.

30


http://www.njau.edu.cn/glyfwbm/list.htm

Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

In this paper, the intrinsic parameters and contact parameters of Tiger nut tubers were determined by
physical experiments. The simulation model was established in EDEM software to simulate the accumulation
state of Tiger nut. Taking the angle of repose of Tiger nut as the response value, the Plackett-Burman test was
used to screen out the significant influencing factors, and the central composite test of response surface
method was used to obtain the optimal level. Through the bench test of electromagnetic vibration hopper, the
motion state of Tiger nut was reflected and verified by conveying time and mass flow rate. This paper can
provide a theoretical reference for the application of discrete element method to the study of small seed
parameter characteristics and the study of motion state under high frequency vibration.

MATERIALS AND METHODS
Determination of intrinsic parameters of Tiger nut tubers

A total of 1000 grains were randomly selected from the Tiger nut samples and placed in a combined
sieve for manual screening and separation. 100 grains were randomly selected, and the three-axis size was
measured using a vernier caliper. The results are shown in Table 1.

Table 1
Triaxial dimension of the Tiger nut tubers
Triaxial Dimension Small Tuber Medium Tuber Large Tuber
Length L/mm 12.05+0.77 13.34+0.93 14.78+1.06
Width W/imm 10.31+0.64 13.14+0.85 14.45+1.02
Height H/mm 9.83+0.59 13.36+0.87 12.93+0.81

The average moisture content of Tiger nut was 48.90% according to the wet basis representation
method.

The cylindrical sample compression test of randomly selected Tiger nut was carried out by
microcomputer controlled electronic universal testing machine, and the average Poisson's ratio of Tiger nut
was 0.478.

Determination of elastic modulus and shear modulus

The Tiger nut was randomly selected and the original height was measured. Then it was fixed on the
test machine platform and pressurized along the height direction of Tiger nut at a loading speed of 0.1 mm/s
(Hao et al., 2021). The software post-processing module was used to read the real-time data of load and
deformation, and 100 tests were repeated. The shear modulus of Tiger nut tubers ranged from 105 MPa~127
MPa, with an average of 116.82 MPa.

o F/A
where:

E is the elastic modulus of Tiger nut, [MPa]; o is the maximum compressive stress, [MPa]; € is strain;
F is the axial load, [N]; A is the contact area, [mm2]; AT is the high deformation of Tiger nut, [mm]; G is the
shear modulus of Tiger nut, [MPa];

Determination of friction coefficient between Tiger nut tuber and steel plate

In this experiment, the static friction coefficient between Tiger nut tubers and steel plates was
measured by a self-made friction coefficient measuring device. The test device is shown in Fig.1.

Four Tiger nut tubers (Wu et al., 2020) were bonded using glue and placed flat on a horizontal steel
plate. The sliding friction angle was determined by measuring the inclination angle at which the tuber started
sliding downwards on the slope. The static friction coefficient between the Tiger nut tuber and the steel plate
was calculated based on 50 repeated tests, ranging from 0.15 to 0.35, averaging 0.26. The rolling friction
coefficient was also measured using the same method, resulting in a range of 0.017 to 0.035, with an average
value of 0.027.

Determination of friction coefficient between Tiger nut tubers

The Tiger nut tubers were closely arranged according to the shape. The bottom of some large-sized
Tiger nut tubers was removed and adhered to the plane test plate, as shown in Fig. 2 (Wu et al., 2020). The
above tests were repeated as a whole as a material to be tested, and the static friction coefficient between the
tubers of Tiger nut ranged from 0.26~0.44, with an average value of 0.34. The rolling friction coefficient
between Tiger nut tubers ranged from 0.027~0.045, with an average of 0.035.
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Fig. 1 — Static friction coefficient measurement  Fig. 2 — Measurement of friction coefficient between tubers

Collision restitution coefficient test

The high-speed camera was used to collect and process the image of tuber falling motion, and the
recovery coefficient of Tiger nut was determined (Liu et al., 2018). The materials to be tested are steel plate
and Tiger nut tuber plate. The test height is 200 mm, and the vertical height between the chute of
electromagnetic vibration hopper and the material box is set.

The material to be inspected is attached to the slope instrument, and the slope angle is 30°. The Tiger
nut tubers were fixed on a tripod, and the vertical height from the material to be inspected was 200 mm. After
the free fall of the tuber, the complete motion process is collected by a high-speed camera, and the trajectory
image is generated as shown in Fig. 3.
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Fig. 3 — Principle of crash recovery coefficient determination test

O'is the original position; O is the origin; H is the OO’ distance, [mm]; A and B are the observation points; h; and h, are the height displacements,
[mm]; S; and S; are the horizontal displacements, [mm]; Vi and V, are the horizontal and vertical fractional velocities, [m-s™];

The calculation formula of the recovery coefficient of Tiger nut is as follows:

Vi
Vo

_ |V cos[60 +arctan C tan(Vy/Vy)] (2)
| Vo cos 30°

where:

e is the collision recovery coefficient of Tiger nut tuber-tested material; vi is the instantaneous
separation velocity in the normal direction of the collision point between the Tiger nut tuber and the material to
be tested, [m/s]; Vo is the instantaneous contact velocity of the collision between the Tiger nut tuber and the
material to be tested, [m/s]; Hi is the maximum height of collision rebound between Tiger nut tubers and
materials to be tested, [mm]; Ho is the falling height of Tiger nut tuber, [mm];

Repeated 50 tests, the range of collision recovery coefficient between Tiger nut tubers was 0.28~0.45,
and the average value was 0.36. The collision recovery coefficient of Tiger nut tuber-steel plate ranged from
0.60~0.76, with an average of 0.70.

Angle of repose determination test

The actual accumulation test of Tiger nut was carried out by using the device shown in Fig. 4 (Jia et
al., 2021).
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Fig. 4 — Physical Repose angle test of Tiger nut tubers
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According to the pre-test, the lifting speed of the cylinder was set to be 0.1 m/s, and the tuber fell
under the action of gravity. After the oil sands pile was stabilized, the lifting was stopped, and then the positive
and negative sides of the oil sands pile were photographed haorizontally with the steel plate platform (Han et
al., 2019; Pan et al., 2020).

b. Binarization c. Edge detection d. Edge contour
Fig. 5 — Edge contour extraction and fitting process of stacking angle

Image processing was performed using MATLAB to remove the internal interference contour of the
Tiger nut, and only the outer contour was retained, as shown in Fig. 5. The software Origin was imported to
linearly fit the outer contour of the Tiger nut, as shown in Fig. 6 (Pue et al., 2019; Tekeste et al., 2018; Coetzee
et al., 2016). The angle of repose of the actual stacking test of Tiger nut tubers was 30.70 ° by repeating the
test for 100 times and taking the average value.
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Fig. 6 — Boundary fitting of one-side stacking angle Fig. 7 — Discrete element model of Tiger nut tubers
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Tiger nut tuber model and Tiger nut tuber contact mechanic model

The three-dimensional dimensions and shape characteristics of tuber were determined by using a
three-dimensional laser scanner. By scanning to reconstruct its morphological features, the software
automatically fills in three discrete element models of the model, as shown in Fig. 7. The Hertz-Mindlin (no
slip) contact model was selected for simulation. The Hertz-Mindlin (no slip) contact model was selected for
simulation.
Plackett-Burman Design experiment

Between the references and the experiments in this paper, the range of each parameter is determined
as shown in Table 2, and the experimental design table and results are shown in Table 3. The significance
analysis of Plackett-Buman test parameters is shown in Table 4. Regression model equation represented by
the coding factor is:

n=2991-0.174+ 0.17B + 0.29C + 0.49D + 1.40F + 2.28F — 0.14G — 0.43H + 0.50] (3)
Table 2
Factors and levels table of Plackett-Burman Design
Symbol Parameter Level
-1 +1
A Tiger nut Poisson 's ratio 0.464 0.486
B Density of Tiger nut /(kg-m-3) 2700 3000
C Shear modulus of Tiger nut /MPa 105 127
D Recovery coefficient between tubers of Tiger nut 0.28 0.45
E Static friction coefficient between Tiger nut tubers 0.26 0.44
F Rolling friction coefficient between Tiger nut tubers 0.027 0.045
G Tiger nut-steel plate recovery coefficient 0.60 0.76
H Tiger nut-steel plate static friction coefficient 0.15 0.35
J Tiger nut-steel plate rolling friction coefficient 0.017 0.035
K virtual parameter e e
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Table 3
Design and results of Plackett-Burman test scheme
No. A B Cc D E F G H | J K Repose angle n/(°)
1 -1 1 1 -1 1 1 1 -1 -1 -1 1 34.039
2 1 1 1 -1 -1 -1 1 -1 1 1 -1 26.418
3 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 26.424
4 0 0 0 0 0 0 0 0 0 0 0 29.741
5 1 -1 1 1 1 -1 -1 -1 1 -1 1 31.06
6 -1 1 1 1 -1 -1 -1 1 -1 1 1 25.776
7 -1 1 -1 1 1 -1 1 1 1 -1 -1 30.372
8 1 -1 -1 -1 1 -1 1 1 -1 1 1 26.065
9 1 1 -1 1 1 1 -1 -1 -1 1 -1 33.441
10 -1 -1 1 -1 1 1 -1 1 1 1 -1 33.189
1 0 0 0 0 0 0 0 0 0 0 29.46
12 0 0 0 0 0 0 0 0 0 0 0 29.84
13 1 1 -1 -1 -1 1 -1 1 1 -1 1 30.729
14 -1 -1 -1 1 -1 1 1 -1 1 1 1 30.978
15 1 -1 1 1 -1 1 1 1 -1 -1 -1 31.06

The overall model P < 0.01, indicating a significant difference, the determination coefficient Rz =

0.9973, indicating that the regression model is suitable for 99.73% of the test data. After ignoring the non-
significant factors, comparing the F values, the order of the influence of each factor on the test angle of repose
isF>E>J>D>H>C.

Design of steepest ascent experiment

In summary, the static friction coefficient (E) and rolling friction coefficient (F) between Tiger nut tubers
were selected as the test factors, and the value range was further determined by the steepest climbing test.
By increasing E and F from low level to high level with equal step length, the relative error & between the angle
of repose of simulation test n and the angle of repose of actual test # can be calculated according to formula
(4). The test scheme and results are shown in table 5.

The significant influencing factors of the simulated angle of repose are selected as the test factors,
and the range of values is reduced by the steepest climbing test. The relative error & between the simulated
angle of repose n and the actual angle of repose 0 is:

5 =" % 100% (4)
Table 4
Plackett - Burman design regression model analysis of variance of characteristic parameters
Source Standardization effect Sum of squares Contribution rate/% F value p value
Model  — 95.62  — 102.56 0.0014**
A -0.33 0.34 0.33 3.74 0.1487
B 0.33 0.33 0.33 3.71 0.1495
C 0.59 1.04 1.03 11.60 0.0423*
D 0.97 2.83 2.79 31.52 0.0112*
E 2.80 23.47 23.19 261.79 <0.001***
F 4.55 62.20 61.46 693.93 <0.001***
G -0.28 0.24 0.23 2.65 0.2023
H -0.86 2.23 2.20 24.84 0.0155*
J 0.99 2.94 2.91 32.81 0.0106*

The static friction coefficient (E) between Tiger nut tubers was determined to be 0.305 at low level and
0.395 at high level. The rolling friction coefficient (F) between Tiger nut tubers was 0.0315 at low level and
0.0405 at high level, which was optimized by Central Composite test.
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Table 5
Design and results of path of steepest ascent method
NO. E F Repose angle n/° Relative error 5/%
1 0.26 0.027 28.912 5.825
2 0.305 0.0315 29.911 2.571
3 0.35 0.036 31.282 1.896
4 0.395 0.0405 32.039 4.362
5 0.44 0.045 32.984 7.439

Central Composite test

In order to obtain the optimal parameter combination and explore the significance of the influence of
the static friction coefficient (E) and the rolling friction coefficient (F) between the tubers of Tiger nut on the
simulated angle of repose, the Central Composite test was carried out by Design-Expert V10.0.1. In the data
pre-processing interface, five central points were set up, and a total of 13 groups of angle repose tests were
carried out. The test results are shown in table 6.

The regression equation of static friction coefficient (E) and rolling friction coefficient (F) between Tiger
nut tubers can be obtained by regression fitting of the test results:

n =30.38+ 1.11E + 0.46F — 0.27EF — 0.43E% — 0.37F? (5)
Table 6
Scheme and results of Central Composite Design
NO. E F Repose angle n/° Relative error &/%
1 -1 -1 27.725 -9.6905
2 0 -1.41421 29.164 -5.0033
3 1.41421 0 31.683 3.2020
4 0 0 30.561 0.4528
5 0 1.41421 30.746 0.1498
6 0 0 30.132 1.8501
7 0 0 31.035 1.0912
8 0 0 30.235 1.5147
9 1 1 30.256 1.4463
10 -1 1 28.963 5.6580
11 -1.41421 0 27.984 8.8469
12 0 0 29.954 2.4300
13 1 -1 30.091 1.9837
Table 7
Analysis of variance of Central Composite Design regression model
Source Sum of squares Degree of freedom Mean square F value p value
Model 13.84 5 2.77 10.04 0.0043**
E 9.88 1 9.88 35.84 <0.001***
F 1.66 1 1.66 6.01 0.0440*
EF 0.29 1 0.29 1.04 0.3408
E? 1.31 1 1.31 4.75 0.0657
F2 0.97 1 0.97 3.51 0.1030
Residual error 1.93 7 0.28 e e
Misfit term 1.20 3 0.40 2.21 0.2292
Pure error 0.73 4 0.18 —_— —_—

Through the analysis of variance of the Central Composite Design regression model, the coefficient
of variation C.V. is 1.76%. The smaller the coefficient of variation C.V. is, the more reliable the test data is, and
the test results are highly reliable. Ignoring the non-significant factors, comparing the F values, the order of the
influence of each factor on the angle of repose of the test is E>F.
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Fig. 8 shows the influence of the interaction between the static friction coefficient and the rolling friction
coefficient on the simulated angle of repose. When the F level is less than 0.25, the n value increases slowly,
but with the increase of E, it increases rapidly and then gradually slows down. When the F level is greater than
0.25, the n value does not change significantly, but increases slowly with the increase of E.
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Fig. 8 — Effect of Repose angle of Tiger nut tuber

Angle of repose verification test

In the Design-Expert optimization interface, the actual angle of repose of Tiger nut was optimized. The
simulation test was carried out under the parameter conditions of the optimized solution to find the most similar
parameter conditions to the actual angle of repose, that is, the static friction coefficient between Tiger nut
tubers was 0.35 and the rolling friction coefficient was 0.036. Under the optimal parameter conditions, the
simulation test is repeated for 10 times to take the average value, and the simulated angle of repose is 30.583°,
and the error with the actual angle of repose is only 0.381%. The Tiger nut stacking test is shown in Fig. 9.
The trend of the unilateral contour curve of the Tiger nut heap is similar, and the results show that the calibrated
Tiger nut parameters are in line with reality.

a. Physical test b. Simulation test
Fig. 9 — Comparison between physical and simulation experiment of Repose angle of Tiger nut tuber

Electromagnetic vibration hopper verification test

When the electromagnetic vibrating hopper works, the hopper performs a composite movement under
the action of the electromagnetic vibrator, as shown in Fig. 10. So that the heaps of Tiger nut tubers are
dispersed, and then the spiral track rises slowly, thereby achieving orderly transportation (SINGH et al., 2020;
Nguyen et al., 2018). In the bench test, a total of 1000 small, medium and large Tiger nut tubers with a ratio of
12: 9: 5 were selected according to the proportion of collected samples. The diameter of the hopper was 300
mm and the height was 120 mm. When Tiger nut tubers began to slide evenly from the spiral track, the quality
of Tiger nut tubers was recorded every minute, and the mass flow rate was calculated. The test was repeated
20 times under the same voltage condition, and the average value was taken.
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Fig. 10 — Electromagnetic vibration hopper test

Simulated test

In the simulation experiment, the STL files of Tiger nut tubers and hopper models were imported into
EDEM. The number ratio of small, medium and large Tiger nut tubers was 12: 9: 5, the diameter of the hopper
was 300 mm, and the height was 120 mm, which was consistent with the actual test.
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The compound motion of the hopper is simulated by adding ‘Sinusoidal Translation Kinematic’ and
‘Sinusoidal Rotationnematic Kinematic’ sinusoidal motion functions in the vertical and horizontal
circumferential directions. The amplitude is nonlinearly proportional to the voltage. The effective voltage range
is selected to be 190~250 V by pre-test. In the simulation, the operating voltage of the electromagnetic vibrator
is changed by adjusting and Zo.

Table 8
Relationship between working voltage and amplitude
Voltage U/V Vertical amplitude Zo/mm Angular amplitude 6o/(°)
190 0.334 0.534
200 0.349 0.571
210 0.360 0.603
220 0.365 0.629
230 0.377 0.665
240 0.391 0.692
250 0.402 0.727
RESULTS

Analysis of test results

The three motion states of the heaps of Tiger nut tubers in the electromagnetic vibration hopper are
shown in Fig. 11. After the simulation test, in order to facilitate observation, the three kinds of Tiger nut tubers
were dyed black, the green and blue respectively in the post-processing interface, and the “Grid Bin Group”
module was added to the spiral track chute to read the quality of the fallen Tiger nut tubers over time and
calculate the mass flow rate. At the same time, the total time T required for each test to complete the
transportation is recorded.

In addition, the top view and front view of the movement trajectory of Tiger nut tubers during sorting
transportation are shown in Fig. 12. Taking the simulation test of voltage U=220 V (vertical amplitude Zo=0.365,
angular amplitude 60=0.629) as an example, under the action of vibration, the heaps of Tiger nut tubers first
gradually spread from the bottom of the hopper to the surroundings, and then transported upwards along the
spiral track, and finally fell from the chute to complete the transportation.
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Fig. 11 — Three movement states of Tiger nut tubers Fig. 12 — Sorting conveying motion trajectory

In the actual test and simulation test, the transmission time curve under different operating voltages is
shown in Fig. 13, the change trend of the two curves is basically the same, and the fitting degree of the
prediction model is 96.32%. In the simulation experiment, when the working voltage U is lower than 220 V, the
movement rate of Tiger nut tubers increases obviously with the increase of working voltage U, when the
working voltage U is higher than 220 V, some Tiger nut tubers appear in situ beating on the spiral track or even
fall back to the bottom of the hopper. This phenomenon is consistent with the actual test, indicating that the
Tiger nut tuber model is reliable and realistic.

As shown in Fig. 14, the change trend of the two curves is basically the same, and the fitting degree
of the prediction model is 94.57%. When the operating voltage is in the range of 190~230 V, the mass flow
rate increases obviously, and when the operating voltage is in the range of 230~250 V, the mass flow rate
tends to be stable.
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Fig. 13 — Measured results of total transportation time Fig. 14 — Measured results of mass flow rate

By comparing conveying time and mass flow rate at different voltages, it is found that as voltage
increases, the actual measured conveying time initially exceeds the simulated value, then becomes smaller
and tends to stabilize. The actual measured mass flow rate, on the other hand, starts lower than the simulated
value, then increases and tends to stabilize. This inverse relationship between conveying time and mass flow
rate results in a curve that accurately represents the actual situation. Overall, the simulation results align well
with the actual test results, providing a reliable reflection of real-world operation.

CONCLUSIONS

(1) The results showed that the static friction coefficient and rolling friction coefficient between Tiger
nut tubers had a very significant positive effect on the angle of repose of the simulation test. Other contact
parameters have no significant effect on the simulated angle of repose.

(2) The central composite test yielded a reliable quadratic regression model using static friction
coefficient and rolling friction coefficient as variables, which were identified as significant influencing factors.
To optimize the angle of repose for Tiger nut tubers, numerical optimization was employed. The optimal
combination of static friction coefficient and rolling friction coefficient was determined to be 0.35 and 0.036,
respectively. The simulated angle of repose for Tiger nut tubers was 30.583°, with a negligible error of only
0.381% compared to the actual test results.

(3) The electromagnetic vibration hopper verification test results demonstrated a close resemblance
between the motion state of the actual test and the simulation test of Tiger nut tubers across various working
voltages. The prediction model for transportation time exhibited a high fitting degree of 96.32%, while the fitting
degree for mass flow rate was 94.57%. These calibration results for the intrinsic parameters and contact
parameters of Tiger nut are reliable and accurately reflect the actual test outcomes. They serve as a valuable
reference for studying Tiger nut parameters, as well as providing a theoretical basis for discrete element
simulation of Tiger nut and optimization of electromagnetic vibration hopper parameters.
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ABSTRACT

To address the issues of poor timeliness and delayed feedback in traditional wheat milling processes for
manual particle size detection, a wheat milling online particle size detection device has been designed. This
paper focuses on the design optimization of the key feeding component in the device, which affects the
accuracy of particle size detection. The feeding component adopts shaftless screw blades. Through theoretical
analysis, the main parameter ranges affecting the throughput capacity of the shaftless screw conveyor are
determined. A Box-Behnken experiment is designed to obtain the optimal parameter combination for each
factor: outer diameter of screw blades 23.8 mm, inner diameter of screw blades 6.4 mm, pitch 11.2 mm, and
blade rotation speed 288.9 r/min. Simulation and test stand experiments are conducted using the above
parameter combination. The simulation results show that the average throughput capacity of the feeding
component is 2.85 kg/h, while the average throughput capacity of the test stand experiment is 2.84 kg/h, with
a coefficient of variation of uniformity of 1.33%. These results indicate that the above parameter combination
meets the design requirements for the feeding component in the device.
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INTRODUCTION

In wheat milling, the particle size curve of the ground material serves as a direct indicator of the milling
machine's technical efficiency (Zhao et al, 2009). Traditional flour mills typically rely on manual sieving to
determine the particle size distribution of the ground material (Wen et al, 2013), leading to issues like poor
timeliness, delayed feedback, and an inability to detect subtle fluctuations in processing quality. To address
these challenges, the development of an online particle size detection equipment for the wheat milling industry
is imperative. While online particle size detection technology has been extensively researched in industries
like mining and coal mining (Wang et al, 2018; Li et al, 2021; Wang et al, 2021; Bidas et al, 2021), its application
in wheat milling is still in its nascent stages. This paper proposes a novel approach based on the dynamic
image method (Yang., 2018), introducing an online particle size detection device for wheat processing during
the milling process. This device not only resolves the limitations of traditional manual offline detection methods
but also facilitates seamless integration with milling machines, enabling automated and real-time adjustment
of grinding parameters.

In terms of material feeding in the equipment, the application of shaftless screw blade mechanisms is
ideal for the wheat milling industry, which demands strict cost and energy consumption control along with long
equipment lifespans. Shaftless screw blades possess the desired characteristics (Cheng et al, 2016; Ananth
et al, 2023) and have been widely utilized in various industries in recent years. For instance, Ma designed a
simulated lunar soil active filling device based on shaftless screw blade design principles (Ma et al, 2019).
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Wang applied shaftless screw blades to biomass screw continuous pyrolysis equipment feeders,
addressing issues such as high mass, energy consumption, and susceptibility to mechanical interference
associated with shafted screw feeders (Wang et al, 2017). Jiang optimized the structural parameters of
sterilizers' shaftless screw heating conveyors using a particle swarm algorithm and verified the optimized
parameters using COMSOL software (Jiang et al, 2020). Orefice conducted an analysis of the effect of screw
shaft size on material conveying efficiency using discrete element analysis, finding that smaller screw shafts
led to higher productivity and efficiency (Orefice et al, 2017). Bangura designed a spiral groove wheel manure
spreading device, and experimental verification revealed improvements in both manure discharge quantity and
uniformity (Bangura et al, 2020).

This paper is based on the principle of shaftless screw conveying to design the key shaftless screw
feeding component in the wheat milling particle size detection device. The structural parameters of the screw
in the feeding component are crucial, as their stability directly affects the accuracy of particle size identification
in the final device operation. Therefore, based on the throughput demand of the device process, the various
parameters of the shaftless screw blades are designed. Utilizing the discrete element method, a quadratic
regression orthogonal Box-Behnken combined experiment is conducted to determine the optimal combination
of parameters for the screw conveying blades. Subsequently, experimental verification is performed on the
test stand. This study aims to provide a reference for the design of wheat milling sub-material particle size
detection devices and the optimization of shaftless screw design.

MATERIAL AND METHODS

The Overall Structure of The Device

The structural working principle of the wheat processing patrticle size detection device is illustrated in
Figure 1. The device primarily consists of feeding components, a vibrating feeder, a collection box, a capturing
unit, and a cleaning unit. Its operation relies on a PLC control system, with parameters controlled via a
touchscreen interface. The working process of the device is as follows: sample material is fed into the particle
size detection device from beneath the grinding roller via a Sampling component, where it vertically descends
through the material inlet; the feeding device transports the sample material to the vibrating feeder; the material
descends from the end of the vibrating feeder in a "single-layer material waterfall" form; the capturing unit
captures images of the descending particles using backlighting; and the images are then analysed for particle
size information using proprietary algorithms upon transmission to a computer. In practical applications, one
PLC control system can manage multiple particle size detection devices.

Sample inlet

take a sample E | 3 \h"a 8

.

1
.

Fig. 1 - Device Structure and Working Principle
1- Grinding roller; 2-Sampling component; 3-Feeding component; 4-Vibrating feeder; 5-Collection box;
6-Capturing unit; 7-Cleaning unit; 8-PLC; 9-Touchscreens; 10-Recognition software

Feeding Component Working Principle

The material flows into the inlet pipe and falls into the entrance of the feeding component. The shaftless
screw blade, driven by a stepper motor, continuously rotates in the specified direction. The material falls into
the feeding trough of the vibrating feeder at the rear end of the feeding device.

Design of Shaftless Screw Blade Structure and Parameters

In order to ensure the conveying state and uniformity of materials when they are conveyed to the
vibrating feeder, and to avoid blockages in the conveying device, it is crucial to maintain a stable conveying
state of the materials. The conveying state of the materials ultimately affects the accuracy of particle size
identification. When materials are in motion within the shaftless screw conveying device, the shape and size
parameters of the shaftless screw directly influence the trajectory of the materials (Motaln et al, 2017).
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Therefore, detailed design of the shaftless screw is required to determine key parameters such as the outer
diameter, inner diameter, and pitch of the shaftless screw blades.

a) Front view b) Side view
Fig. 2 - Schematic Diagram of Shaftless Screw Blade Structure
D - Thickness of screw blade; L - Pitch; R - Outer diameter of screw blade; r - Inner diameter of screw blade

The outer diameter D, inner diameter d, pitch L, and operating speed n of the shaftless screw conveyor
should satisfy equations (1) to (4) respectively (Xiang et al, 2010; Erhie et al, 2021).

Screw outer diameter:

2

5

D>K {i} (1)
@pC

In the equation, D represents the outer diameter of the screw blade in meters (m); K is the material

characteristic coefficient, taken as 0.049; ¢ is the fill coefficient, taken as 0.3; p is the material unit bulk

density, 407.9 kg/m3; C is the inclination coefficient, taken as 1 when horizontal; Q is the screw conveying

capacity, in this device, Q has been verified by the previous test, and its conveying capacity is 2.88 kg/h when
it meets the process requirements of the device.
Screw inner diameter:
d= ©.2~035 D (2)
Pitch:
L= 0.5~22) D 3)
Operating speed:

n< i (4)
JD
In the equation, n represents the operating speed in revolutions per minute (r/min), A is the
comprehensive material coefficient, taken as 50. The selection of K, ¢, p, C, and A can be referenced from
relevant literature (Zhang et al, 2010; Bates, 2008).
According to equation (1), the outer diameter of the shaftless screw blade only needs to be greater than
11 mm to meet the design requirements. The width of the material inlet of the vibrating feeder is 45 mm. To
prevent material from blocking and overflowing on the chute, the maximum outer diameter of the shaftless
screw blade is set to 30 mm. To avoid material flow obstruction inside the shaftless screw blade, based on the
material's flow characteristics, the minimum flow space for the material should be at least 3 times the size of
the material particles (Zhu et al, 2023).

Thus: D>3m (5)

In the equation, m represents the average diameter of the material, in millimetres (mm).

The average diameter of the large particles of the ground material from the type | mill used in the
experiment is 6.6 mm. Therefore, the minimum outer diameter of the selected screw blade is 19.8 mm.

Substituting the range of screw blade outer diameters, 19.8 to 30 mm, into equation (4), the operating
speed should be 288.68 to 355.34 r/min. To ensure the strength and flexibility of the screw blade, a thickness
of 2 mm (e) is selected for the screw blade. Based on practical usage, for equations (2) and (3), d is taken as
0.3D and L is taken as 0.5D, which means the inner diameter of the screw blade ranges from 5.94 to 9 mm,
and the pitch ranges from 9.9 to 15 mm. According to Ji, the gap between the screw outer diameter and the
barrel wall has a significant impact on the conveying efficiency and operating power (Ji, 2021). When designing
screw conveyors, the gap should be smaller than the size of the particles to reduce power consumption and
material damage. Considering this, a gap of 2 mm between the screw outer diameter and the barrel wall is
selected.
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Simulation Experiment

To explore the optimal operating conditions of the shaftless screw blades, simulation experiments are
conducted on the screw pitch, outer diameter of the screw blades, inner diameter of the screw blades, and
blade rotation speed. The aim is to determine the optimal combination of parameters for the screw blades.

Simulation Model

This design focuses on the sub-material of the Type | skin mill. The "Polyhedral" particle model, newly
added in EDEM 2022, is adopted. Figure 3(a) shows the plan view and front view of the particles under the
Type | skin mill, presenting an overall "rectangular prism" shape. After measuring the length, width, and height
of 100 sub-material particles, their average dimensions are determined to be 6.3 mm, 3.7 mm, and 1.2 mm,
respectively. Ultimately, the simulated particle model adopts the particles shown in Figure 3(b), with their
dimensions set to the measured average values. Referring to the contact parameter determination method in
the GEEM library and literature (Li et al, 2019; Chen et al, 2023; Hoshishima et al, 2021), the contact
parameters between the sub-material particles and stainless steel are measured, as shown in Table 1. The
calibration method of discrete element parameters for sub-material particles and experimental details will be

reported separately.
Top view . ‘ .
Front view -b ’ a

a) Physical particles b) Simulated patrticle

Fig. 3 - Ground down actual and simulated particles

Table 1
EDEM simulation model parameter
Item Argument Numerical value
Poisson's ratio 0.33
Ground stock Shear modulus /[Pa] 2.088x108
density /[kg/m?] 1270
Poisson'’s ratio 0.274
Stainless steel Shear modulus /[Pa] 7x1010
density /[kg/im?] 7800
Collision recovery coefficient 0.241
Ground stock - Ground stock  Static friction factor 0.619
Rolling friction factor 0.055
. Collision recovery coefficient 0.176
St':::nd stock - Stainless Static friction factor 1.364
Rolling friction factor 0.399

The simplified simulation model of the sampling component built in SolidWorks is imported into EDEM,
as shown in Figure 4. To ensure the accuracy of the experiment, material particles are generated with a normal
distribution. The particle factory is set above the inlet, and a flow detection sensor is added at the end of the
shaftless screw sampler for convenient processing of the experimental results. The sensor captures the
conveying capacity for 8 seconds and calculates the average value. Simulation parameters are set according
to the experimental plan, with a total simulation duration of 15 seconds.

Particles factory
Generated particles

Mass Flow Sensors

Fig. 4 - Simulation Model of Shaftless Screw
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Experimental Factors and Experimental Indicators

As deduced from the parameter design in the previous section, the conveying capacity of the shaftless
screw blade is related to the outer diameter, inner diameter, pitch, and rotational speed of the screw blade. To
find the optimal parameters for the shaftless screw blade, Design Expert 13 is used to analyse these four
influencing factors through experimental trials. The ranges of the outer diameter, inner diameter, pitch, and
rotational speed of the screw blade are set to 19.8-30 mm, 5.94-9 mm, 9.9-15 mm, and 288.68-355.34 r/min
respectively.

RESULTS

Box-Behnken Combination Experiment

Based on the designed ranges of four influencing factors mentioned earlier, Design Expert 13 was
employed to conduct a Box-Behnken experiment with four factors at three levels. The independent variables
included the outer diameter of the helical blade, the inner diameter of the helical blade, the pitch, and the
rotational speed of the helical blade. The response value was the conveying capacity at the end of the shaftless
spiral feeder. The aim was to seek the optimal operating parameters for the shaftless helical blade. The
experiment consisted of 29 simulation runs, with 5 sets of trials established at the central level. The
experimental factors and their codes are shown in Table 2, and the experimental results are presented in Table
3.

Table 2
Experimental Factors and Codes
Factor
. . Rotational
Code Splral_blade . Splral_blade Pitch of spiral speed of spiral
outer diameter inner diameter
Al [mm] B/ [mm] C/[mm] blades
D/ [r'minT]
1 30 9 15 355.34
0 24.9 7.47 12.45 322.01
-1 19.8 5.94 9.9 288.68
Table 3
Experimental Results and Design
Seri Spiral blade Spn_'al blade Pitch of Rotational conveying
erial inner . speed of .
number outer diameter spiral spiral blades capacity
diameter A B (o D Y/[kg/h]
1 24.9 7.47 12.45 322.01 9.527
2 30 7.47 15 322.01 11.761
3 30 7.47 12.45 288.68 10.527
4 24.9 7.47 15 288.68 7.217
5 24.9 5.94 12.45 355.34 6.731
6 24.9 9 12.45 355.34 4.663
7 24.9 5.94 15 322.01 8.639
8 30 7.47 12.45 355.34 12.638
9 24.9 7.47 12.45 322.01 8.006
10 19.8 7.47 12.45 288.68 3.58
11 24.9 7.47 12.45 322.01 9.987
12 24.9 5.94 9.9 322.01 4.378
13 24.9 7.47 12.45 322.01 8.033
14 19.8 7.47 9.9 322.01 2.226
15 19.8 7.47 12.45 355.34 7.233
16 24.9 7.47 15 355.34 10.967
17 24.9 7.47 12.45 322.01 7.842
18 24.9 9 15 322.01 11.53
19 24.9 7.47 9.9 355.34 10.059
20 30 7.47 9.9 322.01 6.213
21 19.8 7.47 15 322.01 9.589
22 24.9 7.47 9.9 288.68 2.131
23 24.9 5.94 12.45 288.68 3.628
24 24.9 9 12.45 288.68 2.484
25 19.8 9 12.45 322.01 6.377
26 24.9 9 9.9 322.01 3.435
27 19.8 5.94 12.45 322.01 10.777
28 30 9 12.45 322.01 9.661
29 30 5.94 12.45 322.01 10.231
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Using Design Expert 13 to analyse the experimental results, the analysis of variance is shown in Table
4. Additionally, the response surface regression equation for the conveying capacity, given by equation (6), is
obtained.

Table 4
Analysis of Variance
Source Sun of df Mean F P
Squares Square

Model 214.77 14 15.34 3.40 0.0144
A 37.63 1 37.63 8.34 0.0119
B 3.24 1 3.24 0.7180 0.4110
(03 81.44 1 81.44 18.06 0.0008
D 43.03 1 43.03 9.54 0.0080
AB 3.67 1 3.67 0.8130 0.3825
AC 0.8236 1 0.8236 0.1826 0.6757
AD 0.5944 1 0.5944 0.1318 0.7220
BC 3.67 1 3.67 0.8147 0.3820
BD 0.2134 1 0.2134 0.0473 0.8309
CD 4.36 1 4.36 0.9675 0.3420
A? 5.26 1 5.26 1.17 0.2984
B? 12.43 1 12.43 2.76 0.1191
Cc? 3.02 1 3.02 0.6705 0.4266
D? 13.99 1 13.99 3.10 0.1000

Residual 63.15 14 4.51
Lack of Fit 59.15 10 5.91 5.91 0.0507

Pure Error 4.00 4 1.00

Cor Total 277.92 28

Y =8.68+1.77A-0.5195B+2.61C +1.89D+0.9575AB-0.4537AC-0.3855AD+0.9585BC-0.2310BD (5)
-1.04CD+0.9007A%-1.38B%-0.6828C>-1.47D?

In the equation, A, B, C and D are coded values.

Response Surface Analysis

Using Design Expert, response surface plots are obtained to illustrate the effects of various interaction
factors on the conveying capacity, as shown in Figure 5. In the plot, factors other than the interaction factors
are kept at their midpoint values.
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> < peeety wes
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B Inner diameter

b) AC c)BC
Fig. 5 - The effects of the AB, AC, and BC interactions on the conveying capacity

As shown in Figure 5(a), the conveying capacity of the screw device increases steadily with the increase
in blade outer diameter. Analysing the reason, with the increase in blade outer diameter, the filling volume of
the material inside the screw device increases, thereby improving the conveying capacity of the screw
mechanism. When the blade outer diameter is small, the conveying capacity of the screw mechanism
decreases with the increase in blade inner diameter, and the rate of decrease becomes faster after reaching
a certain value. Analysing the reason, with the increase in blade inner diameter, the gap inside the mechanism
increases, resulting in increased fluidity of the material inside the screw device, thereby reducing the conveying
capacity. When the blade outer diameter is large, the conveying capacity increases with the increase in blade
inner diameter, but after reaching the peak, it slowly decreases. Analysing the reason, when the outer diameter
is large, with the increase in inner diameter, the filling volume of the material inside the screw increases.
However, after exceeding a certain degree, the increase in fluidity of the material has a more significant impact
on the conveying capacity.
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As shown in Figure 5(b), the curvature of the contour lines for the AC interaction is lower compared to
those for the AB and BC interactions, indicating that the interaction between AC is not as significant as the
other two groups. The conveying capacity of the screw device increases steadily with the increase in blade
outer diameter. The conveying capacity of the screw device increases with the increase in pitch. Analysing the
reason, with the increase in pitch, the gaps for material filling gradually increase, and more material fills the
spaces between the screws, thereby increasing the conveying capacity of the material. This is similar to the
findings in Figure 5(a).

As shown in Figure 5(c), the conveying capacity of the screw device gradually decreases with the
increase in inner diameter and increases with the increase in pitch. This is similar to the findings in Figure 5(a).

Targeting the optimization of the objective function, using the Optimization function in Design Expert 13
with a target conveying capacity of 2.88 kg/h, the optimal combination parameters obtained are as follows: A
(blade outer diameter) = 23.8 mm, B (blade inner diameter) = 6.4 mm, C (pitch) = 11.2 mm, D (blade speed)
= 288.9 r/min. Conducting experiments based on the optimal combination parameters yields a conveying
capacity of 2.85 kg/h, with an error of 1.04% compared to the predicted value. The experimental and predicted
values are consistent, providing a reference for the design of the screw conveyor.

OPTIMIZED PARAMETER BENCH TRIAL

Experimental Material and Equipment

Using laboratory-made Type | skin mill sub-material that complies with production standards as the
experimental material, as shown in Figure 6; applying a prototype of the self-made wheat milling sub-material
particle size detection device for the throughput capacity test on the test stand, the experimental setup of the
device feeding component test stand is depicted in Figure 7, with some structures made transparent for ease
of experimental observation.

Experimental Design and Methodology

The experimental setup involves uniformly pouring the test material above the inlet. To accurately
measure the feeding component's throughput over a unit of time and assess the overall operational stability of
the device, the vibration feeder within the device is also activated and its conveying parameters are set. The
material will then fall into the receiving bin at the end of the vibration feeder. To ensure precision in the
experiment, timing starts the moment the material reaches the receiving bin. The experiment consists of 5
sets, with each set lasting 5 minutes.

The evaluation criterion used in this experiment is the coefficient of variation (CV) of throughput
uniformity. A smaller coefficient of variation indicates less fluctuation in the feeding component's throughput,
signifying more uniform feeding. The CV is calculated for each set of 5 statistical time periods, with each period
lasting 15 seconds. During each time period, material is manually collected using a material receiving device.
The calculation for the coefficient of variation is as follows:

m=iL =125 (6)

i=12,..5 @)

5= x100% )
m
In the equation,
m represents the average throughput within five-time intervals, g;
mi represents the throughput within the i-th time interval, g;
X represents the quantity within the statistical time interval, where n equals 5;
S represents the standard deviation of throughput within each statistical time interval of a set of
experiments, g;
o represents the coefficient of variation of throughput uniformity, expressed as a percentage, %.
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Fig. 7 - Bench Trial
1- Inlet; 2- Sampling Screw; 3- Drive Motor; 4- Vibrating Feeder and its Chute; 5- Backlight; 6- Receiving Hopper

Experimental Results and Analysis

The experimental results of the test stand are shown in Table 5.

Table 5
Bench trial data
Number of times Conveying capacity / [kg/h] Coefficient of variation of
uniformity / %
1 2.71 1.34
2 2.83 1.28
3 2.81 1.42
4 2.91 1.29
5 2.79 1.33
Average value 2.81 1.33

According to Table 5, the average throughput capacity of the sampling device is 2.84 kg/h, the coefficient
of variation of uniformity for the five experiments is 1.33%, indicating good stability in the operation of the
device. The discrepancy may be attributed to measurement errors or insufficient material dispersion during
manual operation, which affected its throughput performance. However, it still meets the requirements for
device usage.

The results from both the Box-Behnken combination experiment and the parameter optimization bench
test indicate that the designed parameters, with a helical blade outer diameter of 23.8 mm, inner diameter of
6.4 mm, pitch of 11.2 mm, and blade speed of 288.9 r/min, can be effectively implemented in the design of this
apparatus. They satisfactorily meet the design requirements for the feeding components of the device.
Additionally, this chapter conducts an analysis of the response surface experiment results, providing some
guidance for the design optimization of the shaftless helix. Furthermore, the similarity between the research
outcomes of this study and those documented in relevant literature (Ma et al, 2019; Zhu et al, 2023; Wulantuya
et al, 2020) validates the correctness of the research content and results presented in this paper.
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CONCLUSIONS

This study focuses on the shaftless screw blades of the spiral feeding component in the wheat
processing particle size online detection device, with the throughput capacity of the screw conveyor as the
target. A Box-Behnken experiment with four factors and three levels is conducted using Design Expert 13. A
guadratic regression equation is established, with a throughput capacity target of 2.88 kg/h.

The optimal parameter combination is determined to be: outer diameter of screw blades 23.8 mm, inner
diameter of screw blades 6.4 mm, pitch 11.2 mm, and blade rotation speed 288.9 r/min. Simulation
experiments based on the optimal parameter combination yield a throughput capacity of 2.85 kg/h for the screw
blades, with a prediction error of 1.04%, validating the reliability of the multi-objective optimization model.
Further experiments on the test stand using the optimal parameter combination show an average throughput
capacity of 2.84 kg/h for the test stand prototype, with an average coefficient of variation of throughput
uniformity in the test stand experiments of 1.33%, confirming the reliability of the device operation. Additionally,
the assembly of the wheat processing particle size online detection device is completed, and the device
operates smoothly with stable operation of the feeding components and no occurrence of material blockages.
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ABSTRACT

In the process of seed introduction, there is a problem of seed falling disorderly due to the collision between
the seed and tube wall, which seriously affects the uniformity of seed spacing in the field. To solve this problem,
this paper designed a kind of annular air-blowing auxiliary seed guide device. After a series of simulation
experiments, theoretical research, and high-speed camera bench experiments, the optimal parameter selected
combination of the critical structure of the seed guide device. The experimental results showed that when the
annular air-blowing assisted seed guide tube was used, the positive air pressure was 2 KPa, the airway angle
was 150°, the airway outlet width was 12 mm, and the distribution pore diameter was 4 mm. When the forward
speed was 6 km/h (the rotation speed of the seed metering disc was 25.30 rpm), the seed sowing effect was
the best in the seed guide device; the qualified rate was 88.36%, and the coefficient of variation was 12%. This
study provides a reference for improving seed spacing uniformity and can be used to optimize seed guide
tubes.

B"E
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INTRODUCTION

Sowing operation is an essential primary link in agricultural production, and the precision seeding device
is an integral part of realizing agricultural modernization (Dayoub et al., 2021; Lei et al., 2021). Accurate sowing
position and grain spacing distribution are the key to proper sowing of corn. The value of precise positioning
and seeding lies not only in saving seeds and reducing costs but also in improving the quality of seeding,
making seedlings orderly, improving the utilization rate of light energy and soil power, and providing highly
consistent operating objects for the midterm management and harvesting, to effectively improve the yield per
unit area (Liu et al., 2017; Huang, 2015; Liu, 2013). Therefore, improving the uniformity of corn seed sowing
has significant effects on the later growth and yield of corn. Scholars at home and abroad have conducted a
series of studies on seed guide technology and device. For corn, a large grain crop, in the process of seed
introduction, the seed guide device is required to restrict the movement of seeds, control the movement of
seeds in three-dimensional space, and prevent the collision between seeds and seed guide tube, to meet the
requirements of precision seeding.

After leaving the seed metering device, due to the inertia of the rotary table of the seed metering device,
the seeds cannot fall along a straight line only by gravity. The collision between the seeds and the seed guiding
device will be caused by the vibration and displacement of the machine. The results of Wang Qing's field
experiment showed that as the forward speed increased, the vibration of the seeder became more intense,
and the peak vibration acceleration became larger (Wang et al., 2024). Resulting in the longer migration time
of the seeds in the seed guiding device.
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Wang Jinwu used high-speed photography and took the finger clip corn precision seeder as the
research carrier. The test results showed that when the working speed was 15 rpm~45 rpm, and the tilt angle
was 0 °, the lateral displacement of the seed front and side tracks increased with the increase of the working
speed; When the working speed was more significant than 35 rpm, the seed trajectory and the position
distribution of the falling point are gradually dispersed, and the coefficient of variation of plant spacing becomes
larger; When the working speed is 30 rpm and the tilt angle is -12°~12°, the trajectory seed throwing angle
decreases with the increase of the tilt angle (Wang et al., 2017). Sweden Vaderstad company is a high-speed
planter that uses pneumatic projection technology to control the planting trajectory to achieve accurate
planting. This falling method can reduce the collision between seed and seed metering tube and improve the
precision of the seed dropping (Chen et al., 2022). Zhang Yunhe designed a pressure-holding precision seed-
metering device for corn, which uses a guide plate to control the movement trajectory of corn seeds. The
experimental results show that the device can effectively improve the accuracy of seed dropping (Zhang et al.,
2023). Zhao Shuhong designed a corn seed guiding device that limits the seed pod's movement trajectory by
combining the wrist seeder with the V-slot (Zhao et al., 2018). Li Yuhuan designed a straight-line seed-pushing
device for air-suction corn metering device. The device is equipped with a straight-line seed-feeding device
during the seed-feeding process. When the machine is working, the seeds arriving at the seed-pushing area will
be pushed by the airflow, move downward straight away from the seed metering disc, and then quickly reach the seed
bed along the seed guide tube (Li et al., 2020).

Kocher took the new and old seed guide tubes produced by John Deere company of the United States
as the test object using its precision seeder to conduct a comparative test on the seeding performance. The
results showed that the new seed guide tube's seeding performance was better, mainly caused by the smooth
inner wall of the new seed guide tube and the rough inner wall of the old seed guide tube (Kovher M.F. et al.,
2011). Yazgi studied the effect of different seed guide tube shapes on seed metering performance under
various operating speeds and theoretical seed spacing test conditions. Regarding the seed metering
gualification rate, the performance of a plastic bellows-type seed guide tube is much worse than that of a
smooth metal surface (Yazgi A., 2016). Yatskul studied that the diameter of the pneumatic seed guide tube
commonly used by foreign agricultural machinery enterprises (Horse, Kuhn, and John Deere) is mostly 20~30
mm, which can achieve a better sowing effect (Yatskul A. et al., 2018). Endrerud used the combination of the
seed guide tube and ditcher to conduct a numerical simulation to study how the kinetic energy of seed sliding
from the seed guide tube is affected by the ditcher's diameter, inclination angle, and bending radius. The test
shows that when the seed guide tube is tilted to 45°, the diameter does not affect on the energy loss. When
the seed guide tube is divided into a smooth horizontal, inclined plane and smoothly transits to the shape of
an arc curve, this time, the collision energy is minimized (Endrerud H.C., 1999).

Therefore, in order to improve the uniformity of corn planting spacing, a kind of annular air-blowing
assisted seed guide device was designed in this paper. Through theoretical analysis and fluid numerical
simulation, the key structural parameters were determined. The rationality and accuracy of the design were
verified by bench test, and the optimal combination of operation parameters was obtained. This study can
provide a theoretical basis and technical support for the innovative design of a corn precision seeding device.

MATERIALS AND METHODS
The following is a schematic diagram of seeds bouncing inside the seed guide tube. A new type of
seed guide tube will be designed to avoid such bounce.

Fig. 1 - Schematic diagram of seed bouncing inside the seed guide tube
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Whole structure design

The square cross-section seed guide tube was used as the research carrier, and the annular air-
blowing auxiliary seed guide device was installed in the linear seed guide section. The annular air-blowing
additional seed guide device mainly comprises an upper annular airway, inclined guide airway, fan airflow
interface, distribution hole, and other components. The overall structure is shown in Fig. 2.
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Fig. 2 - Overall and partial structure diagram of annular air-blowing auxiliary seed guide device
1 - distribution hole; 2 - air flow interface of fan; 3 - upper annular airway; 4 - inclined guide airway; 5 - corn grain; 6 - air flow direction

Note: a is the angle between the inclined guide airway and the tube wall of the seed guide tube, d is the diameter of the distribution
pore, L is the width of the distribution airway

4
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During the seeding operation, the annular air-blowing auxiliary seed guide device is installed on the
precision seed metering device, and the airflow interface of the fan is connected to the supporting fan. After
the fan sets a specific air pressure, the seed guide device continuously provides a high-speed stable air flow.
After entering the upper annular airway, the airflow will fill the upper airway and then enter the lower inclined
plane to guide the airway through the distribution hole. At this time, a uniform airflow will be formed in the seed
guide device continuously downward along the inclined plane. The seeds distributed by the seed metering
device migrate to the airflow area of the annular air-blowing auxiliary seed guiding device and scurry downward

along the seed guiding tube curve under high-speed airflow. This device shortens the running time of seeds in
the tube and reduces the number of collisions.

Design of key components
Inclined airway

When the seeds enter the air flow area of the seed guide device, they will be subjected to forces in
different directions, and the force diagram is shown in Fig 3:

Fig. 3 - Schematic diagram of seed force in the seed guide device
Note: mg — Gravity; F,, - Magnus effect force; 0 - air flow angle; v, - relative velocity of seed and air flow;
v, - air velocity; v, -seed velocity

According to the theory of gas-solid two-phase flow, the force acting on the corn seed in the air passage
with an air flow angle of 8 is:

Fy=ppSvy g 1)
where:

Uy = Vg + U (2)
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Q
Va = ; ()

where  u - resistance coefficient of corn seed, taking 0.22;

p - air density at normal temperature(20°C), taking 1.205 kg/m3;

S - relative contact area between seed and air flow, m?;

v, - relative velocity of seed and air flow, m/s;

v, - air velocity, m/s;

v, - seed velocity, m/s;

Q - air flow, m3/s;

Sr— cross-sectional area of seed guide device, m?;

Force analysis of seed in seed guide device:
E, = F, —mgcosf 4)
E, = F, + mgsin (5)
where: F, — the force of seed in the vertical direction of seed guide device, N;
E,— Magnus effect force, N; m— corn seed mass, kg;
g — acceleration of gravity, m/s?;
F,— the force of seed along the curve of seed guide tube, N.

Without contacting the tube wall of the seed guide tube, the force on the vertical movement direction
of the seed is constrained by the pressure difference force and Magnus effect force generated by the airflow;
under the joint action of airflow resistance and gravity component mg.sin@ along the direction of seed guide
curve, the differential equation of seed motion is obtained from cameral principle:

Tex = Im_ geoso (6)
Q

2
dysy _ upS (§+US)

~ + g sind (7)

According to the above formula, when the seed does not collide with the tube wall, its motion
acceleration in the tube is affected by the airflow velocity, seed velocity, and air flow angle 8 influence. When
the corn seed leaves the seed metering device, the seed speed is affected by the angular speed of the rotation
of the seed metering plate, which can be regarded as a constant quantity. Since the air velocity is mainly
related to the wind speed provided by the fan, it can be kept constant by artificially changing the wind speed.
In order to avoid the collision and bounce between the seed and the soil due to the excessive partial velocity
in the horizontal direction when the seed leaves the seed guide device, the air flow angle in the tube should
be controlled. And it is relevant with an inclined guide airway a. Too large airflow angle will lead to the failure
of the design of the pores of the upper distribution channel behind, and too small air flow angle will lead to the
loss of the air flow of the annular channel to go down, resulting in eddy currents that disturb the falling of seeds.
The angle of the inclined airway in the range of 140°~160° is selected as the later influencing factor.

Airway outlet width L and distribution pore diameter d

In order to ensure the good seeding function of corn seeds under high-speed airflow, the width of the
airway outlet should be less than the shortest side length of the nozzle of the seed guide tube. At the same
time, if the width of the airway guided by the high-speed airflow is too narrow, the air pressure entering the
seed guide tube will be lost, and the aerodynamic resistance will increase (Sokolov E. and Zingel, 1977).
Therefore, the outlet width of the intake port is 10~20 mm as the later influencing factor. Both too-large and
too-small distribution pores will make the air flow in the airway unevenly distributed into the seed guide tube.
According to the size of the design structure and relevant research (Wang et al., 2020) , the diameter of the

distribution pore is between 3~6 mm as the subsequent influencing factor.

Fan air flow interface and air flow size

The air flow interface of the fan is connected with the pressure-resistant starting hose, and the fan
provides a continuous flow of air. The fan model is YASHIBA small drag pump fan, with a working speed of <
3500 rpm and a working pressure between -7 kPa and 7 kPa. The diameter of the large rotating small
connector is 16 mm, and the diameter of the air flow interface of the fan should be equal to its outer diameter,
taking 16 mm.
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Experimental methods
Simulation

The single-factor simulation test was carried out on the critical structural parameters affecting the seed
guide effect, the ideal parameter combination was selected for the orthogonal experiment, and the optimal
combination of the annular air-blowing auxiliary seed guide device was selected. The test factors and their
levels are shown in Table 1:

Table 1
Single factor influencing factor level
Level Inclined airway Airway outlet width Distribution pore diameter
angle a/® L/mm d/mm

1 140 10 3
2 145 12 4
3 150 14 5
4 155 16 6
5 160 18

6 20

The critical link of the annular air-blowing auxiliary seed guide device is the selection of wind pressure.
High or low wind pressure will affect the movement of seeds in the seed guide tube. 2 kPa, 3 kPa, and 4 kPa
were used for fluent software simulation experiments, and the ideal wind pressure was selected.

By counting the absolute value of the velocity difference at the midpoint of the length and width of the
section (v = |v, —v,| + |v3 —v4|) , it can be seen whether the seed movement is stable during the process

of the seed guide tube. The schematic diagram is shown in Fig 4:

Vi

V3

B

Fig. 4 - Schematic diagram of velocity at the midpoint of section length and width
V-V, - the velocities in the four directions of the selected cross-section: right, down, left, up.

Bench test

In order to study the seed guiding effect of the auxiliary seed guiding device of the annular device, the
JSP-12 seed metering device performance test bench was used in this experiment. The bench test was carried
out in the intelligent agricultural machinery equipment laboratory of Anhui Agricultural University; the i-speed
3 high-speed cameras were used to record the movement of seeds in the seed guiding tube. The data
processing software of the seed metering device test bed was used to record the corn seed spacing. It mainly
counts the plant spacing of corn seeds to obtain the qualified rate and variation coefficient of sowing.

Fig. 5 - JSP seeder performance test bench
1 - drive motor; 2 - high-speed camera; 3 - scoop wheel seed metering device; 4 - annular air blowing auxiliary seed guiding device;
5 - positive pressure air pipe; 6 - test bed control cabinet
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RESULTS
Results and analysis of simulation

Three different wind pressures were simulated and analyzed, and the experimental results are shown
in Fig 6:

1000pa 2000pa 3000pa
Fig. 6 - Front velocity nephogram under different wind pressures

It can be seen that when the wind pressure is equal to 1 kPa, the airflow inside the pipe is small due to
the existence of the distribution airway, which cannot play the role of making the seeds fall rapidly and stably;
When the wind pressure is equal to 3 kPa, the turbulence inside the pipe is considerable, which cannot provide
stable acceleration for the seeds; At 2 kPa, the air flow in the tube is evenly distributed, which is suitable for
the steady falling of sources. 2 kPa air pressure is selected as the inlet air pressure of the seed guide device.

Inclined airway angle

In order to ensure the consistency of test factors, set the airway width as 16 mm and the diameter of the
distribution pore as 4 mm, and carry out single-factor numerical simulation for different inclined airway angles.
The simulation cloud diagram is shown in Fig. 7 and Fig. 8:
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Fig. 7 - Frontal velocity nephogram
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Fig. 8 - Local velocity nephogram of seed guide device

The simulation results are imported into the Origin for drawing, and the influence of different airway
angles on the velocity difference in the opposite position is shown in Fig. 9:
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Fig. 9 - Influence of different airway angles on velocity difference in the opposite position

It can be concluded that when the inclined airway angle is between 145° and 155°, the absolute value
of the velocity difference at the opposite position of the midpoint of the section is significantly less than 140°
and 160°. In order to make the later design of the seed guide tube more in line with the requirements of the
experimental design, 145°, 150° and 155° are selected as the factor levels of the later orthogonal test.

Airway width

In order to ensure the accuracy of the single factor simulation, reduce the test error, and ensure the
unity of other variables, set the inclined airway angle = 150° and the distribution pore diameter d is 4 mm. Then
the single factor experiment was carried out on the airway, and the numerical simulation was carried out on
different airway widths.

The results are shown in Fig.10 and Fig.11.
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Fig. 10 - Frontal velocity nephogram
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Fig. 11 - Local velocity nephogram of seed guide device

The results were imported into the Origin for drawing, and the influence of different airway widths on
the velocity difference in the opposite position was obtained, as shown in Fig.12:
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Fig. 12 - Influence of different airway widths on velocity difference in the opposite position

It can be seen from the figure that when the airway width is 12 mm~16 mm, the absolute value of the
velocity difference in the opposite position of the experimental index is maintained at a low level relative to the
other three factors and are all lower than 4 m/s. In the following orthogonal exploratory analysis, 12 mm, 14
mm and 16 mm were used as the influencing factors.

Distribution pore diameter

In order to ensure the reliability of single factor simulation, the inclined airway angle is set uniformly
a=150°, the airway width d=16 mm. The single-factor experiment was carried out on the distribution pores
diameter, and the numerical simulation of different pore diameters was carried out. The simulation cloud
diagram is shown in Fig.13 and Fig.14:
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Import the results into the Origin for drawing, and get the influence of different distribution pore
diameters on the velocity difference in the opposite position, as shown in Fig. 15:
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Fig. 15 - Influence of different distribution pore diameter on velocity difference in the opposite position

Therefore, when the distribution pore diameter d= 4 mm, the velocity difference in the opposite position
in the device section is slight. In order to ensure the accuracy of the orthogonal test, 4 mm, 5 mm, and 6 mm
are selected as the influencing factors of the interaction.

Results and analysis of the orthogonal experiment

In order to obtain the interaction effect of three factors on the airflow inside the tube and the optimal
parameter combination, the Box-Behnken experimental design principle (Wang et al., 2021; Araujo et al., 2017)
was adopted. The coding table of the designed experimental factors is shown in Table 2:

Table 2
Test code table
Code Factor
Inclined airway angle Airway outlet width Distribution pore diameter
al° L/mm d/mm
1 145 12 4
0 150 14 5
-1 155 16 6

In this experiment, the three-factor three-level quadratic orthogonal rotation combination scheme was
used to carry out the multi-factor investigation. The sum of the absolute values of the velocity difference was
calculated to judge the airflow stability. The significance of the main factors was analyzed a, the airway outlet
width L, distribution pore diameter D, and the absolute value of velocity difference (take the average value) is
set respectively as xi1, X2, X3 and y. The orthogonal test scheme and results are shown in Table 3:

Table 3
Orthogonal test scheme and results
Factor
Serial 1
Number x1/° x2/ mm x3/ mm y /m-s
1 1 1 0 1.86
2 0 0 0 2.78
3 0 0 0 3.44
4 1 0 -1 4.89
5 0 1 -1 2.6
6 1 0 1 4.02
7 -1 0 1 2.79
8 0 0 0 4.21
9 -1 1 0 1.31
10 1 -1 0 3.54
11 0 0 0 1.68
12 0 -1 1 3.65
13 -1 -1 0 2.61
14 0 1 1 2.64
15 -1 0 -1 2.67
16 0 0 0 2.62
17 0 -1 -1 25
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On the basis of the test, the Design-Expert software was used to carry out multiple regression fitting
analysis on the test results, and the regression equation of the sum Y of the velocity difference at the opposite
position of the midpoint of the section was obtained as:

y = 2.61 + 0.65x; + 0.99x, + 0.11x3 + 0.13x;x, — 0.065x,x3 + 0.75x2 — 0.11x3 + 0.05x2 (8)

Variance analysis of the Box-Behnken test model was carried out on the experimental results. The
results are shown in Table 4. The absolute value y of the velocity difference of the opposite position of the
section's midpoint is significant, and the regression equation mismatch is not significant (P>0.05). From the P
value of variance analysis, it can be concluded that the inclined airway angle and the airway outlet width have
a significant impact on the model, and the distribution pore diameter had a general effect on the model.

Table 4
Variance analysis of the Box-Behnken quadratic regression model

Velocity difference y at the opposite position of the midpoint of the section
Variance source
Sum of squares Degree of freedom F P

Model 13.76 9 137.1 <0.0001

X1 3.39 1 304.29 <0.0001

Xy 7.78 1 697.85 <0.0001

X3 0.092 1 8.29 0.0237

X1Xy 0.070 1 6.30 0.0404

X1X3 0.000 1 0.000 1.0000

X3 X3 0.017 1 1.52 0.2580

x3 235 1 210.85 <0.0001

x5 0.054 1 4.80 0.0646

x5 0.010 1 0.93 0.3659
Residual 0.078 7

Lack of fit 0.061 3 4.91 0.0793
Pure error 0.017 4
Sum 13.84 16

In order to study the interaction between multiple factors, two factors are selected as variables, and
the other variable is fixed at zero level to obtain the response surface curve in Fig. 16.
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Fig. 16 - Influence of various factors on the velocity difference of the opposite position
of the midpoint of the section
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As shown in Fig. 16 (a), the inclined airway angle and the airway's outlet width significantly impact the
cross-section airflow velocity difference. When the distribution pore diameter is fixed, the velocity difference
increases with the increase of the inclined airway angle and the outlet width of the airway; Fig.16 (b) shows
that when the outlet width of the airway is fixed, the distribution pore diameter and the inclined airway angle
have interactive effects on the velocity difference. With the decrease of the angle and diameter, the sum of the
velocity difference becomes smaller; Fig.16 (c) shows that the interaction between the distribution pore
diameter and the airway outlet width is not apparent.

From the single-factor experiment results, it can be concluded that the inclined airway angle of 150° is
the better single factor air blowing structure, and the outlet width of 12 mm is the better air-blowing structure;
In the orthogonal experiment, the simulation effect of No. 9 is the best, and the velocity difference on the
opposite position of the midpoint of the section is the smallest, so the selected factors are the inclined airway
angle of 150 °, the airway outlet width of 12 mm, and the distribution pore diameter of 4 mm.

Results and analysis of bench test

Repeat each group of tests three times, calculate the qualified rate and coefficient of variation of the
obtained results, take the average value record, import the results into Origin, and draw a dotted line diagram
for comparison. The results are shown in Fig.17:
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Fig. 17 - Comparison results of seed guide performance

Compared with the seed guide device without a seed guide tube and two kinds of spoon wheel seed
metering device, the seed guide performance of the annular air-blowing auxiliary seed guide device designed
in this paper has been greatly improved. Compared with the square cross-section seed guide tube, the
gualified rate of sowing increased by about 3%, and the coefficient of variation decreased by more than 4%;
compared with the mode without seed guide tube, the pass rate can be increased by up to 10% under the
condition of high-speed seeding, the coefficient of variation is reduced by about 10%, and the seeding accuracy
is significantly improved. The seed metering effect is shown in Fig.18.

Fig. 18 - Seed metering effect

The bench test was carried out. The experimental results showed that the seed metering effect of the
seed guide device with air blowing was statistically analyzed. Compared with the seed guide tube without air
blowing, the qualified seeding rate increased by 3.2%, with a slight increase, and the coefficient of variation
decreased by 7.3%, significantly reducing the coefficient of variation.
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CONCLUSIONS

In order to solve the problem of uneven seed spacing caused by the collision between corn seeds and
the tube wall of the seed guide tube when sowing, a kind of auxiliary seed guide device with an annular device
was designed.

Single-factor simulation analysis and orthogonal experiment were carried out with wind pressure,
inclined airway angle, airway outlet width, and distribution pore diameter as experimental indexes. The test
results showed that when the wind pressure was 2 kPa, the inclined airway angle was 150°, the outlet width
of the airway was 12 mm, and the distribution pore diameter was 4 mm, it was suitable to be used as the key
component parameters of the seed guide device.

When the forward speed was 6 km/h (the rotation speed of the seed metering plate was 25.30 rpm),
the air pressure was 2 kPa, the inclined airway angle was 150°, the outlet width of the airway was 12 mm, and
the diameter of the distribution pore was 4 mm, the qualified rate of sowing reached 88.36%, and the coefficient
of variation was 12%, which had high sowing uniformity. The effect is better than that of a round cross-section
seed guide tube, square cross-section seed guide tube, and no seed guide tube.
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ABSTRACT

Aiming at the high crushing rate and impurity rate of corn kernel machine harvesting in the Huanghuaihai
region, a longitudinal flow conical variable pitch threshing device is designed, which adopts the combined
threshing element of "plate teeth + ribs" and the combined threshing concave plate of "leftward round tube
type + vertical round tube type". The cob model was established, and the force analysis of the cob threshing
process was carried out, and the type of threshing drum and the installation angle of the threshing concave
plate round tube were determined as the main influencing factors, and the collision force on the corn cob was
taken as the test index. Using EDEM discrete element simulation software, simulation tests were carried out
on different types of threshing drums and threshing concave plates with different installation angles of round
tubes with corn cobs, and the better threshing method was finally determined: a conical threshing drum at a
drum speed of 450 r/min, and a combination of left-facing round-tube-type + vertical round-tube-type threshing
concave plates with an installation angle of 10° (front-sparse and back-dense type) were used. Compared with
the vertical circular tube type threshing concave plate, the corn cob contact force decreased from 313.5 N to
247.3 N, which was optimal for threshing in the range allowed by the corn kernel destructive force.
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INTRODUCTION

With the continuous improvement of the level of mechanized com harvesting, com harvester types
and functions are becoming more and more abundant. The Huanghuaihai region is one of China's five major
corn planting areas (Wang et al., 2018), with the com sowing area accounting for more than 30% of the national
corn area, but cob machine harvesting accounts for 95.2% while seed machine harvesting accounts for only
4.8%. Cob harvesting mainly involves picking and peeling, while kemel harvesting can be completed in one
go, including picking, peeling, threshing, cleaning, and collection of work (Cattaneo et al., 2021). With time-
saving, increased harvesting efficiency, and lower harvesting costs, corn kemel harvesting is more in line with
the direction of the overall process of mechanization development (Cui et al., 2019). The issue of high kernel
breakage and impurity content occurs during higher moisture content corn harvesting, which has become a
key issue to be addressed in corn kemel harvesting in the Huanghuaihai region.

One of the key components of a corn kernel harvester is the threshing device, and differences in
threshing device performance have a significant impact on kerel breakage (Steponavicius et al., 2018). Most
experts and scholars at home and abroad research from the crushing mechanism of corn kernels and
mechanical structure optimization. For example, Viadut et al., (2022), rounding of the angular portion of the
gridded concave plate ensures threshing quality.
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Khawaja et al., (2022), explored the mechanism of com kernel breakage by studying the forces on
corn inside the threshing device through DEM software. Aneliak et al. (2023), determined the threshing
efficiency by studying the material movement of alfalfa in a threshing unit. Hou et al. (2023), improved the
threshing form and threshing elements, and the threshing efficiency was greatly improved. Deng et al., (2023),
designed a high moisture content corn threshing device, determined the optimal operating parameters, the
effect was more satisfactory. Cujbescu et al., (2021), achieved low-loss threshing by investigating the effect of
threshing device length on threshing quality. Geng et al., (2020), analyzed the collision contact between the
flexible spike tooth and the cob, and designed the flexible spike tooth with a reduction in the rigidity of the
impact. EDEM is commonly used in discrete element simulation tests, and the standardization of corn cob
model affects the accuracy of simulation results. Due to the different morphology of the cob and the lack of
adhesion on the surface, the corn cob model was established by SolidWorks 3D modeling software and
imported into EDEM software, and the model was filled by the sphere combination method, and the number
of filled balls was 24 (Yan et al., 2020, Wang et al., 2023). The leftward round tube type threshing concave
plate can reduce the collision force on the com cob. In the past, the installation angle of the round tube of the
threshing concave plate was less studied, and the agricultural machinery design manual mentioned that the
installation angle of the round steel tube should not be too large, and excessive installation angle of the round
steel tube may lead to blockage of com cobs in the threshing drum. (Editor-in-chief of China Academy of
Agricultural Machinery, 2007).

Therefore, in order to solve the problems of kernel breakage rate and high impurity rate in the process
of corn kernel harvesting in the Huanghuaihai region, this paper designs a conical threshing device, which
adopts the combined threshing element of "plate teeth + ribs" and the combined threshing concave plate of
"leftward round tube type + straight round tube type". It verifies the mechanical properties of the threshing
device through simulation tests, so as to provide reference for the research of longitudinal flow corn conical
threshing devices.

MATERIALS AND METHODS
Structure

The overall structure of corn conical variable pitch threshing device is shown in Fig. 1, which mainly
consists of a feeding hopper, screw blade, threshing drum, plate teeth, D-type ribs, cover plate, threshing
concave plate, separating concave plate, and debris deflector plate. The support frame fixes the upper cover
plate and the segmented combined threshing concave plate together to form the threshing chamber. Inside
the device, there are plate-tooth threshing elements fixed on the circumferential surface of the first half of the
threshing drum; in order to offset the movement of the core axial side during threshing as well as the drum's
imbalance, the latter half of the drum adopts D-type grain rods arranged alternately in the left and right grain
directions. The threshed corn kernels shaft are discharged at the tail end through the debris deflector.

Fig. 1 - Structural diagram of variable pitch corn threshing device
1.feed hopper; 2.spiral blade; 3.threshing drum; 4.plate teeth; 5.D-type ribs; 6.cover plate; 7.threshing concave plate;
8.separation concave plate; 9. discharge deflector plate

Working Principle
The conical variable pitch threshing unit mainly consists of four stages such as feeding, threshing,
separating and discharging as shown in Fig. 2.
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During operation, the power system drives the input shaft of the conical drum, which in turn makes
the threshing drum rotate at high speed; when the corn cob reaches the spiral blade through the feeding
hopper, the cob enters the threshing chamber through the thrust effect of the spiral blade to complete the cob
feeding process. The spiral arrangement of plate teeth with axial thrust effect, the cob along the axial
movement, by the impact of the plate teeth, collision and threshing concave plate extrusion, in the plate teeth
and threshing concave plate under the joint action of the part of the cob on the grain is gradually removed. In
the second half of the drum, as the diameter of the cob becomes smaller, the circular tube gap of the concave
plate decreases, the cob is rubbed under the action of the ripple bar, the cob that has not been threshed
continues to be threshed, the corn kernels are separated from the cob through the circular tube gap of the
concave plate. After the completion of the threshing, the corn kernel shaft is discharged through the end of the
discharging port, and the whole process of threshing is completed.

‘ ‘ 1 R I ) i & E L | X ) ‘ \

IR ‘AR | ‘R »

rfeed section | threshing section separation section r debris
removal
section

Fig. 2 - Hematic working diagram of the conical variable pitch threshing device

Determination of key parameters
Determination of the parameters of the conical threshing drum

The length of the drum has a significant impact on the threshing quality. The longer the drum, the
greater the quality of the whole machine and the working load, and the corn kernels and corn cobs are seriously
broken. The threshing drum length is calculated as:

L=q/q, (1)
In the formula, L - roller length, m; q - threshing device feeding volume, kg/s; g, - unit length of the

drum can withstand the feeding volume, in the corn harvester to take the value of 3~4 kg/(s-m).

To feed 6 kg/s into the (1) formula can be obtained, the longitudinal axial flow conical threshing drum
length L value range of 1.5 to 2 m. In order to ensure the quality of threshing under the premise of consideration
of the machine power consumption and the weight of the relationship between the length of the drum in this
paper will take the value of 1.6 m.

When corn cobs enter the drum, the impact force on the plate teeth is relatively large. Therefore, the
threshing drum adopts a conical design with a "small diameter at the front and large diameter at the rear". As
the diameter decreases towards the front end, the linear velocity of the plate teeth also decreases. This means
that the impact force on the cobs during the feeding process is reduced, which helps to minimize grain
breakage. (Wang et al., 2021).

The formula for calculating the linear velocity is as follows:

D=d, +2h 2)

zzDn
= 3
50 3)

where D -- the diameter of the root circle of the drum teeth, mm; da -the diameter of the drum at point @, mm;
ht - the height of the threshing element, the plate teeth are taken as 50 mm, and the ribs are taken as 30 mm.

According to the new edition of agricultural mechanics, the recommended conical roller diameter for
the big end is generally 450~550 mm, and the diameter for the small end is 350~450 mm (Geng, 2011), the
small end of the diameter of this paper takes 360 mm, roller cone angle of 6°, the big end of the diameter is
528 mm.
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Determination of threshing element spacing

The speed of movement of corn cobs in the drum affects the rate of threshing. When the cobs are
just fed into the threshing room, cobs between the individual density is larger, the seeds are arranged more
densely, and threshing is more difficult (Li et al., 2017). At this point, it is necessary to reduce the speed of
axial movement of the cob within the drum as a means of increasing the number of contacts of the threshing
element with the corn cob. The combined threshing element adopts the arrangement of equiangular conical
spirals with gradually increasing pitch, effectively extending the threshing time and the number of threshing
actions. With the shedding of corn kernels, the density of the material gradually decreases, and the pitch
increases to aid material flow. That is, the use of small load, multi-circulation threshing method, effectively
reducing the kernel breakage.

The parametric equations of the equiangular conic helix are as follows:

x = ce™ sin ¢ cost
y =ce™ sinsint (4)
z=ce™ cos¢

In the formula, C - the distance of the start of the helix from the top of the cone; { - the half cone angle

of the threshing drum, 3°; t - the angle parameter (taking the value 2z, k=0); M4 are constant values.
The radius of the helix is given by Eq.(4):

p=+xX2+y> =ce™sing (5)
The helix pitch is:
p =ce* ™ (6)
Then the kth pitch is:
L =2 -7, = C|:e2mak;z _eZma(k—l);r:|COSé/ 7)

From equation (4), R .. =csin¢g =180 mm, the calculation gives ¢ = 3439.32.

The average length of corn cob in Huanghuaihai region is about 210 mm (Chen et al., 2020), and the
initial threshing spacing of the selected threshing plate teeth is 2/3 of the cob length, so L1=140 mm, so it can
be obtained from equation (7):

L =2,-Z,=c(e*™ -1)cos¢ =140mm

The calculation gives: m; =0.006359.
The maximum radius of the drum is known to be Rs=264 mm, which can be obtained by substituting

into equation (4): x =180e™®*" cos87x = 264, calculated as ms+ = 0.019196.

The whole section of this design is divided into 4 pitches, and My and M4 are linearly interpolated and
calculated to obtain M2 = 0.010638 and M3 = 0.014917. Substituting M1~My4 into equation (7) gives the pitch:
L1=140 mm, L2=253 mm, L3=406 mm, L4=632 mm.

Parameterization of segmented combined concave plates

In threshing, the separation of seeds is accomplished by the joint action of the drum and the concave
plate, and most of the conventional concave plate adopt the grid-type concave plate, which is easy for the
seeds to collide with the top of the cross patrtition plate, resulting in serious seed crushing. For this reason, the
concave plate designed in this paper adopts a round tube-type structure, when compared with the angular
grid-type concave plate, the round tube-type concave plate with a rounded surface is favorable to reduce the
impact on the cob and reduce the seed damage.

As shown in Fig. 3(a) and (b), segmented combination threshing concave plates are arranged in a
leftward circular tube type and a vertical circular tube type. The diameter of round pipe is 16 mm Q235
structural steel with superior material performance. The welding direction of the round steel pipe in the leftward
round pipe type concave plate deviates from the axis of the concave plate by a certain angle; the welding
direction of the round steel pipe in the vertical round pipe type concave plate is perpendicular to the bracket of
the concave plate.
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(a)round tube type (b)vertical round
with left direction tube type

Fig. 3 - Structure of the concave plate for two mounting orientations

In this paper, in order to verify the effect of the concave plate of two installation directions on the
collision strength of the cob, the force analysis is carried out between the round tube and the cob of two
installation directions, as shown in Figs. 4 and 5.

Fig. 4 - Front view of the force on the fruit cob and the vertical circular tube type concave plate

( ‘V ,.J-.-‘.»..LLLLL
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Fig. 5 - Front view of the cob and the leftward circular tube type concave plate under force

As can be seen from Figs. 4 and 5, during the contact between the cob and the circular steel tube,
the cob force calculation formula can be expressed as respectively:

F.=(G +Tc)cos§ (8)
F,=(G+T )cosﬁcose 9)
z2 c 2

In the formula, Fz is the collision reaction force of the cob by the vertical type round steel tube, N; Fz
- the collision reaction force of the cob by the leftward type round steel tube, N; Tc— the collision force of the
cob on the round steel tube, N; f — the cone angle of the threshing drum, 6°; 8 — the angle of the round steel
tube deviating from the axis to the left.

From equations (8) and (9):

F,-F,=(G +Tc)cos§(1—cos 0)>0 (10)

From equation (10), F,>F,,. Under the condition of a certain threshing drum speed, the collision force

experienced by the cob is constant. At this point, the collision reaction force experienced by the cob in the
vertical round steel tube is greater than that in the left round steel tube.
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This confirms that the left circular tube type threshing concave plate effectively reduces the collision
force experienced by the cob. Therefore, the use of a left-oriented threshing concave plate in the first half of the
threshing drum is conducive to reducing seed breakage.

In the second half of the threshing drum, where the density and diameter of the cob are smaller, a
vertical circular tube-type concave plate with a smaller gap is used in conjunction with the ripple-type threshing
element. It relies on the rubbing force for flexible threshing, thereby facilitating the separation of seeds and
grains.

RESULTS
EDEM-based simulation test and analysis
Modeling of corn cob collisions

The material parameters and material contact parameters of the corn cob and threshing unit are
shown in Tables 1 and 2.

Table 1
Model material parameters
Parameter name Corn cob Threshing device
Poisson's ratio 0.4 0.3
Shear modulus [Pa] 1.30x108 3.5x10%°
Densities[kg-m~] 1197 7850
Table 2
Model contact parameters
Parameter name Between the ears of fruit Ears of fruit with steel
Crash recovery factor 0.182 0.659
Static friction factor 0.44 0.326
Kinetic friction factor 0.008 0.02

Threshing drum simulation test and analysis
Threshing drum simulation test method

Simulation tests allow for simulating the threshing process of the cob in the threshing chamber. Using
the type of threshing drum as an influencing factor, the study was carried out on cylindrical and conical drums
with plate teeth and ripple bar matching threshing elements, and the concave plate types were all of the vertical
round tube type. In the EDEM software, the pellet plant was set up at the feeding port with a pellet mass of
about 0.25 kg each and a generation rate of 24 per second, so the feed rate was about 6 kg/s. The mechanical
simulation test of corn cob was carried out under the conditions of roller speed of 400 r/min and simulation time of 10s.
Analysis of threshing drum simulation test results

The force cloud maps of corn cob under different types of threshing drums were output by EDEM
post-processing module, as shown in Fig. 6(a) and (b).

total force/N total force/N
1415 1198
1133 A 959 ,
851 by 720
o B e ——— 481
287 .y 242
5.32 3.47
(a) cylindrical threshing drums (b) conical threshing drum, cone angle 6°

Fig. 6 - Cloud diagram of cob force process under different threshing drums
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As seen in the cloud view of the force process on the corn cob in Fig. 6, close to half of the corn cobs
were blue or red inside the cylindrical threshing device. However, the number of dark-colored cobs was lower
in the conical threshing unit compared to the former, indicating that the conical threshing unit reduces the
impacts from the threshing elements under the same constraints and employs a "small load, many cycles"
threshing method.

Through the EDEM software post-processing module of the total force exerted on the corn cob, the
data were summarized, and the average contact force between the threshing element and the cob was
obtained through calculation and imported into the data visualization software Origin for data plotting, as shown
in Fig.7.

600

- - »- - cylindrical threshing drums
? —e— conical threshing drums

500 |

400 |
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200 |

average contact force of corn cob (N)

100 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

simulation time (s)
Fig. 7 - Line graph of force on corn cob at different threshing drums

As can be seen in Fig. 7, from 0 to 0.7 s, the cob produced by the pellet plant enters the threshing
chamber through the spiral blades. From 0.7 to 6.5 s, the cob contacts the plate tooth threshing element.
During this stage, each sudden change in cob force means a collision between the cob and the cob, and the
cob and the threshing element, but the cob is subjected to the contact force of the cylindrical threshing drum
as a whole more than that subjected to the cone-shaped threshing drum's Contact force. From Fig. 7 conical
threshing drum line graph can be seen, the cob in the conical threshing drum in the first half of the intensive
degree of force mutation compared to the second half of the more intensive, indicating that the use of variable
pitch structure arrangement of the threshing element helps to increase the number of times and prolong the
time of threshing; in the second half of Fig. 7, along with the shedding of grains, the radius of the cob decreases,
cob force mutation number of times to reduce the number of cob collision, so cob collision number is reduced.
Thus, the rationality of using a ripple type threshing element in the latter half of the threshing drum and a larger
pitch structure was confirmed, and all subsequent studies used conical variable pitch threshing drums.

Simulation test and analysis of threshing concave plate
Threshing concave plate simulation test method

In this subsection, by using EDEM simulation software, the circular steel pipe installation angle is
selected as the influencing factor, and the circular steel pipe installation angles of the leftward circular pipe-
type concave plate are 8°, 10°, and 12°, respectively, and these are compared with the vertical circular pipe-
type concave plate. Conical threshing drums were used for all threshing units, and drum speeds of 250, 350,
450, and 550 r/min were selected.
Analysis of threshing concave plate simulation test results

The force cloud diagrams of corn cobs under different threshing concave plates were output by EDEM
post-processing module, as shown in Fig. 8(a) to (d).

Within the threshing device under the leftward circular tube-type threshing concave plate, as can be
seen from the cloud diagram of the force process of the corn cob in Fig. 8(b), the corn cob has a darker portion
of the corn cob than in Fig. 8(a) and Fig. 8(c); and for the threshing device with a vertically circular tube -type
threshing concave plate in Fig. 8(d), the corn cob has a darker portion of the corn cob than in the first three.
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(c) mounting angle 12°
Fig. 8 - Cloud diagram of the force process of the cob under the threshing concave plate
with different installation angles of the round tube

(d)vertical round tube type

The average contact force applied to the corn cob was calculated by the post-processing module and
the results are shown in Table 3.

Table 3
Simulation results of threshing concave plate with different round tube installation angles [unit: N]
Drum speed Threshing concave plate round tube installation angle -
[r/min] mounting angle 8° | mounting angle 10° | mounting angle 12° vertlcalt;;lénd tube
250 131.6 128.3 153.1 186.5
350 163.7 169.2 207.8 2354
450 256.8 247.3 276.2 313.5
550 365.4 358.6 382.4 423.7

The data were plotted in Table 3 by Origin plotting software to obtain the change curve of corn cob
contact force under different drum speeds and round tube installation angles, as shown in Fig. 9.
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Fig. 9 - Variation of contact force of corn cob at different round tube mounting angles
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As can be seen from Fig. 9, with the gradual increase in drum speed, the average contact force on
the corn cob is also increasing to varying degrees; at the same speed, the contact force on the cob is smaller
in the former compared to the three installation angles of the leftward circular tube-type threshing concave
plate and the vertical circular tube-type threshing concave plate, confirming that the leftward circular tube-type
threshing concave plate can reduce the contact force on the corn cob.

When the threshing drum is at a lower rotational speed, the contact force of the vertical round tube -
type threshing concave plate on the corn cob is greater than that of the leftward round tube -type threshing
concave plate; the contact force on the corn cob under the round steel tube mounted at an angle of 8° and 10°
threshing concave plate is approximately the same. When the threshing drum is at a higher speed, the contact
force on the corn cob under the threshing concave plate at an angle of 8° for the installation of the round steel
tube is greater than that on the corn cob under the threshing concave plate at an angle of 10° for the installation
of the round steel tube; the corn cob under the threshing concave plate at an angle of 12° for the installation
of the round steel tube and the vertical round tube is subjected to a larger contact force, and the kernels are
easy to be broken. From the perspective of reducing the collision force, seed crushing rate, comprehensive
analysis of the data in Table 3 and Figure 9 curve, select the round steel pipe installation angle of 10 ° threshing
concave plate, and the simulation test results are more satisfactory.

CONCLUSIONS

A conical threshing unit was designed using SolidWorks software with combined threshing elements
and the threshing elements were arranged according to variable pitch. A combined threshing concave plate
was used and the main structure and parameters were determined.

Using EDEM software, simulation tests were carried out on the type of drum and the installation angle
of the concave plate circular steel pipe, and the conical drum was better than the cylindrical drum; the
installation angle of the concave plate circular steel pipe was optimal at 10°, which was conducive to reducing
the collision force of the seeds.
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ABSTRACT

Aiming at the problem that the ground plant protection machine is difficult to enter for plant protection in the
middle and late stages of maize field, this paper designs a UAV centrifugal spraying system for maize plant
protection based on centrifugal nozzle and plant protection UAV. A single nozzle parameter test was carried
out, and the results showed that the droplet size is related to the liquid supply flow rate and the nozzle speed.
According to the optimal biological particle size theory, the nozzle parameters with the liquid supply flow rate
of 1000 mL/min and the rotation speed of 14000 r/min are selected to test the droplet distribution characteristics
under actual operation conditions, and the droplet size, droplet density, coverage and other important
indicators of aviation spraying operations are analyzed. The experimental results show that the flight speed of
the UAV significantly affects the droplet distribution in the bottom layer of maize. The droplet coverage and
droplet deposition of each sampling layer decrease with the increase of flight speed. When the flight speed is
1.5 m/s, the coefficient of variation of the centrifugal spraying system is the smallest, and the droplet deposition
effect is the most uniform. This study can provide a reference for the parameter optimization and correct use
of centrifugal plant protection UAV in the middle and late plant protection operations of high-stalk crops such
as maize.
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INTRODUCTION

Maize is one of the three major food crops in China, widely planted and with high yield, not only an
important food resource, but also an important raw material in industry and animal husbandry, with high market
and social value. The Huang-Huai-Hai region is the main planting area of summer maize in China, since 2015,
the Ministry of Agriculture and Rural Development has organized the zero-growth action of chemical fertilizer
and pesticide use, and after several years of implementation, the utilization rate of pesticides in China has
significantly improved. However, in the middle and late stage of maize growth, the plants are high and the
closed rows are formed by field depression. The efficiency of traditional artificial application is low, while the
existing spray rod sprayer is difficult to enter, and the injury rate is high (Liu et al., 2022), and most of the
sprayer use pressure nozzle, easy to block. Vigorously promoting green control and precision scientific
medication, the use of plant protection drones for maize mid- and late-stage pest control is currently a more
reasonable solution (Xie et al., 2022; Yang et al., 2020).

73



Vol. 73, No.2 / 2024 INMATEH - Agricultural Engineering

China's plant protection UAVs use atomization nozzle is mainly divided into pressure nozzle and
centrifugal nozzle, pressure nozzle in the requirement of small droplet size is easy to block, centrifugal nozzle
particle size change can be controlled by the rotational speed in real time (Chen et al., 2018). Compared to
pressure nozzles, centrifugal nozzles have better atomization, pesticide cost savings, and long life span in
spraying facilities (Dong et al., 2018). Yu et al., (2023), developed a rotary nozzle for UAV spraying, and
explored the influence of three factors on the droplet size of the centrifugal nozzle from the flow rate, rotation
speed and mesh number, which provided a certain technical basis for the research and optimization of the
spray parameters of the centrifugal nozzle. Chen et al., (2023), used CFD simulation to study the downwash
airflow and droplet distribution of the six-rotor UAV, and combined RBFNN and GA to optimize the parameters
of the spraying system. Jane et al., (2021), conducted experiments in vineyards, and three different types of
drones and two different types of nozzles were evaluated. It was concluded that the vortex airflow and the
arrangement position of the nozzle were the two main reasons affecting the difference in spray performance.
Gavalietal., (2023), used PIV technology to study the droplet deposition characteristics of centrifugal sprayers,
and concluded that at a constant rotational speed, the friction force between the ejected liquids decreases,
and changing the liquid mass will cause the droplet diameter to increase. Chen et al., (2017), studied the effect
of wind field on the penetration and uniformity of droplet deposition in the effective spraying area through the
actual spraying operation test. Fritz et al., (2009), investigated the effect of different flight speeds of plant
protection aircraft on the particle size of fog droplets using wind tunnel testing methods. Biglia et al., (2022),
carried out experiments on fog droplet deposition in vineyards with different flight speeds of drones and spray
nozzles, and the results showed that: the flight speed of the drones had a significant effect on the amount of
fog droplet deposition in different canopies of grapes. All the above studies provide reference for the
optimization of nozzle operation parameters, but the spraying problem of high stalk dense planting crops has
not been solved.

This paper designs a centrifugal spraying system applicable to plant protection drones, controls the
rotational speed of the centrifugal nozzle through the wireless control module, and then changes the size of
the droplet size, carries out a test on the droplet deposition and distribution characteristics of plant protection
drones in the middle and late stages of maize, and investigates the parameter indexes such as the droplet
size, density, coverage, and deposition rate of the maize field with different sample points, in order to provide
references for the effective application of plant protection drones in maize in the middle and late stages of plant
protection.

MATERIAL AND METHODS

DESIGN OF CENTRIFUGAL SPRAYING SYSTEMS FOR UAV

The structure of the maize plant protection drone is shown in Fig. 1, in which the drone platform adopts
the DJI T20 plant protection drone, and the centrifugal spraying system consists of the centrifugal nozzle and
wireless control system which are modularized and designed to form an independent system installed on the
plant protection drone.

1 2
Fig. 1 - Schematic diagram of centrifugal plant protection drone structure

1. centrifugal nozzle; 2. plant protection drone; 3. medicine cabinet; 4. control box
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The main structure includes centrifugal nozzle, liquid pipeline, microcontroller and remote control. When
working, the remote control of the UAV controls the flow of the nozzle, and the start-stop and speed of the
centrifugal nozzle are realized by the independently developed remote control system, which sends commands
to the control box of the centrifugal spraying system through the hand-held remote control to realize the one-
key start and speed regulation of the nozzle. The speed control process is realized by the microcontroller in
the control box through PWM (pulse width modulation) technology, adjusting the duty cycle of PWM to control
the rotational speed of the centrifugal spray nozzle to change the droplet size. The total weight of the centrifugal
spraying system is small, which has less influence on the drug carrying capacity of the plant protection UAV,
the weight of the centrifugal spraying system is 1 kg.

Nozzle structure

The plant protection UAV uses centrifugal nozzle, the main structure of the designed centrifugal nozzle
is shown in Fig. 2a including the drive motor, atomizing disk, electronic speed controller and waterproof shell.
The drive motor of the centrifugal nozzle adopts a brushless DC motor with 12 V power supply. The output
shaft of the drive motor is connected to the end of the atomizing disk, and the atomizing disk is disc-shaped
and divided into two parts, as shown in Fig. 2b and 2c. Controlled by the single-chip microcomputer, the
brushless motors rotate to drive the atomizing disk. The liquid is sent to the atomization disk through the inlet.
Under the action of centrifugal force, the liquid is shunted along the water tank on the atomization disc, and
then atomized into small droplets through the fine line atomization groove. Finally, the small droplets are
spiraled out through the atomizing groove on the outer edge of the tooth tip.

Fig. 2 - Structure of nozzle and atomization disk
1. brushless motor; 2. Inlet; 3. fogging tray

Wireless control system for centrifugal nozzles

The wireless control system is designed to achieve the purpose of changing the droplet size by changing
the rotational speed of the centrifugal nozzle, and the control system includes three modules: power supply
module, nozzle control module, and remote control module.

Power Supply Module
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Fig. 3 - Control system composition
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Power modules

As shown in Fig. 4, the whole control system is powered by the 51.8 V battery of the UAV, which is
converted to 12 V and 3.3 V through the voltage conversion module. As shown in Fig. 5, the voltage is
converted to 3.3 V by LDO voltage regulator PW8600 and linear circuit to provide power for the MCU main
control chip and the remote control receiver, and converted to 12 V by DC-DC power supply chip PW2906 and
buck circuit to provide power for the brushless ESC.
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Fig. 4 - Circuit diagram of the power supply module of the control system

Remote control module

The remote control module is mainly a remote control, SBUS receiver. Through the handheld remote
control commands are sent to the spraying system of the wireless receiver module in the control box. The
remote control and receiver are selected from WFLY's ET08 and RD201W models, respectively. The remote
control transmits key values to the receiver through a 2.4GHz wireless signal. The receiver communicates with
the microcontroller through the SBUS serial port, and the microcontroller receives and parses the SBUS signal
through the serial interrupt function in the program, converting the key value into a PWM wave value and
transmitting it to the brushless electric controller to control the start stop, speed, etc. of the centrifugal nozzle.

Printhead control module

The start-stop and speed change of centrifugal nozzle is realized by the remote control system
developed independently, and the microcontroller in the control box realizes the start-stop and speed change
of centrifugal nozzle through PWM technology, and adjusts the duty cycle of PWM to control the rotational
speed of centrifugal nozzle to change the size of droplet particle size. stm32 microcontroller accepts and
analyzes the SBUS signal from the remote control module through the serial interrupt function of the program
and converts the key value into PWM wave value, and amplifies the output signal through field effect tube to
control the start-stop and rotational speed of centrifugal nozzle. The key value will be converted to PWM wave
value, and through the field effect tube will be the output signal amplification, so as to control the centrifugal

nozzle start-stop, speed and so on. Single nozzle control circuit diagram shown in Fig. 5.
vCC
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Fig. 5 - PWM control circuit

SINGLE NOZZLE PARAMETER TEST
Centrifugal nozzle speed and PWM signal duty cycle calibration

The atomization effect of the centrifugal nozzle is closely related to the rotational speed of the nozzle,
the rotational speed of the centrifugal nozzle is controlled by adjusting the PWM duty cycle; in order to more
accurately control the rotational speed of the nozzle, it is necessary to establish a deterministic function
relationship between the PWM duty cycle and the motor speed. For this purpose, a laser speed meter is used
to measure the centrifugal nozzle speed under different PWM, and the results are shown in Fig. 6.
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As can be seen in Fig. 6, when the voltage is 12 V and the PWM frequency is 500 Hz, the centrifugal
nozzle speed and the PWM duty cycle are approximately linear, and the centrifugal nozzle speed can be better
controlled by adjusting the PWM duty cycle using the PWM signal generator.
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Fig. 6 - Relationship between nozzle speed and PWM duty cycle

Centrifugal nozzle speed and droplet size calibration

In order to clarify the numerical relationship between atomizing disk flow and motor speed and droplet
particle size, and to find the centrifugal spray nozzle operating parameters with the bio-optimal particle size to
satisfy plant diseases, the relevant tests were carried out in a suitable environment.

Test platform

A set of centrifugal nozzle parameter testing platform is designed, which mainly consists of centrifugal
nozzle, brushless water pump, medicine tank, microcontroller, support frame and YE180-A laser particle size
meter. The centrifugal nozzle is controlled by a wireless control system designed to change the speed of the
centrifugal nozzle. The centrifugal nozzle, brushless water pump, and medicine tank are connected through
transparent rubber hoses. The microcontroller controls the brushless water pump to change the flow rate of
the nozzle, and the support frame can adjust the height of the nozzle according to testing needs. In the actual
plant protection operations, the flight height of the UAV is usually higher than the crop canopy 1~3 m (Qiu et
al., 2013), the test set the centrifugal nozzle from the laser particle size meter test beam 1.5 m, the transmitting
end and the receiving end of the laser line is placed directly below the centrifugal nozzle, the laser particle size
meter is connected to the computer, the computer running the laser particle size analyzer dedicated NKT
analysis software can be derived from the Dv10, Dv50, Dv90 particle size distribution map and cumulative
distribution map and other data. According to the purpose of this paper, Dv50 data is mainly used as the
average particle size of droplet group to study the relationship between nozzle speed, flow rate and droplet
particle size.

Taking into account the outdoor wind speed, light and other environmental factors may have an impact
on the test results, this test will be completed indoors as shown in Fig. 7.

1

Fig. 7 - Test system for centrifugal nozzle parameters
1 - Centrifugal nozzle; 2 - Support frame; 3 - Guide rails; 4 - Laser particle size analyzer analysis software; 5 - Laser particle sizer
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Test results analysis

As shown in Fig. 8, the droplet size is related to the supply flow rate and nozzle speed, and the higher
the flow rate and the lower the speed, the larger the droplet size. At the same flow rate, the higher the rotational
speed, the smaller the droplet size. Fig. 8b shows the nozzle test Dv50 data, in the nozzle speed from 8000
r/min to 12000 r/min process, the droplet size changes in a larger magnitude, the speed reaches 12000 r/min
after the size change curve tends to flatten.

When the nozzle rotational speed is the same, the effect of the liquid supply flow rate on the droplet
particle size is not consistent, the flow rate being in the interval of 500 mL/min to 650 mL/min, 800 mL/min to
1000 mL/min, the degree of change in the droplet particle size at different centrifugal rotational speeds is
relatively small compared to the degree of change in the droplet particle size outside the flow rate interval.
Centrifugal atomizing nozzles have small droplet size distribution and narrow droplet spectrum width, which
have obvious advantages over pressure atomizing nozzles. Combined with Fig. 8a and 8c, it can be seen that
in the parametric test of a single nozzle, by adjusting the liquid supply flow rate and nozzle rotation speed, a
number of droplets can have a particle size of less than 35 pm. For example, if the liquid supply flow rate is
650 ml and the nozzle rotation speed is 14,000 r/min, the Dv10 data is 43.263 pm, the Dv90 data is 118.753
pm, and the Dv50 data is 74.357 um, according to the fog droplet spectral width representation equation:

Dyqgo-D
v]9:;)V50v10 )
The width of the droplet spectrum can be obtained as 1.02 less than 2.0, which is in line with the
quality technical index of spraying operation.
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Fig. 8 - Flow rate, rotational speed and particle size of droplets

There is a relationship between droplet size and pesticide efficacy of bio-optimal particle size, pesticide
spraying technology theory research that the control of flying pests is suitable for the use of small insecticide
droplets of 10 to 50 um, the control of foliar crawling pest larvae is suitable for the use of insecticide droplets
of 30 to 150 um, the spraying of fungicide control of plant diseases is suitable for the use of droplets of 30 to
150 um, and herbicide spraying is suitable for the use of coarse droplets of 100 to 300 um (Chen et al., 2021;
Uk et al., 1997; Yuan et al, 2015, Zhang et al., 2022). Considering the factors of droplet evaporation, drift,
penetration, and droplet adhesion on leaves, the centrifugal nozzle parameters in this paper were selected to
supply liquid at a flow rate of 1,000 mL/min, and the nozzle rotational speed was 14,000 r/min.

DROPLET DISTRIBUTION CHARACTERIZATION TEST AND RESULT ANALYSIS
Experimental site and conditions

The experiment was conducted on September 10, 2022 at the test site of Anhui Agricultural University,
Anhui Province, China. The maize planted in the trial site was a late-maturing fresh maize variety, which was
in the filling stage at that time, with an average plant height of about 200 cm, planting row spacing of 60 cm,
and an average plant spacing of 25 cm. The day of the trial was a sunny day, with an average air temperature
of 21°C, an easterly wind, a wind speed of 0.6-1.2 m/s, and a relative humidity of 48%. In order to reduce the
effect of moming and evening field fog, the experiment was selected in the afternoon.

Experimental material

Fog droplet sampling uses water-sensitive test paper with a specification of 35 mm x 110 mm, with a
yellow background color that changes to blue when exposed to water, which can be used to detect the
distribution status of fog droplets in the field.
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Experimental design

In the experimental field, a 30mx20m experimental area was selected for sampling point arrangement,
three collection strips with 5 m interval were set up, six maize plants with 1 m interval were selected for each
collection strip, and three layers of vertical sampling points were set up for each maize plant at a distance of
0.3 m from the ground (bottom), 1 m (middle), and 1.7 m (canopy), and water-sensitive test papers were
arranged on the maize leaves at each sampling point to form a three-dimensional sampling point. Each
sampling point was arranged with water-sensitive test paper on maize leaves to form a three-dimensional
sampling point. The schematic layout of the field test paper is shown in Fig. 9. The UAV flight path was operated
according to the arrow direction, and the sampling belt was located in the middle of the spray pattern extending
to both sides. According to the results of the matching test calculations of the parameters of plant protection
UAV flight height, operation width and application amount in the previous experiments and the related articles
on the impact of plant protection UAV parameters on maize plant protection (Wang et al., 2023; Qin et al.,
2014), the flight height of the UAV was set to 4 m, and water was used instead of pesticide for the test. During
the test, the UAV used the conventional reciprocating flight application mode to carry out spraying operations
on maize, and the interval between each route was 3 m. A schematic diagram of the test paper arrangement
for the field test is shown in Fig. 9. The test plot was open and unobstructed, and the maize growth was more

consistent.

Water-sensitive Paper

Collection Strip

UAV  ri ) Route Water-sensitive Paper

Fig. 9 - Schematic layout of water-sensitive test strips

Three common speed sorties (Wang et al., 2021), 1.5 m/s, 3 m/s and 4.5 m/s treatments, were set up
for testing the droplet deposition distribution characteristics of UAV sprayed droplets at different sampling
locations in maize plants under different flight speeds, and the specific experimental parameters are shown in
Table 1.

Table 1
Test design for droplet distribution characteristics
Sortie Speed (m/s) Height (m) Flux (L/-min) Nozzle Speed (r/min)
1 1.5m/s 4m 4 14000
2 3m/s 4m 4 14000
3 4.5m/s 4m 4 14000

Data collection and processing

After the completion of each set of tests the water sensitive papers were collected one by one in a sealed
bag by serial number and brought back to the laboratory for processing. A scanner was used to scan the
collected water-sensitive paper into a grayscale image with a resolution of 600 dpi and saved in jpg format.
The scanned images were imported into the image processing software Deposit Scan and analyzed to obtain
the deposition characteristics, including droplet density, coverage, deposition volume and other parameters.

In order to characterize the uniformity of droplet deposition among the collection points in the test, it can
be evaluated by the coefficient of variation (CV) of the density of droplet coverage (or deposition) at different
collection points within the effective spraying area of the UAV, and the smaller the value is, the better the
droplet uniformity is. The coefficient of variation (CV) is calculated as:
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where:

SD is the standard deviation of the same group of test collection samples; Xi is the droplet density (or
deposition) of each collection point; Xis the average value of droplet density (or deposition) of each group of
test collection points; N is the number of test collection points of each group.

RESULTS AND ANALYSES
Particle size distribution of droplets at different flight speeds

Figure 10 shows the comparison of the droplet volume median diameter (VMD) at different sampling
locations for each test sortie, from which it can be seen that at the same sampling level, the value of VMD
decreases with the increase of the flight speed from 1.5 m/s to 4.5 m/s; the flight speed significantly affects the
droplet size at the same sampling level. For example, in the bottom layer of maize plants, the corresponding
droplet volume median diameters at flight speeds of 1.5, 3, and 4.5 m/s were 98.87, 75.67, and 72.73 um,
respectively.

The droplet volume median diameters at 3 m/s decreased by 35.94% compared with that at 1.5 m/s.
The basic trend of VMD in different sampling layers at the same speed was maximum in the canopy layer,
followed by the middle layer and minimum in the bottom layer. However, when the UAV flight speed was 1.5
m/s, it can be seen from the figure that the VMD of the bottom layer was 98.87 um larger than that of the
middle layer, 92.64 um, which was opposite to the results of 3 m/s and 4 m/s.

VD (pm)
=]
L

Crown Middle Bottom

Fig. 10 - Particle size distribution of droplets at different flight speeds
(Data in the table are mean + standard error. Different lowercase letters in the same column indicate that the different treatments
were tested by Turkey's method at the P<0.05 level)

Characterization of droplet deposition at each sampling point at different flight speeds

There is a close relationship between droplet coverage density and droplet size, application rate and
flight speed. Under the same droplet size and application rate, it can be seen in Fig.11 that among the three
flight speeds of the experimental treatments, the droplet coverage density of each sampling point under the
same speed has the same trend with the sampling position, and the droplet coverage density of the bottom
layer is the largest at 1.5 m/s, the droplet coverage density of the canopy layer is the largest at 3 m/s and 4.5
m/s, and the maximum droplet coverage density of the three speeds occurs in different positions.

The maximum droplet coverage density at the slower speed of 1.5 m/s was 432.09 droplets/cm? at the
bottom of sampling point 1, and the minimum was 41.43 droplets/cm? at the bottom of sampling point 6 at the
speed of 4.5 m/s. This experiment used the same multi-route reciprocal spraying as the actual operation, and
it can be seen that the droplet deposition pattem is highly consistent among the collection points in the spraying
area of the UAV under the same treatment.
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Fig. 11 - Distribution of droplet deposition characteristics at each sampling point for different flight speeds

Analysis of droplet density, coverage and droplet deposition

Table 2
Parameters of droplet deposition characteristics for each sampling layer
Coefficient of Coefficient Coefficient
Sampling . Droplet Density  Variation of Deposition  of Variation Coverage -
. Sortie 2 2 of Variation
Point (droplets/cm®) Droplet (um/cm?) of (%) of Coverage
Density Deposition
1 334.16+28.142 8.42 0.313+0.022 5.55 23.63+1.92 7.86
Canopy 2 273.05+50.022 18.32 0.297+0.072 24.27 14.44+4.7° 32.39
3 274.48+57.522 20.96 0.287+0.092 31.33 13.15+6.3° 48.19
1 206.44+47.272 22.90 0.171+0.052 29.80 8.19+2.62 31.91
Middle 2 174.94+32.972 18.85 0.138+0.052 35.34 7.53+2.32 30.23
3 160.19+60.912 38.02 0.118+0.072 58.67 4.95+2.92 58.44
1 386.29+34.722 8.99 0.365+0.042 11.07 28.21+3.92 13.72
Bottom 2 65.52+11.45° 17.48 0.040+0.01° 27.25 3.09+1.1° 34.09
3 57.47+16.14° 28.10 0.034+0.01° 33.05 1.63+0.6° 38.10

(Data in the table are mean + standard error. Different lowercase letters in the same column indicate that the different treatments were
tested by Turkey's method at the P<0.05 level)

Table 2 shows the droplet deposition parameters of each sampling level, and it is not difficult to find that
the flight speed significantly affects the droplet coverage, droplet density and deposition amount of the same
sampling level, and the trends of droplet coverage and droplet deposition amount of each sampling level
(canopy, middle and bottom) decrease with the increase of the flight speed, and only the droplet density of the
canopy level of sorties 2 and 3 (with the flight speed of 3 m/s and 4.5 m/s) do not conform to this law, but the
values of the two were very close to each other. In the canopy sampling position, the average droplet density
of sortie 1 (flight speed of 1.5 m/s) reached 334.16/cm?, and the extreme difference between the sorties
was 61.11/cm?, but the difference was not significant (P=0.064). Similarly, the droplet densities in the
middle layer were 160.19~206.44 droplets/cm?, which was not significant, but the droplet densities in the
bottom layer were significant, and the droplet density in the bottom layer of flight 1 exceeded the droplet
density in the canopy layer to reach 386.29 droplets/cm?, and the minimum droplet density in the bottom
layer of flight 3 was 57.47 droplets/cm?, which was much smaller than the droplet density in the canopy
layer. The reason for this is that, when the flight speed is small, the downwash airflow reaches the ground
and spreads upward to a certain height, which leads to the obvious difference in the bottom layer data. The
pattern of change of droplet deposition and droplet density of each sortie is generally consistent, the
maximum deposition is in the bottom layer of sortie 1, and the minimum value is in the bottom layer of
sortie 3, which is 0.365 um/cm2 and 0.034 pum/cm?, respectively.

A comprehensive analysis of the data in Table 4 reveals that under the operational treatments in this
study, the difference in the fog droplet deposition effect at flight speeds of 3 m/s and 4.5 m/s is not significant,
but the difference between these two sorties and the fog droplet deposition effect at a flight speed of 1.5 m/s
is more significant. In this study, the coefficient of variation CV value was used to measure the uniformity of
fog droplet deposition among the collection points within the UAV spraying area in the experiment.
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Table 4 shows that the coefficients of variation for droplet deposition, droplet coverage and droplet
density at 1.5 m/s are smaller than those of the other two groups, which indicates that under the operating
conditions of this paper, the droplet deposition effect of the centrifugal spraying system of the maize plant
protection drone is most uniform at a flight speed of 1.5 m/s. The coefficients of variation for droplet density
at the maize crown, middle and lower layers at both the flight speeds of 1.5 and 3 m/s are less than 50%,
which is in line with the provisions of MH/T 1002.1-2016 "Quality Technical Indicators of Agricultural Aerial
Operations Part 1: Spraying Operations" on the uniformity of droplet distribution in constant spraying
operations, and the coefficient of variation of droplet density in the middle layer at a flight speed of 4.5 m/s
was 58.44% slightly higher than the operational standard. Considering the requirements of actual operation
on the efficiency of the UAV and the utilization rate of pesticides, a flight speed of 3 m/s can be considered
for operation in actual operation.

CONCLUSIONS

In this paper, a set of maize plant protection UAV centrifugal spraying system was designed based on
DJI T20 UAV platform, and the performance test of single nozzle and the field test of the droplet distribution
characteristics of the whole system under different flight speeds were carried out. According to the analysis of
the experimental results in this study, the coefficient of variation of fog droplet density in the crown, middle and
lower layers of maize at 1.5 m/s and 3 m/s flight speeds is less than 50%, which is in line with the provisions
of the quality technical indexes of agricultural aerial operations. When the flight speed is 4.5 m/s, the coefficient
of variation of droplet density in its middle layer is 58.44% which is slightly higher than the operation standard,
and the coefficients of variation of the crown and the bottom layer are also in accordance with the regulations.
A flight speed of 3 m/s can be considered for the actual operation.
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ABSTRACT

The intelligent detection of young apple fruits based on deep leaming faced various challenges such as varying
scale sizes and colors similar to the background, which increased the risk of misdetection or missed detection. To
effectively address these issues, a method for young apple fruit detection based on improved YOLOvS5 was proposed
in this paper. Firstly, a young apple fruits dataset was established. Subsequently, a prediction layer was added to the
detection head of the model, and four layers of CA attention mechanism were integrated into the detection neck (Neck).
Additionally, the GIOU function was introduced as the model's loss function to enhance its overall detection
performance. The accuracy on the validation dataset reached 94.6%, with an average precision of 82.2%. Compared
with YOLOv3, YOLOwW4, and the original YOLOV5 detection methods, the accuracy increased by 0.4%, 1.3%, and
4.6% respectively, while the average precision increased by 0.9%, 1.6%, and 1.2% respectively. The experiments
demonstrated that the algorithm effectively recognized young apple fruits in complex scenes while meeting real-time
detection requirements, providing support for intelligent apple orchard management.
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Ky 82. 2%; 5 YOLOV3. YOLOv4 FIIR 4G 1T YOLOVS Fl] 77740, HfEGGFE 3 FEET) 0. 4%, 1. 3% 4. 6% -“FLIpa/%
TIERTF 0. 9%, 1. 6% 1. 2%, i{FUEH, ZHILRETE R E LR R T R TR HE T, BETE 1 AU iR R =5 47
IR, Fg#7 el R B PR L o

INTRODUCTION

China, as the world's largest producer and consumer of apples, played a crucial role in rural revitalization
and increasing farmers' income (Jiang et al., 2023). However, one of the constraints currently faced was the
rising labor cost year by year, especially in the apple industry, which has become an important factor restricting
its development. In apple production, the management of fruits and vegetables served as a crucial link. At
present, it mainly depended on manual labor to complete, but there were problems of high labor intensity and
low production efficiency. Therefore, there was an urgent need to improve the intelligent level of apple fruits
and vegetables management to cope with the challenges of the current industrial development.

Achieving reliable detection and recognition of young apple fruits is crucial for the intelligence of fruit
and vegetable management. In recent years, with the continuous advancement of deep learning technology,
object detection techniques have been widely applied in the agricultural sector (Kamilaris et al., 2018). In the
field of young apple fruit detection, various improved models have emerged successively. Tian et al. optimized
the YOLOv3-based model with DenseNet, significantly improving detection speed to just 0.304 seconds per
frame (Tian et al., 2019). To address the challenge of nighttime fruit detection, Sun et al. optimized the Retina-
PVTv2 model by introducing a gradient-coordination mechanism, leading to a significant improvement in
nighttime fruit detection accuracy (Sun et al., 2022).
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Li et al. focused on addressing the issue of small-sample datasets and proposed an integrated U-Net
segmentation model, which significantly improved the accuracy and generalization ability of image
segmentation, achieving accurate detection of nighttime young apple fruits (Li et al., 2021).

Sun et al. successfully applied the BFP-Net, an FPN layer-optimized model, to the task of detecting
young apple fruits, effectively improving detection accuracy and efficiency (Sun et al., 2022). Wang et al.
proposed an R-FCN young apple fruits detection network capable of detecting small targets with similar
background colors (Wang et al., 2019). Song et al. achieved young apple fruits recognition by adding non-local
modules and squeeze-and-excitation modules to the YOLOv4 model, achieving an average precision of 96.9%
(Song et al., 2021). Jiang et al. added non-local attention mechanisms and convolutional block attention
mechanisms to the YOLOv4 model, enabling efficient recognition under conditions such as high glare,
shadows, blurriness, and severe occlusion (Jiang et al., 2022). Wang et al. improved the YOLOv5s model, achieving
an accuracy of 95.8% in young fruits detection while reducing model load (Wang et al., 2021). Additionally, the
detection of other fruits such as kiwi, green peach, and citrus bears some similarity to young fruits detection.

The above scholars had detected and achieved good detection results for young apple fruits. However,
as far as the detection of young apple fruits was concerned, the problems of smaller target and similar colors
to the background were still the focus of research. Therefore, in this paper, a young apple fruits detection
method based on improved YOLOvV5 was designed to better recognize and distinguish the young fruits from
the background and improve the overall detection performance.

MATERIALS AND METHODS
YOLOV5 algorithm

The YOLOV5 algorithm was mainly composed of four parts: the Input, the Backbone, the Neck and
the Head (Park et al., 2023). The Mosaic data enhancement technology (Bochkovskiy et al., 2020) was used
on the input side, which was able to randomize the size, cropping and alignment of the data set to achieve
more flexible and diverse data processing. The backbone network was the core of YOLOV5s network, which
was mainly used to extract image features for target detection (Arifando et al., 2023). The neck network was
located between the backbone network and the head network, and its function was to extract the features
extracted from the backbone network in a deeper way to improve the robustness of the model. The head
network was the output part of the target detection model and was responsible for target detection using the
previously extracted features. It consists of multiple convolutional and detection layers, where the detection
layer mainly implements the process of target detection.

Due to differences in network depth and width, YOLOV5 has undergone several evolutions, resulting
in various versions, including YOLOv5s, YOLOv5m, YOLOvVSI, and YOLOv5x. Considering the design
requirements of this study and to ensure accuracy, the research was based on the YOLOv5s as the
foundational model, with improvements made using the YOLOv5-6.0 version. Figure 1 illustrates the network
structure diagram of YOLOV5s.

Fig. 1 - Network structure of YOLOv5s
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Improved YOLOV5 algorithm
In this paper, the YOLOvV5 model was improved on top of it. Firstly, a prediction layer was added to
the detection head of the detection model. Secondly, four layers of CA attention mechanism were incorporated
into the detection neck (Neck), and the GIOU function was introduced as the model's loss function to enhance
the overall detection performance. The network structure of the improved model in this study is illustrated in
Figure 2.
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Fig. 2 - Improved network structure
Multi-scale detection head

As could be seen in Figure 1, in the original YOLOV5 model, YOLOV5 detected the target by three
different sizes of prediction layers. If the input size was 608 x 608, the three prediction layer sizes of 19 x 19,
38 x 38, and 76 x 76 were obtained at the time of detection (Carrasco et al., 2021). As the depth of the input
passed to the detection layer gradually increases, the possibility of information loss in the process of passing
the features extracted from the shallow layer to the deeper layer gradually increases, placing higher demands
on the feature extraction capability of the network structure (Changgao et al., 2021). This suggests that the
features extracted in the deeper structure through multiple dimensionality reduction operations may not be
able to adequately express the information of the image, and thus the design of appropriate multi-scale
prediction layers becomes crucial.

The research object of this paper was young apple fruits. Since the size of the near apple fruits was
larger relative to the size of the far ones during the shooting, it was often easy to miss the detection problem
for the small-scale apple fruits. To solve this problem, this paper used multi-scale detection head to add a
shallow prediction layer in the Head network. It was specifically used to detect small-scale young apple fruits.
The improved Head network was shown in Figure 3.
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Fig. 3 - Improved Head network
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Introduction of CA attention mechanisms

The attention mechanism was a widely used technique in current deep learning, endowing models
with the ability to finely select information when processing images. Similar to the attention mechanism in
human vision, this technique enables models to focus on key information within vast amounts of data, thereby
disregarding unnecessary information (Aijun et al., 2022).

At the early stage of the growth of young apple fruits, they might have features that were similar to or
not distinct enough from the background, which added difficulties to the detection. The introduction of CA
(Coordinate attention) attention mechanism (Hou et al., 2021) could enhance the features related to young
apple fruits and automatically select the most representative feature channels, thus improving the accuracy of
recognition. CA attention mechanism improved the robustness of recognition by assigning different weights to
each channel, which enabled the model to adaptively handle these changes (Pham et al., 2023). Compared
with other complex attention mechanisms, CA attention mechanism had lower computational complexity, which
made it more efficient in dealing with real-time or large-scale young apple fruits recognition tasks, and reduced
the consumption of computational resources and time. The specific implementation process is shown in Fig.4.

In this study, CA attention mechanism modules were introduced after each C3 module in the Neck
network to enhance the model's detection accuracy. The improved Neck structure is depicted in Figure 5.
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Note: Input is the input; C is the number of image channels; H is the image height; W is the image width; r is the downsampling
reduction ratio; X Average pool is the horizontal average pooling; Y Average pool is the vertical average pooling; Non-linear is the
nonlinear activation function; Sigmoid is the activation function; Re-weight is the weight acquisition; Output is the output.
Fig. 4 - Schematic diagram of CA attention mechanism module
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Optimizing the loss function

In the original YOLOV5 model, the CIOU loss function (Zheng et al., 2023) was adopted as the
regression loss function of the model. It effectively improved the localization accuracy of the bounding box by
integrating the intersection and concurrency ratio (IOU) between the predicted box and the real box, the center
point distance, with the aspect ratio (Aswal et al., 2023, Zhang et al. 2022). However, in the specific task of
young apple fruits recognition, there might be significant variations in the shape and size of young fruits, which
makes the CIOU loss function show some limitations in terms of stability. In contrast, the GIOU loss function
(Rezatofighi et al., 2019) had higher stability when dealing with targets with large variations in shape and size,
which helped to improve the performance of the model in the task of young apple fruits recognition. Meanwhile,
the GIOU loss function was able to consider the spatial relationship between the bounding boxes more
comprehensively, which helped the model to locate the position of the young apple fruits more accurately.
Therefore, in order to improve the stability of the model, the GIOU loss function was used instead of the CIOU
loss function in this paper.

The GIOU loss function makes the predicted bounding box closer to the real bounding box by
introducing the area of the smallest outer rectangle as a penalty term (Rani, 2021). This design makes the
GIOU loss function perform stably in solving the problem of the degree of bounding box overlap, regardless of
whether the two overlap or not. The GIOU loss function model is shown in Figure 6.

C

A

Fig. 6 - GIOU loss function model
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where: A is the area of the prediction frame; B is the area of the real frame; C is the area of the smallest
rectangle containing the prediction frame A and the real frame B.

RESULTS

Data set preprocessing and evaluation indicators

The image data used in this study were sourced from the apple experimental field at Shandong
Agricultural University, located at approximately 117.12296° E longitude and 36.200713° N latitude. The data
were collected in early May 2023 to ensure their timeliness. Allimages in the datasets were uniformly formatted
as .jpg files with dimensions of 608x608 pixels for ease of subsequent processing. The dataset was annotated
using labelimg software to ensure data quality. In total, there were 7536 images in the dataset, which were divided
into training, validation, and testing sets in an 8:1:1 ratio for model training and performance evaluation purposes.

To validate the effectiveness of the algorithm proposed in this paper, performance evaluation of the

algorithm was conducted using metrics such as Precision (P), Recall (R), Average Precision (AP), and Mean
Average Precision (MAP) (Jubayer et al., 2021, Ye et al., 2023). The following are the formulas used to
calculate these parameters:

TP
P = TP+FP (3)
_ TP
" TP+FN )
AP = [} P(R)dR 5)
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mAP = =YK | AP (i) ®)

where: P denotes accuracy, %; R denotes recall, %; AP denotes average precision, %; mMAP denotes mean
average precision, %; TP denotes the number of correctly detected young apple fruits, pcs; FP denotes the
number of wrongly detected young apple fruits, pcs; FN denotes the number of missed young apple fruits, pcs;

TN denotes the number of detected backgrounds, pcs; K is the number of categories of young apple fruits in
the dataset, pcs.
Training of young apple fruits model

By adding a prediction layer, CA attention mechanism, and optimizing the GIOU loss function to the
YOLOv5s model, the accuracy of the model in identifying young apple fruits was improved. To validate the
proposed detection method, loss curve and accuracy curve of the improved model were plotted. Figure 7(a)
depicted the loss curve during model training. After multiple iterations of training, the loss curve exhibited a
noticeable decreasing trend, stabilizing around 0.025 with increasing iterations and gradually leveling off.
Figure 7(b) illustrated the accuracy curve during model training. At the beginning of training, the recognition
accuracy was relatively low. However, with an increase in the number of iterations, the accuracy gradually
improved and stabilized around 80%. This clearly demonstrated the effectiveness of model training.
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Fig. 7 - Model training Loss, accuracy plot

Improvement program for young apple fruits
In the same experimental environment, eight tests of the improvement scheme were conducted to
evaluate the impact of each improvement module in the YOLOv5 model improved in this paper on the
performance of young apple fruit detection. The experimental results were shown in Table 1, where W
indicates the use of the corresponding module.

Table 1
Test results
Test Predictiv CA GIOU Accura Mean average
number e layer cy (%) precision (%)
(1) 90.0 81.0
2) N 90.2 82.6
(3) N 89.9 82.2
(4) N 92.2 80.9
(5) N N 93.2 82.4
(6) N N 92.1 81.4
@) N N 93.8 82.5
(8) V V V 94.6 82.2

Trial (1) was the trial of the original model, which served as the baseline for the following seven sets
of trial comparisons. Trial (2) was the trial with only the prediction layer added, which improved accuracy by
0.2% and mean average precision by 1.6%. Trial (3) was the trial with only the CA attention mechanism added,
which showed a 0.1% decrease in accuracy but a 1.2% improvement in mean average precision.
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Trial (4) was the trial with only the GIOU loss function introduced, and the accuracy was improved by
2.2%, but the mean average precision decreased by 0.1%. Trial (5) was a trial that added both the prediction
layer and the CA attention mechanism, with the accuracy improved by 3.2% and the mean average precision
improved by 1.4%. Trial (6) was a trial with the addition of both the prediction layer and the introduction of the
GIOU loss function, with the accuracy improved by 2.1% and the mean average precision improved by 0.4%.
Trial (7) was the trial of adding CA attention mechanism and introducing GIOU loss function at the same time,
the accuracy was improved by 3.8%, and the mean average precision was improved by 1.5%. Trial (8) was the trial
of the improved method in this paper, the accuracy was improved by 4.6%, and the mean average precision was
improved by 1.2%. After the ablation test, it was found that all the improvement points and their synergies with
each other positively affected the model and enhanced the detection of young apple fruits. This fully proved
the effectiveness and correctness of the improvement method proposed in this paper, making it advantageous
in the detection task.

Comparison tests of young apple fruits based on improved YOLOv5

Classical detection methods including YOLOvV3, YOLOv4, and YOLOv5 were selected for young
apple fruits detection and compared with the detection method proposed in this paper to validate its superiority
in detecting young apple fruits. The detection results are presented in Table 2.

Table 2
Comparative test results
Detection Models Accuracy (%) Mean average precision (%)
YOLOv3 94.2 81.3
YOLOv4 92.9 80.6
YOLOvV5 90.0 81.0
Methodology of this paper 94.6 82.2

Based on the comparison results in Table 2, it could be seen that the proposed detection method in
this paper improved the accuracy by 0.4% and the mean averaged accuracy by 0.9% over the YOLOv3 model.
Compared with the YOLOv4 model, the accuracy was improved by 1.3% and the mean average precision was
improved by 1.6%. Compared with the original YOLOv5 model, the accuracy was improved by 4.6% and the
mean average precision was improved by 1.2%. In each parameter index, the model in this paper outperforms
the accuracy and mean average accuracy of the YOLOV3, YOLOv4 and YOLOvV5 models.

Validation analysis of apple young fruits visualization based on improved YOLOvV5
Using the same set of test images, YOLOvV3, YOLOv4, YOLOV5, and the model proposed in this paper
were tested and visually analyzed, as shown in Figure 8.
Y92 W —
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Fig. 8 - Comparison of the detection effect of different methods on young apple fruits

In terms of the actual detection effect, the method in this paper showed better detection effect in the
detection of young apple fruits at different distances and with leaves as the background. In contrast, YOLOV3,
YOLOv4 and YOLOV5 had some degree of missed detection and false detection. The method in this paper
could more accurately detect all the young apple fruits and showed higher detection accuracy. In conclusion,
the method in this paper could significantly improve the effectiveness of feature extraction, effectively reduce
the loss of detail information, and it improved the detection accuracy of young apple fruits.

CONCLUSIONS

To address current challenges in young apple fruits detection, such as significant variations in target
sizes and diverse detection environments, in this paper, on the basis of YOLOvV5 model, the prediction layer
and CA attention mechanism were introduced on, and the GIOU loss function was used. It was proved through
experiments that compared with the traditional YOLOV5 algorithm, the improved method proposed in this paper
increased the prediction accuracy by 3.6% and the mean average accuracy by 1.2%. The method could better
realize the detection of young apple fruits in natural scenes.

Although the current method has achieved certain results in young apple fruits detection, there are
still some limitations, such as the single variety and lack of wide applicability. To overcome these limitations,
future work will focus on further improvements, including collecting data from more varieties, optimizing
network models, and addressing detection challenges in complex environments.
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ABSTRACT

This paper explores hydroponic vertical systems as a sustainable solution to modern agricultural challenges,
particularly those posed by climate change. Hydroponics, a method of growing plants without soil using
nutrient-rich water solutions, offers significant advantages over traditional farming. Vertical systems maximize
space efficiency by growing plants in stacked layers, making them ideal for urban environments with limited
space. These systems provide a controlled environment that mitigates the impacts of extreme weather,
ensuring consistent crop production. The paper reviews various hydroponic techniques, including deep water
culture, nutrient film technique, flood and drain, and drip irrigation. It highlights the efficiency of water use in
hydroponics, crucial for areas facing water scarcity. Advanced technologies, such as sensors, automated
nutrient delivery, and LED lighting, are employed to optimise growing conditions, enhance resource use
efficiency, and improve crop yields. LED lights, in particular, offer energy efficiency, customizable spectra, and
low heat output. Mathematical models are used to maximize plant development and resource efficiency,
providing a framework for understanding plant-environment interactions. Despite high initial setup costs and
the need for technical expertise, hydroponic systems present long-term economic and environmental benefits.
This paper underscores hydroponic vertical systems' potential to revolutionize urban agriculture, ensuring food
security and sustainability amidst climate change challenges.

REZUMAT

Aceastéa lucrare exploreazéa sistemele verticale hidroponice ca o solutie durabild la provocaérile agricole
moderne, in special cele generate de schimbdrile climatice. Hidroponia, o0 metoda de cultivare a plantelor fara
sol folosind solutie de apa bogaté in nutrienti, oferd avantaje semnificative fatd de agricultura traditionala.
Sistemele verticale maximizeaza eficienta spatiului prin cresterea plantelor stratificat, facandu-le ideale pentru
mediile urbane cu spatiu limitat. Aceste sisteme oferd un mediu controlat care atenueaza impactul vremii
extreme, asigurand o productie constantéd a culturilor. Lucrarea trece in revista diferite tehnici hidroponice,
inclusiv cultura in apa adénca, tehnica filmului nutritiv, inundarea $i scurgerea si irigarea prin picurare.
Subliniaza eficienta utiliz&rii apei in hidroponie, cruciald pentru zonele care se confrunta cu deficitul de apa.
Tehnologiile avansate, cum ar fi senzorii, livrarea automata a nutrientilor si iluminatul cu LED-uri, sunt folosite
pentru a optimiza conditiile de crestere, a imbunatati eficienta utilizarii resurselor si a imbunéatati randamentul
culturilor. LED-urile, in special, ofera eficientd energeticd, spectre personalizabile si putere termicd scazuta.
Modelele matematice sunt folosite pentru a maximiza dezvoltarea plantelor si eficienta resurselor, oferind un
cadru pentru intelegerea interactiunilor plante-mediu. In ciuda costurilor initiale mari de instalare si a necesitatii
de expertiza tehnica, sistemele hidroponice prezintd beneficii economice si de mediu pe termen lung. Aceasta
lucrare subliniaza potentialul sistemelor verticale hidroponice de a revolutiona agricultura urbanda, asigurénd
securitatea alimentaréa si sustenabilitatea in mijlocul provocdrilor legate de schimbérile climatice.

INTRODUCTION

One of the most important worldwide issues of the twenty-first century is climate change, which has a
significant influence on many industries, including agriculture. Due to agriculture's natural sensitivity to
weather, there are serious threats to global food security as a result of weather patterns becoming more
unpredictable. Climate change has a wide range of consequences on agriculture, including changes in
agricultural production, livestock health, and the occurrence of diseases and pests. For the purpose of creating
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plans to lessen negative effects and guarantee sustainable agricultural practices, it is essential to comprehend
these implications (EI-Ghobashy et al., 2023; FAO, 2016; FAO, 2023a; Stein, 2021).

One of the most direct effects of climate change on agriculture is the alteration in crop yields. Changes
in temperature, precipitation patterns, and the increased frequency of extreme weather events such as
droughts, floods, and heatwaves can severely affect crop productivity. Higher temperatures can accelerate
crop maturation but also reduce the period of grain filling, leading to lower yields. For example, staple crops
like wheat, maize, and rice are highly sensitive to temperature changes, with even slight increases potentially
resulting in significant yield reductions (Lobell et al., 2011). Additionally, altered precipitation patterns can lead
to water stress in some regions, while others may experience excessive rainfall, both of which can negatively
impact crop growth (FAO, 2023b).

The distribution and prevalence of agricultural pests and diseases are influenced by climate change,
potentially leading to increased crop and livestock losses. Warmer temperatures and higher humidity levels
can create favourable conditions for pests and pathogens, resulting in more frequent and severe outbreaks
(Patterson et al., 2015). For instance, the range of the European corn borer, a major pest for maize, is expected
to expand northwards with rising temperatures, affecting areas previously unexposed to this pest. Similarly,
changes in climate can alter the life cycles and population dynamics of many insect vectors, increasing the
spread of plant and animal diseases.

The impacts of climate change on agriculture extend beyond biological effects, encompassing significant
socio-economic dimensions. Reduced agricultural productivity can lead to higher food prices, increased food
insecurity, and livelihood challenges for farmers, particularly in developing countries where agriculture is a
primary source of income (FAO, 2023b). Smallholder farmers are especially vulnerable due to their limited
capacity to adapt to changing conditions and invest in resilient agricultural practices.

Addressing the challenges posed by climate change to agriculture requires comprehensive adaptation
and mitigation strategies. These include developing climate-resilient crop varieties, improving water
management practices, adopting sustainable soil management techniques, and enhancing pest and disease
control measures. Additionally, integrating advanced technologies such as precision agriculture or vertical
farming, which uses data-driven approaches to optimise farming practices, can help mitigate the adverse
effects of climate change (Benke & Tomkis, 2017; Mir et al., 2022).

Hydroponics, the method of growing plants without soil by using nutrient-rich water solutions, offers a
promising solution to combat the adverse effects of climate change on crop production. As climate change
alters weather patterns, increases the frequency of extreme weather events, and affects water availability,
hydroponics provides a controlled environment for agriculture, mitigating many of these challenges (Chang et
al., 2018, Maucieri et al., 2017, Niu & Masabni, 2018).

Vertical hydroponic systems represent a significant innovation in agricultural technology, aimed at
maximizing space efficiency and resource use in plant cultivation. Unlike traditional horizontal farming, these
systems grow plants in vertically stacked layers, which is particularly advantageous in urban environments
with limited space (Avgoustaki & Xydis, 2020; Despomier, 2013; FAO, 2022).

The paper presents a review of the characteristics of hydroponic vertical systems, their advantages and
disadvantages, as well a series of technical solution employed for implementing and operating these systems
and turning them in means of combating climate changes effects on agriculture and supplying fresh food to
the growing population, especially that clustered in urban areas.

MATERIALS AND METHODS

Hydroponic systems are typically housed in greenhouses or indoor environments where conditions such
as temperature, humidity, and light can be tightly controlled. This control protects crops from extreme weather
events like droughts, floods, and storms, which are becoming more frequent due to climate change (Asha et
al., 2023; Tusi & Shimazu, 2021).

Hydroponics allows for continuous crop production throughout the year, regardless of external weather
conditions. This stability is crucial as climate change leads to unpredictable growing seasons and affects
traditional agricultural timelines (Graves, 1983; Sharma et al., 2018).

Hydroponic systems use water more efficiently than traditional soil-based agriculture. Water is
recirculated in a closed-loop system, significantly reducing the amount needed for crop growth. This efficiency
is particularly important as climate change exacerbates water scarcity in many regions (Debnath & Mohiudin,
2020, Zhang et al., 2022).
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In traditional farming, a significant amount of water is lost to evaporation and runoff. Hydroponics
minimizes these losses, ensuring that more water is available for plant uptake, which is critical in areas facing
water shortages (Carotti et al., 2023; Goldammer, 2019).

In hydroponic systems, nutrients are delivered directly to plant roots in a soluble form, ensuring optimal
uptake. This direct delivery can lead to faster growth rates and higher yields compared to traditional farming,
which can be hindered by poor soil quality and nutrient availability affected by climate conditions. The controlled
environment of hydroponic systems reduces the incidence of soil-borne diseases and pests. This reduction
minimizes crop losses and the need for chemical pesticides, which can be harmful to the environment (Gruda, 2020;
Hosseinzadeh et al., 2017; Son et al., 2020).

Hydroponics can be implemented in urban areas, utilizing spaces like rooftops, abandoned buildings,
and vertical farms. This adaptability helps alleviate the pressure on rural agricultural land, which may be
increasingly affected by climate change (Dumitrescu et al., 2022; GVR, 2021).

By decoupling crop production from arable land, hydroponics mitigates the impact of land degradation
caused by climate change. This method ensures food production can continue even as fertile land becomes scarce.

Hydroponic farms can integrate renewable energy sources such as solar or wind power to run their
systems, reducing reliance on fossil fuels and minimizing their carbon footprint. This integration is aligned with
climate change mitigation strategies. These systems also allow precise control over the amount and type of
fertilizers used, reducing the risk of over-fertilization and nutrient runoff, which can contribute to environmental
pollution and greenhouse gas emissions (Aiswarya & Vidhya, 2023; Cristea et al. 2024).

They often use advanced technologies such as sensors, automated nutrient delivery, and data analytics
to monitor and optimise growing conditions. These technologies enhance resource use efficiency and crop
management, making agriculture more resilient to climate variability. Hydroponics can support the growth of a
wide variety of crops, including those that might struggle in changing soil and climate conditions. This diversity
can help stabilize food supply chains impacted by climate change (Asher & Edwards, 1983; Charumathi et al.,
2017; Cho et al., 2017; Hati & Singh, 2021).

Hydroponic systems rely on a variety of technologies to optimise plant growth, improve efficiency and
ensure sustainability (Nguyen et al., 2016).

Irrigation and nutrient delivery systems

Depending on the manner of irrigating and delivering nutrient to the crops, hydroponics is divided in
various types, as follows:

1. Deep water culture

Deep Water Culture (Figure 1) or direct water culture is a type of hydroponic farming method in which
the roots of the plants are continually suspended in nutrient-rich, oxygenated water solution (Sambo et al.,
2019).

Plant Air supply

line

Water ’

solution \{‘\(\,

F3
o) * Airpump

Air stone

Fig. 1 — Deep water culture plant growing
(adapted from Syed et al., 2021)

Deep water culture works in the following manner:

- Areservoir is filled with water — nutrient solution, plants are placed in net pots as such or filled with an
inert substrate (clay pebbles, hydro cocos) and immersed in the water — nutrient mixture;
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- Anair pump and air stone are used to oxygenate the water mixture, ensuring that plant roots receive
adequate oxygen. This prevents roots from rotting and promotes healthy plant growth;

- The water nutrient solution is constantly monitored and adjusted as to maintain the correct pH and
nutrient levels;

- The plants are continuously submerged in the nutrient solution thus allowing them to take up water
and nutrients in an efficient manner.

2. Nutrient Film Technique (NFT)
Nutrient Film Technique — NFT (Figure 2) is a popular hydroponic method that involves a continuous
flow of nutrient-rich water over the roots of plants. This technique is widely used due to its efficiency, simplicity,
and effectiveness in providing nutrients to plants (Guzman-Valvidia et al., 2019).
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Fig. 2 — Nutrient film technique plant growing diagram

Nutrient film technique works in the following manner:

- Plants are places in an inclined channel type growth tray made of inert materials;

- A pump continuously delivers the nutrient-rich water solution from the reservoir to the growth channels;

- The solution flows down the slope inside the growth channel, forming a thin film of nutrient-rich water
that is absorbed by the roots of plants;

- The roots of plants are constantly exposed to air as well to the nutrient solution, thus receiving the
required oxygen for a healthy development;

- After flowing through the growth channels, the excess nutrient solution (that is not absorbed by the
plants) drains back into the reservoir and is recirculated.

3. Flood and drain
Flood and Drain (Figure 3) is a system that involves the periodic flooding and draining of the nutrient
solutions. Basically, there are two phases of its operation. The flood is when the water and nutrients flow the
growing areas, flowing over the plants’ roots, followed by the second phase — draining (Putra & Yuliado, 2015;
Clyde-Smith & Campos, 2023).
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Fig. 3 — Flood and drain technique plant growing
(https:/AMww.trees.com/gardening-and-landscaping/ebb-and-flow-hydroponics)

Flood and drain system works in the following manner:
- Plants are placed in wire pots / mineral substrate in a growth tray with one or multiple openings at
the bottom part, situated above a water tank;
- The water tank is filled with water — nutrient solution and through the means of a pump is distributed
to the grow tray at intervals regulated by a timer;
- After a preset time of flooding the growth tray, the opening (s) of the growth tray allows the excess
water to drain in the reservoir below, thus leaving the plants with the ability to intake oxygen through
the roots;
- After a preset time, the flooding process resumes, followed again by draining of the growth trays in
the determined cycle.

4. Drip irrigation
Drip irrigation (Figure 4) is a type of micro-irrigation system that has the potential to save water and
nutrients by allowing water to drip slowly to the roots of plants, either from above the substrate surface or
buried below the surface (Perez et al., 2024).

Plant
\ Substrate

Emitter

' ‘ ‘ n Plant pot
Grow tray __, h

. «—Excess solution outlet

Excess water-
nutrient solution

Water-nutrient solution
Tank—
Pump

. — Control unit

Fig. 4 — Flood and drain technique plant growing
(adapted from https://hydroplanner.com/blog/hydroponics-drip-system-EN)

Drip irrigation hydroponic systems work in the following manner:

- Plants are placed in individual containers or in a larger growth tray, supported by a growing medium
(substrate) such as clay pebbles, coco coir, perlite, or rock wool.

- A tank is filled with the nutrient-rich water solution.

- A water pump is used to transport the nutrient solution from the reservoir to the plants.
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- A network of hoses and drip emitters deliver the nutrient solution directly to the base of each plant.

- An automation system is used to control the pump, ensuring the nutrient solution is delivered at regular
intervals.

- The excess water-nutrient solution is collected back in the reservoir.

Lighting systems

Lighting systems for hydroponics are a critical component of indoor gardening and plant cultivation,
enabling growers to simulate natural sunlight and provide the necessary light spectrum for photosynthesis. In
hydroponics, where plants are grown without soil, optimizing light conditions is essential to promote healthy
growth, flowering, and fruiting. These artificial lighting systems replicate the sun’s intensity and spectrum,
allowing plants to grow indoors all year-round, regardless of outdoor weather conditions. Different types of
growth lights (Figure 5), such as fluorescent, high-intensity discharge (HID), and light-emitting diode (LED)
lights, are used to meet the specific needs of various plant species and growth stages. Fluorescent lights are
often favoured for seedlings and leafy greens due to their lower intensity and cooler operation, while HID lights,
including metal halide (MH) and high-pressure sodium (HPS), offer higher intensity suitable for larger, flowering
plants (Arcel et al., 2021; Avgoustaki & Xydis, 2021; Bures et al., 2018; Jager, 2024; Smith, 1982).

c)
Fig. 5 — Growth lights used for hydroponic systems
a) — fluorescent lights (https.//www.hydrocentre.com), b) — HID lights (htfps://www.nosoilsolutions.com/),
c) — LED lights (https.//www.sananbiofarm.com/; https://marshydro.eu/)

LED lights have become increasingly popular in recent years due to their energy efficiency, long lifespan,
and customizable light spectrum, which can be tailored to the precise needs of the plants. Properly managing
the duration, intensity, and spectrum of light ensures that hydroponic plants receive optimal conditions to
maximize growth and yields, making lighting systems a pivotal factor in the success of hydroponic gardening
(Jin et al., 2023; Matysiak et al., 2021; Najera et al., 2022; Sellaro et al., 2010).

The advantages of using LED lights in hydroponic systems are listed as follows (Lobiuc et al., 2017;
Pennisi et al., 2019; Phum et al., 2024; Tharun & Padmasine, 2023):

o Energy efficiency - LED lights are highly energy-efficient compared to traditional lighting systems
such as fluorescent and high-intensity discharge (HID) lights. They consume less electricity while
providing the same or even higher levels of light output, resulting in lower energy bills and reduced
environmental impact.

e Long lifespan - LED lights have a significantly longer lifespan than other types of grow lights. They
can last up to 50,000 hours or more, which means fewer replacements and lower maintenance costs
over time.

e Customizable light spectrum - LED lights can be engineered to emit specific wavelengths of light
that are most beneficial for plant growth. This allows growers to tailor the light spectrum to the needs
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of their plants at different growth stages, optimizing photosynthesis and improving overall plant health
and yields.

Low heat output - LED lights produce much less heat compared to HID and fluorescent lights. This
reduces the risk of heat stress and burn damage to plants, allowing the lights to be placed closer to
the plants. Additionally, lower heat output minimizes the need for additional cooling systems, saving
on energy costs.

Compact and flexible design - LED grow lights are available in a variety of shapes and sizes, making
them adaptable to different growing spaces. Their compact and flexible design makes it easier to install
them in tight or uniquely shaped areas, maximizing the use of available space.

Improved growth and yields - Due to their ability to provide a tailored light spectrum, LED lights can
enhance plant growth, improve flowering and fruiting, and increase yields. The precise control over
light wavelengths ensures that plants receive the optimal light conditions for each stage of growth.
Durability and safety - LED lights are more durable and robust compared to other lighting options.
They are less prone to breakage and can withstand environmental fluctuations better. Additionally,
they do not contain harmful substances like mercury, making them safer for both the grower and the
environment.

Instant On/Off - LED lights reach full brightness instantly, unlike some HID lights that require a warm-
up period. This instant on/off capability is beneficial for controlling light cycles precisely, which is
important for maintaining consistent growth conditions.

Lower light degradation - LEDs maintain their light output over a longer period, experiencing less
degradation compared to other types of grow lights. This means that the intensity and quality of light
remain more consistent, contributing to stable and reliable plant growth.

Long-term cost-effectiveness - Although the initial investment for LED lights may be higher than for
other types of grow lights, their energy efficiency, long lifespan, and lower maintenance costs make
them a more cost-effective option in the long term.

The disadvantaged of using LED lights in hydroponic systems are considered as follows (Naz et al.,

2021; Phum et al., 2024; Tharun & Padmasine, 2023):

Initial Cost - LED lights generally have a higher upfront cost compared to other types of grow lights
like fluorescent and HID lights. This initial investment can be a significant barrier for small-scale
growers or those new to hydroponics.

Light Intensity - Although LED technology has improved, some LED grow lights may not provide the
same level of light intensity as high-intensity discharge (HID) lights. This can be a disadvantage for
plants that require very high light levels, such as some fruiting and flowering plants.

Spectrum Limitations - Not all LED lights offer a full-spectrum light that mimics natural sunlight. Some
cheaper models may provide a narrow spectrum that isn't suitable for all stages of plant growth.
Ensuring that the LED lights cover the necessary wavelengths for photosynthesis and development is
crucial, which can be challenging with lower-quality products.

Heat Distribution - While LED lights produce less heat than HID lights, the heat they do generate is
often concentrated in a smaller area. Without proper heat sinks or cooling systems, this can potentially
cause localized heating issues, affecting plant health if the lights are placed too close.

Complexity in Selection - The market for LED grow lights is vast, with many different models and
specifications. Choosing the right LED light can be complex and confusing, especially for beginners.
The need to understand specifications such as light spectrum, intensity, and coverage area can be
overwhelming.

Lifespan Variability - Although LEDs have a long lifespan, their actual longevity can vary significantly
based on the quality of the components and manufacturing. Poor-quality LEDs may degrade faster,
leading to reduced light output over time.

Electrical Requirements - High-power LED systems can require specific electrical setups, such as
additional wiring or circuit adjustments, to handle their power needs safely and efficiently. This can add
to the installation complexity and cost.

Limited Penetration - LED lights often have less light penetration compared to HID lights. This means
that the light may not reach the lower parts of larger plants effectively, potentially impacting the growth
of lower leaves and branches.
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o Potential for Over-Saturation - LED lights can sometimes provide too much light in specific
wavelengths, leading to issues like light bleaching or nutrient imbalances. Plants may develop
symptoms of overexposure if the light intensity and spectrum are not carefully managed.

o Dependence on Technology - LED systems rely on electronic components and sophisticated
technology, which can sometimes lead to issues with reliability and the need for technical support.
Problems with drivers, diodes, or other electronic parts can necessitate repairs or replacements, which
can be costly and time-consuming.

RESULTS

Developing and using mathematical models in hydroponic systems has become essential for maximising
plant development, resource efficiency, and environmental control. To attain optimal efficiency and yield,
hydroponic farming needs careful management over a number of parameters. A foundation for comprehending
and forecasting the intricate relationships between plant physiology and environmental variables is provided
by mathematical models. These models include kinetic models that depict rates of nutrient intake as well as
dynamic and eco-physiological models that mimic the time-dependent behaviour of plant growth and
interactions with the environment.

Dynamic models can be used to determine the optimal root zone temperature (RZT) for different growth
stages, ensuring that plants receive the right amount of nutrients and water throughout their lifecycle. Eco-
physiological models help in understanding how plants respond to changes in nutrient availability, temperature,
and other environmental factors, which is essential for optimizing nutrient formulations and irrigation schedules.
The use of Atrtificial Neural Networks (ANNs) and machine learning techniques has further enhanced the
modelling of hydroponic systems by enabling the prediction of plant growth and yield based on historical data
and current environmental conditions. These models are particularly effective in handling non-linear
relationships and can adapt to new data, making them suitable for the dynamic environments of hydroponic
farming.

Below are presented a series of mathematical models that contribute to the various approaches of
estimating and controlling plant growth using hydroponic systems.

1. Dynamic response of plant growth (Aji et al., 2020)

WR(t) = 5=, [%] &)

This model determines the response of plant growth (WRt) measuring the sensitivity of changes in plant
weight (AW, [qg]) in relation to the change in time (4t, [d]).

The Dynamic Response of Plant Growth model, represented by Equation (1), quantifies the sensitivity
of plant growth in response to changes in environmental conditions over time. This model is pivotal for
predicting how plants will respond to varying nutrient levels and environmental factors, enabling precise
adjustments to optimise growth rates. By measuring the change in plant weight over time, this model helps in
identifying the most effective growth conditions and allows for dynamic adjustments to maintain optimal growth.

2. lon concentration in the culture crop solution model (Carmassi et al., 2004)
U=VXCn_1+VRXCR_VXCn,[mmO|] (2)

This model derives from the balance equation for nutrient by the plants (U) over the period between n
and n-1 [days]. V is the volume of the system [l], C is the total ionic concentration of the nutrient solution [mM]
and Vg [I] and Cr [mM] represent the volume and ionic concentration of the nutrient solution added to the
system in a given interval.

The model depicted in Equation (2) focuses on the nutrient balance within the hydroponic solution. This
model ensures that plants receive the appropriate levels of nutrients by monitoring and adjusting the ionic
concentration of the solution. The accurate management of nutrient levels is crucial for preventing deficiencies
and toxicities, which can significantly impact plant health and yield. This model helps in maintaining a stable
nutrient environment, which is essential for the continuous and healthy growth of plants in hydroponic systems.
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3. Mathematical model for monitoring carbon dioxide concentration (Laktionov et al., 2018)
0 — 0lEy — @lo, =0 [ppm] 3)

where ¢zg." is the amount of carbon dioxide the enters the system; <p55’2” is the amount of carbon dioxide lost

from the system through ventilation and <p§’gft is the amount of carbon dioxide consumed by the plants through

photosynthesis.

This model is based on the distribution of carbon dioxide occurring in two simultaneous processes: the
movement on CO2 in an opposite direction compared to the concentration gradient and the movement caused
by air currents. Carbon dioxide is a critical component of photosynthesis, and its optimal concentration can
significantly influence plant growth. This model accounts for the carbon dioxide entering the system, losses
due to ventilation, and consumption by plants. By ensuring a balanced carbon dioxide level, this model
supports the enhancement of photosynthetic efficiency and overall plant productivity.

4. Computational fluid dynamics techniques model (Rezvani et al., 2021)
2D 4 v x 0up) = V x (I'Vh) + S, (4)

where p is the density (kg m3), tis time, V is divergence operator, and ¢ represents the concentration of the
dimensionless transported quantity (momentum, mass, anergy), u# (m s1) is the component of the velocity
vector, " represents the diffusion coefficient (m?s?) and Sy is the source term indicating the changes in the
amount of manner in the transfer.

This model is essential for understanding the distribution and flow of the nutrient solution, which directly
affects nutrient availability to plant roots. By modelling the movement and concentration of the solution, this
approach helps in designing efficient delivery systems that ensure uniform nutrient distribution and prevent
issues such as stagnation or uneven nutrient uptake.

5. Water uptake model (WUS) (Lopez Mora et al., 2024)
ET, = [0.408A(R,, — G) + 37u,y(es — eg) X (T + 273)7*][A + y(1 + u,C,)] 7%, [mmh?] (5)

where: A [KPA x C°1] represents the slope of the relationship between the saturation vapor pressure and
temperature; R, and G [MJIm-2h1] represent the net variation at crop surface, respectively substrate heat flux
at substrate surface; y [KPAC°?] represents the psychometric constant; U, [ms™] is the average hourly wind
speed; es-e, [KPa] is the air's vapour pressure deficit; T [°C] is the hourly temperature of the air; Cq [sm]
represents the day and night factor (0.24 for day hours and 0.96 for night hours).

This model is used to calculate crop Evapotranspiration (ET,) in hourly periods [mmh-1] and incorporates
various environmental factors such as temperature, wind speed, and vapor pressure deficit to calculate the
hourly water uptake by plants. By optimizing water use, this model supports sustainable practices in hydroponic
farming, which is particularly important in regions facing water scarcity.

These mathematical models collectively contribute to the precision and efficiency of hydroponic
systems. By enabling detailed monitoring and control of various factors affecting plant growth, they support
the development of more resilient and productive agricultural practices. The integration of these models with
advanced technologies such as sensors and automation further enhance their applicability, making hydroponic
systems a viable solution for sustainable agriculture in the face of climate change.

The implementation of hydroponic systems in agriculture presents a myriad of advantages and challenges.

As the agricultural industry seeks sustainable and efficient methods to address the growing concerns of climate
change and food security, hydroponic systems offer a promising solution (Lubna et al., 2022; Magwaza et al.,
2020; Sarkar & Majumer, 2015).
Table 1 outlines the numerous benefits of hydroponic systems, such as controlled environment agriculture,
efficient water use, and enhanced crop yields. Conversely, Table 2 highlights the potential drawbacks associated
with these systems, including high initial setup costs and the need for technical expertise. Together, these tables
offer a balanced view of the hydroponic approach, supported by recent literature, and aid in evaluating its viability
for future agricultural practices.
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Table 1
Advantages of hydroponic systems

Advantage References
Controlled Environment Agriculture Al-Kodmany, 2018; Kozai, 2018; Kumar & Singh, 2024
Efficient Water Use Park & Williams, (2024); Savwvas, 2003; Kozai, 2018; Verdoliva et al.,

2021; Zimmermann & Fisher, 2020; Clyde-Smith & Campos, 2023

Enhanced Crop Growth and Yield Butt, 2010; Etesami et al., 2023; Kozai, 2018;
Adaptability to Urban and Unconventional Spaces | Al-Kodmany, 2018; Despommier, 2010; Richa et al., 2020
Energy and Resource Efficiency Graamans et al., 2018; Kozai, 2018; van Straten et al., 2011
Innovative Crop Management van Straten et al., 2011
Reduced Need for Chemical Pesticides Jones, 2014; Resh, 2012; Velazquez-Gonzalez et al., 2022
Consistent and Predictable Crop Production Butturini & Marcelis, 2019; Kozai, 2018
Reduced Land Use Al-Kodmany, 2018; Despommier, 2010; Van Delden et al., 2021
Potential for Higher Nutritional Quality Barbosa et al., 2015; Pantanella et al., 2012

Table 2
Disadvantages of hydroponic systems
Disadvantage References
High Initial Setup Costs Kozai, 2018; Resh, 2012; van Tuiji et al., 2018
Technical Expertise Required Delaide et al., 2016; Jones, 2014; Resh, 2012
Dependency on Electricity Graamans et al., 2018; Kozai, 2018; Promratrak L., 2017
Potential for Waterborne Diseases Jones, 2014; Savvas, 2003; van Tuiji et al., 2018

Graamans et al., 2018; Promratrak L., 2017; van Straten et al., 2011;

High Energy Consumption Velazquez-Gonzalez et al., 2022; Xydis et al., 2017

Limited Crop Variety Barbosa et al., 2015; Butt, 2010; Promratrak L., 2017

Continuous Monitoring Needed Jones, 2014; Resh, 2012; van Tuiji et al., 2018

System Failures Can Be Catastrophic Butt, 2010; Delaide et al., 2016; Jones, 2014

Limited Organic Certification Butturini & Marcelis, 2019; Delaide et al., 2016; Resh, 2012;

Nutrient Solution Management Jones, 2014; Promratrak L., 2017; Savvas, 2003; Van Delden et al., 2021
Limited Scalability for Certain Crops Butt, 2010; Promratrak L., 2017

High Initial Learning Curve Delaide et al., 2016; Jones, 2014; Resh, 2012

Need for High-Quality Water Savvas, 2003; van Tuiji et al., 2018

High Operational Costs Graamans et al., 2018; Kozai, 2018

In summary, hydroponic systems present a transformative approach to modern agriculture, offering
substantial benefits such as efficient water use, enhanced crop yields, adaptability to urban environments, and
reduced need for chemical pesticides, as highlighted in Table 1. However, these advantages come with notable
challenges, as detailed in Table 2, including high initial setup costs, the requirement for technical expertise,
and dependency on electricity. By weighing these pros and cons, stakeholders can make informed decisions
about implementing hydroponic systems. This balanced perspective underscores the potential of hydroponics
to contribute to sustainable and resilient agricultural practices, particularly in the face of global challenges like
climate change and urbanization.

CONCLUSIONS

By analysing hydroponic vertical systems, the following conclusions can be drawn:

- the implementation of hydroponic vertical systems offers a significant solution to the challenges
posed by climate change on traditional agriculture. These systems provide a controlled environment that
shields crops from extreme weather events, ensuring stable crop production irrespective of external climatic
conditions;

- hydroponic systems utilize water more efficiently compared to conventional soil-based agriculture.
by recirculating water in a closed-loop system, these systems significantly reduce water usage, making them
particularly beneficial in regions facing water scarcity. This efficient water use is crucial as climate change
exacerbates water shortages globally;
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- the direct delivery of nutrients to plant roots in hydroponic systems ensures optimal nutrient uptake,
leading to faster growth rates and higher yields. The controlled environment minimizes the occurrence of soil-
borne diseases and pests, reducing the need for chemical pesticides and promoting healthier crop production;

- vertical hydroponic systems maximize space utilization by growing plants in vertically stacked layers.
This innovation is especially advantageous in urban environments where space is limited, contributing to urban
agriculture and reducing pressure on rural agricultural lands;

- these systems can integrate renewable energy sources such as solar or wind power, reducing
reliance on fossil fuels and minimizing their carbon footprint. This integration aligns with global climate change
mitigation strategies and promotes sustainable agricultural practices;

- hydroponic systems employ advanced technologies such as sensors, automated nutrient delivery,
and data analytics to monitor and optimise growing conditions. These technologies enhance resource use
efficiency, making agriculture more resilient to climate variability and improving overall productivity;

- the development and use of mathematical models in hydroponic systems are essential for
maximizing plant development and resource efficiency. These models help in understanding and predicting
the complex interactions between plant physiology and environmental variables, leading to better management
practices and higher yields;

- the use of LED lights in hydroponic systems offers several advantages, including energy efficiency,
customizable light spectra, and low heat output. LED lights can be tailored to meet the specific needs of
different plant species and growth stages, ensuring optimal growth conditions and improving crop yields;

- despite the high initial setup costs, hydroponic systems are cost-effective in the long term due to
their efficiency and reduced operational costs. The precise control over growing conditions results in consistent
and predictable crop production, contributing to food security;

- by minimizing water and nutrient runoff, hydroponic systems reduce environmental pollution.
Additionally, the reduced need for chemical pesticides and fertilizers lessens the impact on surrounding
ecosystems, promoting more sustainable agricultural practices;

- the adoption of hydroponic systems faces several challenges, including the need for technical
expertise, continuous monitoring, and high initial setup costs. Addressing these challenges requires investment
in education and training, as well as support from governmental and non-governmental organizations to
promote the adoption of hydroponic farming;

- hydroponic vertical systems hold great potential for the future of agriculture, particularly in urban
areas. as technology advances and becomes more accessible, these systems are likely to play a critical role
in ensuring food security and sustainability in the face of climate change.
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ABSTRACT

A small-scale paddy rice transplanter for hilly and mountainous areas faces issues such as few suitable
machines, poor transplanting results, and low adaptability and efficiency of large transplanters in small fields.
To address these problems, a four-row small-scale paddy rice transplanter was designed, driven by an engine
with chain transmission. The machine structure mainly consists of a frame, engine, paddy field wheels,
seedling tray, transplanting mechanism, reversing gearbox, and electromagnetic clutch, with a total weight of
only 50 kg, facilitating transportation and operation. MATLAB was used for kinematic simulation and analysis
of the transplanting mechanism, plotting displacement diagrams of the seedling needles and motion
characteristic curves of the transplanting mechanism. ANSYS software was employed for finite element
analysis of key components to ensure they meet operational requirements. Experimental studies were
conducted with transplanting speed as the experimental factor, using floating rate and missing insertion rate
as test indicators. Results showed that under specified transplanting conditions, the floating rate stabilized at
around 2.9% and the missing insertion rate at approximately 4.8%. These findings indicate that the designed
small-scale transplanter can effectively meet the requirements for rice transplanting operations in hilly areas.

BE

FIXT LB L X/ B R K FEFAIENIR ), TR, A EIERYI /A E M ZE,. HERE
(A&, #il T — 1T/ K ERY, RAL VI EY], st ezh. BYIEHEEBYIIE. X508, K
H3#. BEFIGERYI., Bl EHSTAERESBSHR, BYRERE 50kg, HEZESEW. FIH
MATLAB Xt 7ERFI AT GBI, HIRFEL #H BT 59 (L B G BRYIHH9E 5045 1E #h %, FI/F ANSYS
XS KB EH T HIRITT AT, FRATE B FaS B E T ELR, LOEREFGIEE IRk, G
VI HEE IR ZE, ATk, FEERYFEETEENERIEVR, ERERAZEF 29% L4,
TIEEBEAFE AN L, HRFH, Frikif 49/ G By 68 B E A HE frBEH X YK A RLEN .

INTRODUCTION

As one of the essential food crops for human beings, rice has a relatively long history of cultivation and
consumption, and more than half of the world’s population consumes rice. China is the country with the most
extended history of rice cultivation in the world, planting rice as early as six or seven thousand years ago, and
is currently the world’s first rice-producing country (Cai et al., 2017; Lou et al., 2020; Hafijur et al., 2022). In
recent years, with the development of agricultural mechanization, rice transplanter has gradually replaced the
traditional manual planting method (Chen et al., 2022; Li et al., 2022; Yang et al., 2024). Compared with
artificial planting, mechanized rice trans-planting can better control plant spacing and transplanting depth,
which is conducive to the growth and management of seedlings in the later stage, and ensures both trans-
planting efficiency and quality (Fu et al., 2023; Hu et al., 2024; Kumar et al., 2023).

Hilly areas have complex terrain, fragmented fields, significant height differences, in-convenient road
access, centralized large-scale production organization difficulties, agricultural machinery and agronomic
technology mismatches, and the existing rice trans-planting equipment can’t meet the high-speed development
of large-area mechanized rice production in hilly areas. Therefore, there is a need for more customized small
rice transplanting machines that adapt to the characteristics of hilly terrace fields.

Hao Wang, Assistant Engineer; Xiaobo Zhou, Senior Agronomist; Xiayu Wu, Engineer;
Yuling Dan, Assistant Engineer; Hongchun Chu, Senior Agronomist; Jin Chen, Senior Engineer;

110


mailto:zhouxb79@163.com

Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

In 2022, Li et al. designed a small impeller energy-taking rice transplanter in a labor-saving operation,
carried out a detailed optimization design for the transplanting mechanism of the box mechanism, and
analyzed and evaluated the key components by using finite element simulation (Li et al., 2022). In 2022, Mao
G. et al. carried out a comparative field experiment between a light and simple rice transplanter and a small-
scale direct seeding rice transplanter in hilly mountainous areas, and concluded that light and simple rice
transplanter and small-scale rice direct seeding machine can’t meet the high-speed development of large-
scale mechanized rice production in hilly terrace fields using the structure of the machine, the production
efficiency, and the rice yield of three aspects. Comparison and analysis of light type rice transplanter is more
suitable for rice cultivation in hilly mountainous areas (Mao et al., 2022).

In this paper, given the dilemma of rice transplanter in hilly areas facing no “excellent machine” available,
a 2Z2Qs-4 four-row small rice transplanter is designed to provide reference and reference for the design of rice
transplanter in hilly areas.

MATERIAL AND METHODS
STRUCTURAL DESIGN
The overall structure and working principle

The overall structure of the 2ZQS-4 rice transplanter is shown in Fig.1A. It mainly consists of frame 1,
engine 2, paddy wheel 3, transmission system 4, seedling tray 5 and rice transplanter mechanism 6. When
working in the field, the rice transplanter power is provided by engine 2, the engine output power is transmitted
to the paddy wheel 3 through the commutation reducer, and the axle transmits the power synchronously to the
rear rice seedling plate 5 and the transplanting mechanism 6 through the commutation reducer to ensure that
the rice transplanter realizes the synchronization of the power during the operation. The rice-planting
mechanism adopts a crank-rocker type mechanism, and the input and output end of the paddy wheel axle are
respectively equipped with electromagnetic clutches, which control the rice-planting and travelling operations
of the rice-planting machine through the clutches.

Because the operation process of rice transplanter is more complicated, the rice transplanting operation
needs the forward speed, the left and right moving speed of the seedling box and the rotary movement of the
rice transplanting mechanism to cooperate with each other in order to accurately and correctly take down the
seedlings and insert them into the paddy field, so all the parts of the whole machine’s power are supplied by
the gasoline engine, and the operation of the rice transplanter is controlled by the ratio between the reducer
and the transmission chain (Xu et al., 2022; Zhu et al., 2023). Moreover, the seedling needles are fastened to
the seedling needle holder by bolts so that the depth of rice transplanting can be adjusted, and the
corresponding tilt angle of the seedling needle holder can be adjusted to ensure that the needles can pick up
the rice seedlings smoothly. The three-dimensional model diagram of the rice transplanter is shown in Fig. 1B.

(A) Schematic diagram (B) 3-D model diagram

Fig. 1 — The overall structure of 2ZQS-4 rice transplanter
1-frame; 2-engine; 3-paddy wheel; 4-transmission system; 5-rice paddy; 6-rice transplanter mechanism.

The transmission system design

The transmission system of the 2ZQS-4 rice transplanter as a whole is shown in Fig. 2, which mainly
consists of an engine, reversing reducer, transmission sprocket, transmission shaft, electromagnetic clutch,
etc.
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The power of the whole machine is provided by engine 8, and the power of the rice transplanter is
matched with each other in terms of the forward movement of the rice transplanter, the movement of the
seedling box, and the operation of the rice transplanting mechanism, so as to ensure that the rice transplanter
can pick up the rice seedlings smoothly in its operation, and that the transplanting distance of the rice seedlings
is 150 mm.

XPOSFR XXX XX XXX XA

[ 7 1
Q/ 1 8§ 9/ 10/ 1 12
Fig. 2 —-2ZQS-4 rice transplanter transmission system schematic diagram
1-Paddy wheel; 2-Electromagnetic clutch; 3-Wheel shaft; 4-Sprocket; 5-Reversing reducer; 6-Electromagnetic clutch;
7-Reversing reducer; 8-Engine; 9-Seedling box; 10-Main drive shaft; 11-Transplanting mechanism drive shaft;
12-Reversing reducer; 13-Sprocket; 14-Transplanting mechanism.

In order to make the rice transplanter work smoothly in the deep mud foot field, the design of its wheel
diameter is 800 mm, then the rice transplanter wheel rotates for one week, and the forward displacement of
the machine S calculation formula is shown in the equation (1).

S=xD )
It was calculated that S=2513.27 mm.
There is a slight loss in transmission efficiency because the wheel slips in the paddy field, and the power
is transmitted to the crank of the rice-planting mechanism through the reducer and chain (Cai et al., 2012;
Kumar et al., 2021). So, the wheel rotates for one week, and the number of rice transplanting times M is
calculated as shown in equation (2).
m =1 @
N
where: M - Number of rice planting, (times);
H -Total efficiency, (n=80%);
N - plant spacing, (N=150 mm);
Calculated M = 13. That is, the wheel rotates for one week, the rice transplanter inserts seedlings 13
times, and the forward speed of the rice transplanter is set at 0.5 m/s, then the crank rotation speed of the rice
transplanter mechanism can be obtained as 3.25 r/s.

Main technical parameters
The main technical parameters of the rice transplanter are shown in Table 1.

Table 1
Main technical parameters of 2ZQS-4 rice transplanter
Parameter Name Parameter Value
Model 2Z2Qs-4
Rated engine power/(kW) 3.3
Rated engine speed/(r/min) 3600
Overall dimensions (LxWxH)/(mm) 1500%x1200%1200
Operating speed/(m/s) 0.25~0.75
Number of rice-planting rows/(row) 4
Diameter of paddy wheel/(mm) 800
Row spacing/(mm) 300
Plant spacing/(mm) 150
Transplanting box length/(mm) 600
Transplanting mechanism type Crank Rocker
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KINEMATICS SIMULATION ANALYSIS OF RICE TRANSPLANTER MECHANISM

The mathematical model

The principle of the rice-planting mechanism is shown in Fig. 3, the crank AD rotates around the rotary
center A, the rocker BC is hinged on the frame AB, the connecting rod CD is hinged on BC and AD respectively,
the seedling needle EF is fixed on the connecting rod CD. The CDEF forms a fixed quadrilateral structure, and
the tip of the seedling needle is the F point. When working, the crank rotates around point A uniformly, driving

the seedling needle to realize the seedling picking and inserting operation.
195

158

Fig. 3 — Schematic diagram of rice-planting mechanism

The closed-loop vector diagram of the rice planting mechanism is shown in Fig. 4, and the right-handed
right-angle coordinate system is established with the crank rotation center as the coordinate origin.

Fig. 4 — Closed-loop vector diagram of rice-planting mechanism

Establish the vector equation of the mechanism, as shown in equation (3).
L+, =1+, ©)
Decomposing the above vector equation into x and y coordinate axes gives the displacement equation,
as shown in equation (4).

{I1c056?1+l4c03¢94:I2c056’2+l3cos¢93} @
. . . . 4
l,sing, +1,sin6, =1,sin 6, +1,sin 6,

Derivation of the above displacement equation concerning time yields the velocity equation, the matrix
form of which is given in equation (5).

—lsing, 1,sin6, ||, | | I,sin6,0, .
l,cosd, -l,cos6, ]| w,| |-,cos6,w, ©
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Derivation of the velocity equation concerning time yields the acceleration equation, the matrix form of
which is given in equation (6).

—lsing,  1,sin6, |l ag| | 1,sin6,a, +1,c080,0; +1;c0s 0,05 —, cosb,; ©
l,cos8, -l,cos0, ||, | |-l,cos6,a,+],sin 6,0 +1,sin O’ —1,sin O,w;
The displacement equation for point F of the seedling tip is shown in equation (7).
{XF =Ilcosel+l4cos«94+lsc0305} -
Y =1,sing, +1,sin6, +1,sing;
Derivation of the displacement equation gives its velocity equation, as shown in equation (8).
, . .
X'=-l,sin6,m, -, sin G,m,
Y' =1, cos6,m, +1, cos A ®
=1, cos6,m, +, cos b,m,
Derivation of the velocity equation gives its acceleration equation, as shown in equation (9).
X" =, cos8,a; —1,sinb,a, +1, cos O,a? -1, sinG,a o
" H 2 H 2
Y"=-l,sin6,m, +1,cosb,a, -, sin a5 +1, cosb,a,
From the above schematic and vector diagram:
6, =—(180°— (6, -19°)) (10)

Simulation Model
The Simulink kinematic simulation model is established based on the above mathematical modelling
program, as shown in Fig. 5. The simulation initial condition table is shown in Table 2 (Kumar et al., 2022; Li, 2024).

: Time
Xf |
@ 1 1 1 Interpreted X
A2 s s MATLAB Fen Yf
P Omega2 Theta2 isplacement equation at Theta2
o
N ‘ Omega3
1 1 ‘ Theta3
s Ls | F_ -
Alpha3 Omega3 Theta3 Xf-dot |
Interpreted — - " Interpreted Yidor
MATLAB Fen Alohad T | MATLAB Fen ~do
\cceleration equation P ‘ ‘ | Velocity equation at F Theatd
1 J I I Omensd
5 s mega:
Omega4d Thetad ‘ Xf-ddot
| ‘ ‘ ] Yf-ddot |
1 I Interpreted
‘ MATLAB Fen
| JAcceleration equation at F
J

Fig. 5 — Simulink simulation model diagram

Table 2
Simulation initial condition table
Parameter Name Parameter Value
I,/ (mm) 205
I,/ (mm) 30
I,/ (mm) 168
I,/ (mm) 70
I,/ (mm) 254
6, 1 (rad) 2.8274
6,/ (rad) -1.1694
6,/ (rad) 2.9322
6,/ (rad) -0.9076
w,! (rad/s) -20.42
w,! (rad/s) 1.4682
o,/ (rad/s) -11.1526
Machine forward 05
speed / (m/s)
Simulation time / (S) 1
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RESULTS
Simulation results and analysis

Through simulation, the displacement of the tip of the seedling needle at point F is shown in Fig. 6A.
The seedling needle does regular periodic movement, and basically becomes parallel with the seedling tray
when picking up seedlings at the front end so as to avoid injuring seedlings to the maximum extent. To
effectively insert seedlings into the ground and lower the rate of drifting and floating seedlings, the seedling
needle must be essentially in a vertical position after being picked up (Ma, 2023).

From the simulation results, the horizontal and vertical velocity change rule of the rice-planting
mechanism is shown in Fig. 6B and Fig. 6C. The velocity change range of the horizontal direction is -
0.44m/s~0.60m/s, and the velocity change range of the vertical direction is -0.94m/s~0.87m/s. The rice-
planting mechanism’s motion is a stable periodic simple harmonic motion.

From the simulation results, the acceleration change rule of the horizontal and vertical direction of the
rice-planting mechanism is shown in Fig. 6D and Fig. 6E. The acceleration change range of the horizontal
direction is -6.17m/s?~18.70m/s?, and the acceleration change range of the vertical direction is -
20.64m/s2~13.98m/s2. The rice-planting mechanism’s motion is a stable periodic simple harmonic motion.

From the simulation results, the angular velocity change rule of the transplanting mechanism is shown
in Fig. 6F. The angular velocity change range is -5.55rad/s~3.61rad/s. The angular velocity of the transplanting
mechanism is a stable cyclic change. There will be no considerable vibration in the process of the movement,
and it can stably carry out the transplanting operation, prolonging the service life of the whole rice transplanter.

Through the kinematics simulation of the rice-planting mechanism and simulation of its complex motion
process, its motion characteristics can be more intuitively analyzed, thus providing a reference for the
subsequent dynamics analysis, finite element simulation, test and optimization design.

= 0.4+

80+

~100 1

Displacement 1n Y direction(mm)
Veloaty in X diree
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-140 T T T T T T T T T T T 1
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(A) (B)
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0.4+

e
=
1

Velocity in Y direction(m/s)
o
>
L
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Acceleration in Y direction(m/s?)

~16 4

Angular velocity of seedling needle(rad/s)

—924 4

T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 . . . Y

Time(s) 0.0 0.2 0.4 0.6 0.8 Lo
Time(s)

(E) (F)
Fig. 6 — Kinematic simulation analysis results
A-Displacement diagram of F point of the tip of seedling needle; B-Variation of horizontal velocity of rice interpolation mechanism;
C-Variation of vertical velocity of rice interpolation mechanism; D-Accelerating change of horizontal velocity of rice transplanting
mechanism; E-Accelerating change of vertical direction of rice transplanting mechanism;
F-Angular velocity change rule diagram of rice-planting mechanism.

|
o

FINITE ELEMENT SIMULATION ANALYSIS

Through the above kinematic analysis and observation of actual operating conditions, in the rice
transplanter machine, in terms of strength and stiffness, what is the most prone to fracture is the crank of the
rice transplanter mechanism, so using ANSYS to analyze the finite element of the crank, study its stress, strain
and deformation will lay a foundation for the development of the rice transplanter machine at a later stage
(Wen et al., 2019; Zhang et al., 2021).

Simulation model

After three-dimensional modeling by using SolidWorks software, it is imported into Workbench, and the
selected material of the crank is Hardened 45 Steel (Zhang et al., 2021). After importing it into the software,
meshing is carried out with tetrahedral cells as the primary type, boundary conditions and constraints are set,
and the maximum force obtained through dynamics analysis is applied to it.

Simulation results and analysis

After finite element analysis, the total displacement analysis of the crank can be obtained as shown in
Fig. 7A, from which it can be seen that the displacement change at any point out of the crank is minimal, and
the displacement change at the maximum is only 0.295 mm.

The stress analysis cloud diagram of the crank is shown in Fig. 7B, and the strain analysis cloud diagram
is shown in Fig. 7C; the maximum stress suffered by the crank is 363.43 MPa, and the maximum strain is
0.002, the yield strength of 45 steel is 355 MPa, and the tensile strength is 6000 MPa, so it can be seen that
the crank designed meets the needs of use completely.

1
2024/1/24 20:12
36343 Max

0.0020208
0.001798

H 0.2302 u 0.0015753
H 0.19731 [ 0.0013525
- 0.16443 L] 0.0011298
u 0.13154 L] 0.00090705
H 0.098656 L 0.0006843
L] 0.065771 L 0.00046155

0.032885
o Min

0.0002388

2.3935 Min 1.6057¢-5 Min

0.00 40.00 (mm) > 0.00 40.00 (mm) ) 0.00 40.00 (mm) 2
— — —— )
2000 2000 20.00 %

Fig. 7 - The result of finite element simulation
A-Crank total displacement analysis cloud diagram; B-Crank stress analysis cloud; C-Crank Strain Analysis.
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EXPERIMENTAL RESEARCH

Blanket seedlings cultivated in 3-inch trays were used for transplanting tests in winter paddy fields, and
the drift rate and leakage rate in the selected range were measured by varying different forward speeds of the
rice transplanter and selecting a length of 5 meters at the same speed (Luo et al., 2020). Each set of tests was
repeated three times, and the results were averaged. The drift and leakage rates’ formulas are shown in
equation (11). The test results are shown in Table 3.

P= Ze x100%
z an
L ==Lx100%
Z
where:
P - Drift seedling rate, (%);
L - Leakage rate, (%);
Zp - Total number of drifted rice plants, (plants);
Z. - Total number of missed insertions, (plants);
Z - Total number of transplanted seedlings, (plants).
Table 3

Table of test results
Transplanter forward speed (m/s)  Drift seedling rate (%) Leakage rate (%)

0.3 2.95 4.67
0.4 2.93 4.78
0.5 291 4.83
0.6 2.96 4.88
0.7 3.12 5.51

From the above test results, it can be seen that the rice transplanter will increase the drift rate and
leakage rate as the forward speed increases. The main reason is that, with the increase in forward speed, the
frequency of transplanting will also increase, which leads to the seedling needle entering the next action before
the seedlings are stabilized, and the seedling box can’t move in time to send the seedlings to the designated
position. However, the overall test results show that the rice transplanter can meet the corresponding national
standards.

CONCLUSIONS

In this paper, for the problem of lack of rice transplanter in deep mud foot fields in hilly and mountainous
areas, a 2ZQS-4 four-row small rice transplanter is designed, with a row spacing of 300 mm and plant spacing
of 150 mm, and the transplanting mechanism adopts a crank-linkage structure, which makes the whole
machine compact and lightweight. It is very suitable for transplanting rice seedlings in small plots of land in
hilly and mountainous areas.

The kinematic simulation of the rice-planting mechanism shows that when the rice-planting machine
operates within the predetermined speed range, the movement is stable, and there is no violent vibration,
which meets the requirement of stability. The rice-planting operation can be carried out safely and effectively
in the field. The finite element analysis of the key components shows that the whole machine structure is
reasonably designed, and the materials selected can meet the strength and stiffness of use.

The field test results of the rice transplanter show that when the rice transplanter operates within the
designed forward speed, the rate of drifting rice seedlings is basically maintained at about 2.9%, and the rate
of leakage is stabilized at about 4.8%, which can meet the relevant standards.

In summary, the four rows of small rice transplanter can meet the requirements of rice transplanter
operation in small plots in hilly mountainous areas, and the whole machine is reasonable in design and stable
in structure, which can provide a certain reference value for the design and development of rice transplanter
in hilly areas.
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ABSTRACT

Optimization and experimental research on the cutting parameters of the cutter were carried out to solve the
high re-cutting rate and loss rate under high-speed harvesting of alfalfa disc-type cutter. Kinematics theory
was used to analyze the movement trajectory and cutting area of the cutter in the cutting process, and
theoretical calculations to carry out an analysis of the factors affecting the re-cutting area of the cutter. A
working parameters adjustable cutting test bench was designed and produced, and cutting experiments of
alfalfa were conducted using this test bench combined with response surface methodology. The optimized
factors combination was solved by quadratic fitting function, and the value of cutterhead diameter, blade twist
angle, and cutting inclination angle was 407.04 mm, 4.21°, and 4.51°, respectively. The verification test showed
that the average re-cutting rate and loss rate were 1.48% and 3.13%, less than national standard requirements
for alfalfa harvesting quality (re-cutting rate <1.5%; loss rate <4%), low-loss cutting of alfalfa was achieved,
and the harvesting quality of the disc-type cutter was improved.

E3

AR B E VIS EE KR T EFRRTRAFGHIETE, TR T VIE#m SN S E T, S/HE
FFEIE YT T E T I FE P HIE ) G R VIFIX B L i B 1T T VI8 a5 E 2 [ BRI 2 77
R HEE T —HENSEHTFIZIR T 55, ZEmm ik FIEVSIRE &RITREE &K
. FFZAMETFERFRISHAE Y I EiE 407.04 mm, ZL7HFEE 4.21°, 17Z/H/H % 4.51°,
BB ZAREY, RUSHAE T-FHIREEY 3.13%, FLHEZE Y 1.48%, /)T EHEKREZEFIE5ER
BER (RXE<4%, EFE<L5%) , LHTEENRRLYIZ, I} T AL 7% EE LR THIEW

=
I EE o

INTRODUCTION

With the introduction of policies such as national planting structure adjustment, "grain to fodder" and
returning farmland to grass, the planting area of forage grass in China has further increased (Chen et al., 2015;
Jiang et al., 2016; Li et al., 2020; Zhu et al., 2022; Wang et al., 2017; Guo et al., 2019). Forage industry
development cannot be separated from the support of machinery and equipment, disc mowers with high
efficiency, and no vibration characteristics, in modern mower products have a wide range of applications (Fu
et al., 2018; Zhao et al., 2014; Hou et al., 2020; Xie et al., 2020; Vasiliev N. et al., 2021; Otroshko S. et al.,
2021). Disc-type forage cutter still has the problem of high re-cutting rate and loss rate under high-speed
harvesting at this stage, which limits the development of the forage industry.

Aiming at efficient and low-loss crop harvesting, there have been many related researches, domestically
and abroad. Song et al. (2020) prepared a self-sharpening cutter with a metal-ceramic gradient to achieve low-
damage cutting of alfalfa by maintaining the cutting performance of the cutter during harvesting. Du et al (2022)
designed a bionic blade for a single-row tea harvester based on the curved structure of cricket incisors
according to the bionic principle, which reduces the tea-cutting resistance and power consumption. Hao et al,
(2018), found that different shapes of cutting blades had a significant effect on the energy consumption of the
equipment and field performance during the harvesting of manzanita. Shi et al, (2017), optimized the
parameters such as cutting speed, cutting inclination angle, and a working speed of an orderly harvester for
artemisia by orthogonal tests to improve the cutting performance of the harvester. Fu (2014) and Wu (2017)
determined the optimum region for the blade twist angle and the cutting inclination angle based on the complex
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vector theory. Johnson Phillip C. et al (2012) designed a pendulum cutting mechanism for the cutting of mango
grass stalks, and the study showed that the energy required for cutting is directly proportional to the cutting
speed, and there exists the optimum cutting bevel angle so that the cutting consumes the least amount of
energy. Zhang et al (2019) studied the optimum blade slant cutting angle for rice stalks under-supported and
unsupported cutting to provide a reference for the height adjustment of the rice harvester cutting table. Hou et
al, (2020), analyzed the effect of different blade angles and slant cutting angles of disc cutter knives on the
cutting quality of castor beans to obtain optimum operating parameters through experimentation. Chandra
Gupta, (1992), designed a rotary single-disc sugarcane cutter test bench, and the optimal operating
parameters of the single-disc sugarcane cutter were obtained through computerized acquisition of the
mechanical power and cutting torque of the cutter. In summary, relevant scholars mainly aim at reducing the
crop-cutting power consumption and improving the operational performance of cutting machine tools at present,
and have conducted research around the design of crop stalk cutting tools and optimization of cutting
parameters by methods such as computer simulation and analysis or cutting test platform, and have achieved
certain results. However, the disc-type forage cutter is prone to produce multiple cutting areas under high-
speed harvesting, repeated cutting of forage and stubble, leading to the phenomenon of uneven stubble height,
which affects the yield of perennial forage such as alfalfa and the quality of the next round of growth. Therefore,
it is of great significance to carry out the theoretical analysis of the cutting system of the disc-type cutter and
the influence factors of re-cutting, and to research on the matching relationship of the cutting parameters to
improve the harvesting quality of the mower during high-speed harvesting.

This paper carries out theoretical research on disc-cutting systems according to the kinematics principle,
and explores the relationship between the re-cutting area and cutting parameters. A parameter adjustable
cutting test bench is constructed, and key cutting parameters are optimized by response surface test to reduce
the cutting loss rate and re-cutting rate, the harvesting quality of the cutter at high-speed harvesting is
improved.

MATERIALS AND METHODS
Theoretical analysis of cutting systems

® Cutting kinematics analysis

The disc-type cutter adopts the unsupported cutting method to cut the alfalfa, suitable cutting speed is
the first condition for successful completion of the cutting action. In addition, the mower cutting system often
adopts two special structures twisting cutter and tilting disc. Tilting the cutterhead at an angle to the ground
can reduce the stubble height and improves the cutting quality of the alfalfa; at the same time, make the cutting
mode from cross-cutting to oblique cutting, reduce the cutting resistance and power consumption (Li, 2014;
Dong, 2020). Blade twisted at a certain angle can make the back of the knife produce an upward thrust to the
stalks after the stalks were cut off, reducing the re-cutting phenomenon and cutting losses.

Fig. 1 - Working principle diagram
Note: n is the rotation speed of the cutterhead; D is the cutterhead diameter; | is the blade length that extends out of the cutterhead;
y is the blade twist angle; 6 is the cutting inclination angle

To determine the movement trajectory of the blade and the cutting area, the kinematical cutting process
of the disc mower is analyzed. The cutterhead mainly consists of the left and right cutter discs, as shown in
Fig. 2 and Fig. 3. A, B and C, D are points in the same position of blades 1, 2, and 3, 4, respectively. The
center O of the disc circle is the basis for the establishment of a coordinate system, the equation of motion of
the points A, B, C, and D is:
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{on =2r+L+Al+1r)cosd L

Voa = (Al +71)sing + vt

{xoB =2r+L+{+1)cos¢ @)
Vog = (L+T1)sin¢ + vyt

{xoc =Al+71)sing 3)
Voc = (Al +71)cos p —v,t

{an = (I + r)sing (4)
Yoo = (L+71)cosp —v,t

Where: I is the cutterhead diameter, (mm);
| is the blade length extending out of the slide palm, (mm);
lo is the length of the blades, (mm);
I, is the cutterhead spacing, (mm);
Al is the difference between the ‘I' and ‘ly’, (mm);
Vm is the speed of the tractor, (m/s);
@ is the blade rotated angle relative to initial position, (°);

According to the trajectory equations, the movement trajectories of the points on the blade and the
composed cutting area are plotted in Fig. 2. Curves 1A and 2A represent the movement trajectories of point A
on blades 1 and 2, respectively, and curve 3A represents the movement trajectory of point A on blade 1 after
the cutterhead is rotated by an angle of 21; The rest of the points on the cutterhead have a same motion
trajectory rule to A.
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Fig. 2 - Cutting area diagram of disc cutter
h is the feed distance of the cutter, mm; O is the coordinate origin (the center of the left cutterhead circle); O1 is the circle center of the right cutterhead.

During the cutting process, the trajectory equation of blade 2 lags ™ phases behind blade 1, and the
trajectory equation of blade 3 lags 1 phases behind blade 4. According to the above motion equations, the
absolute motion trajectory equations of each point on the blade are further introduced.

Yaa = (Al + 1) sin| arccos(%)] + %” [arccos(%) + 7] (5)
yig = (L + 1) cos| arcsin(ﬁ)] + 1%"arcsin(ﬁ) (6)
Vac = (Al + 1) cos| arcsin(ﬁ)] + %’” [arcsin(ﬁ) + 7] (7
yip = (L+ 1) cos| arcsin(l%)] + %’”arcsin(l%) (8)

where: w is the angular velocity of the blade, (rad/s);

® Theoretical analysis of factors influencing re-cutting area

The cutting trajectory of the cutter blade is related to the forward speed vy of the tractor, the angular
velocity w of the cutterhead, the length | of the cutterhead, and the radius r of the cutterhead. As shown in Fig.
3, in determining the theoretical length of the cutter blade extending out of the cutterhead, there is a reduction
of the re-cutting area and the top of the cutterhead does not produce a missed cut. Therefore, to reduce the
re-cutting area and avoid missed cuts at the top of neighboring blades, it is necessary to ensure that the feed
distance h is equal to the length of the blade lo, which is determined by the forward speed v, of the tractor and
the angular velocity w of the cutterhead together.

Vg = vm% +R (9)

T

a
Ya = Vm ZT +n (10)
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where: Yg is the tractor moves forward distance after the blade turning at 1/2 angle, (mm);
Ya is the tractor moves forward distance after the blade turning at (11/2+a) angle, (mm);
R is the distance from the blade top to the cutterhead center, (mm);
r, is the distance from the blade root to the cutterhead center, (mm);
a is the angle between adjacent blades, take ;

Let YB=YA, i.e.
- Tia
%+R=vm27+r1 (12)
1?_7"12102M (12)

w

The relationship between the radius r and the re-cutting area was analyzed to obtain the velocity
equations of the points on the cutter, take the first derivatives of the motion equations of the points at the root
and the top of the blade. To achieve alfalfa cutting successfully, the linear velocity of the blade root must be
faster than the minimum velocity of unsupported cutting of alfalfa vmin. Taking point C as an example, its velocity
equation is shown in Equation (13), and according to the velocity synthesis theorem, the absolute velocity of
point C is shown in Equation (14).

Vye = (Al +1r)w cos ¢ 13
{vyc =—-Al+1r)wsing —v, (13)
Ve = \JUpc? 4 vyc? = (Al + 1)2w? = 20, (Al + 1w sin g + vy, 2 (14)

The angle @ is /2 when point C is rotated to the horizontal position, point C has the minimum absolute
velocity at this time. For a determined blade length lo and cutterhead angular velocity w, i.e.:

UVm+Vmin
r= T (15)

At the determined forward speed of the tractor, the angular velocity of the cutterhead, and the blade
length, the trajectory equation of the cutterhead was integrated, and the cutting area as a function of the
cutterhead radius was obtained, as shown in Fig. 3. Due to the complexity of solving the intersection of the
blade trajectory, it is difficult to directly solve all the re-cutting area. To represent the relationship between the
cutterhead radius and the re-cutting area intuitively, take two identical intervals between the cutterhead center
and the edge of the cutterhead, the area between the two curves under different cutterhead radius r was
calculated.

0

S1 = f_ZO(Yw — Yac)dx (16)
-r+20

Sz = f_r * (Y10 = Y2c)dx (7)

Si=% (r >ttt _ pp) (18)

where: S; is the area between yip and y2c on the interval [-20, 0] mm, (mm?);
S, is the area between yip and Yyoc on the interval [-r, -r+20] mm, (mm?2).

. x
Al +71)? arcsin( 47 7) _ x xJ(AL+1)2 — 22
Yoo = Jyzc dx = > + xr arcsm(Al m r) + >

v (Al+7) X N2 4 TUmX

+ 1 (Al+r) + w (19)

, X
v - J = (L+7)? arcsin(73) Lx Xy (L+71)% —x2
o= | yip dx = > +xr arcszn(l n r) + >

v (1+7) EERY

+ w 1 (l+r) (20)

The relationship between cutterhead radius and re-cutting area under different tractor speeds and
cutterhead angular velocity is shown in Fig. 4. The re-cutting area is positively correlated with the cutter feed
distance, and small feed distance can reduce the re-cutting area of the cutterhead, but the slower tractor speed,
and faster cutterhead angular velocity will increase the power consumption; in the determined feed distance,
the re-cutting area is positively correlated with the cutterhead radius, and the reduction of the radius can reduce
the re-cutting area of both two sides of the cutterhead, and the cutting effect will be improved.
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4 v=5.5m/s;w=200 rad/s
n =44 m/s;w=270 rad/s
o v=3.3 m/s;w=340 rad/s
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Fig. 4 - Relationship between cutter

Fig. 3 - Motion parameters diagram of blade radius and re-cutting area

Response surface Box-Behnken experiment

® Experiment equipment and materials

A cutting test bench was built to explore the influence on the cutting effect of the cutting parameters.
The test bench mainly consists of a suspension frame, transmission system, lifting components, and
cutterhead assembly, as shown in Fig. 5.

Fig. 5 - Structure diagram of cutting test bench
1 - blade; 2 - drum; 3 - cutterhead; 4 — slide palm; 5 - suspension frame; 6 - cutterhead mounting shaft

A response surface experiment was carried out by using the cutting test bench to optimize the cutting
parameters of the disc cutter. The experiment was conducted in October 2022 at the alfalfa planting test field
of the National Forage Industry Technology System of Qingdao Agricultural University, (Jiaozhou, Qingdao,
Shandong Province, China). The surface of the field was levelled, and the alfalfa cultivar was ‘Zhongmu No.
3’. The alfalfa was in the late bud stage and early flowering stage during the experiment, with good growth and
no collapse phenomenon. The height of alfalfa plants was measured to be about 400~600 mm.

® Experimental factors and levels

Three experiment factors were selected: cutterhead diameter Xi, blade twist angle X2 and cutting
inclination angle Xs. The cutterhead rotation speed of 2640 r/min and tractor speed of 4.4 m/s were determined
through the pre-test before carrying out the Box-Behnken test, three factor levels are the cutterhead diameter
of 350-480 mm, the blade twist angle of 0-8 °, the cutting inclination angle of 0-8 °, respectively. The factor
level codes are shown in Table 1.

Table 1
Coding of factor levels
L Cutterhead diameter X1 Blade twist angle X2  Cutting inclination angle X3

evel . o
(mm) ) )

-1 350 0 0
0 415 4 4

1 480 8 8
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® Experimental indicators
The test indicators were selected as loss rate Y1 and re-cutting rate Y2, each test indicator was calculated
as follows:
(1) loss rate
The total loss rate for harvesting is calculated according to Equation (21):
S=5,+5 (21)
where: S is the total harvest loss rate;
S, is overcutting loss rate (the ratio of the stubble mass overcutting to stubble mass required left);
Si is missed cutting loss rate (the ratio of the stubble mass missed cutting to stubble mass required
left);
(2) re-cutting rate
The re-cutting rate is the ratio of the mass of headless nodes per unit area to the mass of alfalfa to be
harvested, it is calculated according to Equation (22):

S, = “;_VZV (22)

where: S is the re-cutting rate;
Ow is the actual mass of headless grass nodes harvested per unit area, g/m?;
0: is the total mass of harvested alfalfa per unit area, g/m?;

Measurements of operational indicators at the test site are shown in Fig. 6:

1

i
|
o

Fig. 6 - Situation of experimental field
a) cutting parameter adjustment; b) working process

RESULTS
Experimental results

Based on the Box-Behnken quadratic regression orthogonal test design scheme, including 17 test points,
including 12 analytical factors and 5 zero estimation errors, the test scheme and test results are shown in
Table 2.

Table 2
Quadratic regression orthogonal response surface test results
Experimental number X1 Xz Xs LossrateY1/% Re-cutting rate Y2/%

1 350 4 8 3.63 1.32
2 350 0 4 3.89 151
3 350 8 4 3.84 1.26
4 350 4 O 3.76 1.46
5 415 4 4 3.08 1.41
6 415 4 4 3.05 14
7 415 0 8 3.79 1.49
8 415 4 4 3.09 1.43
9 415 8 O 3.85 1.54
10 415 8 8 3.72 1.34
11 415 0 O 3.93 1.71
12 415 4 4 3.09 1.45
13 415 4 4 3.1 1.42
14 480 4 O 3.94 1.7
15 480 8 4 4 1.47
16 480 4 8 3.8 1.49
17 480 0 4 4.26 1.57
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® Regression model
According to the sample data in Table 2, the analysis of variance of the quadratic regression equation

of the loss rate Y1 and re-cutting rate Y2 on three factors was established through Design-Expert 13 software,
and the results are shown in Table 3.

Table 3
Analysis of variance of experimental results
Loss rate Re-cutting rate
Source
Squares DF Fvalue Pvalue Squares DF Fvalue Pvalue
Models 2.45 9 21855 <0.001** 0.2 9 36.71  <0.0001**
X1 0.0968 1 77.62  <0.001** 0.06 1 86.92  <0.0001**
X2 0.0264 1 21.21 0.002** 0.0561 1 84.38  <0.0001**
X3 0.0364 1 29.23 0.001** 0.0741 1 111.45 <0.0001**
X1X2 0.011 1 8.84 0.0207*  0.0056 1 8.46 0.0227*
X1X3 0 1 0.02 0.8914 0.0012 1 1.84 0.2168
X2X3 0 1 0.02 0.8914 0.0001 1 0.1504 0.7097
X2 0.8068 1 646.95 <0.001*  0.0001 1 0.0142 0.9083
X2? 0.961 1 77059 <0.001** 0.0035 1 5.32 0.0544
X3? 0.2907 1 233.08 <0.001** 0.02 1 30.14 0.0009**
Lack of Fit  0.0072 3 6.53 0.0507 0.0032 3 2.86 0.1681
Pure Error  0.0015 4 0.0015 4
Cor Total 2.46 16 0.2244 16

Note: P<0.01(extremely significant,**), P<0.05(significant,*)

The P-values of the response surface models for loss rate Y1 and re-cutting rate Y» are less than 0.001
from the analysis in Table 3, indicating that the regression models are highly significant and statistically
significant; the P-values of the lack of fit terms are all greater than 0.05, indicating that the regression equations
are well fitted: their coefficients of determination, R2, are 0.9965 and 0.9793, respectively, indicating that more
than 95% of the response values can be explained by these 2 models. Therefore, the model can be used to
optimize the cutting parameters.

The magnitude of the P-value of each parameter reflects its role in influencing the regression equation.
The model insignificant regression terms were removed and the loss rate Y1 and re-cutting rate Y2 models
were optimized as follow:

Y, = 3.08 + 0.11X, — 0.058X, — 0.068X; — 0.053X, X, + 0.438X,% + 0.478X,% + 0.263X,* (23)
Y, = 1.44 + 0.085X; — 0.084X, — 0.096X; — 0.038X,X, + 0.070X;> (24)

Based on the results of the regression equation analysis, the response surface was plotted using Design
Expert software.

® Analysis of the influence of interaction factors on cutting effect

From the response graph of the influence of each factor on the loss rate Y1, it can be learned that the
change rule of the response surface is consistent with the results of the ANOVA of the regression equation
and the model, and the overall trend of the influence of the cutterhead diameter X, the blade twist angle X»
and the cutting inclination angle X3 are moderate, the loss rate Y1 is small. The main reason is that the
cutterhead diameter affects the linear velocity; if the linear velocity is too small or too large, it will cause cutting
loss; similarly, the cutter blade twist angle X, and cutting inclination angle Xz determine the movement state of
alfalfa after being cut and the cutting inclination angle, the three should be moderate to ensure the lower loss
rate of harvesting.

From the factors on the re-cutting rate Y, response graph can be learned, the change rule of the
response surface and the regression equation analysis of variance results and the model is consistent, the
overall impact of the trend for the smaller the cutterhead diameter, the larger the cutterhead twist angle, and
the larger the cutting inclination angle Xs, the smaller the re-cutting rate Y,. The main reasons are: when the
cutterhead diameter is bigger, the cutterhead linear velocity is bigger, and the linear velocity is too big to cause
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excessive cutting and leaf loss; the bigger the blade twist angle is, the better the effect of the cutting inclination

angle is on the lifting of the stalks, and avoiding the stalks from being cut repeatedly by the cutterhead; and
the bigger cutting inclination angle is benefit for the alfalfa's feeding and flow.
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Fig. 7 - Response surface for double factors and loss rate
a) X; and X; interaction; b) X; and Xj interaction; c) X, and X; interaction
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Fig. 8 - Response surface for double factors and re-cutting rate
a) X; and X; interaction; b) X; and X; interaction; ¢) X, and X; interaction

® Parameter optimization and verification experiments

To reduce the loss rate and re-cutting rate, the alfalfa harvesting standards (minimum loss rate and re-
cutting rate <1.5%) were taken as the parameter optimization conditions, and the optimal parameter
combinations were solved by using the Design-Expert software; the solution methods were as follows:

Objective function:

f=minY;
{f =Y, <15% (25)
350 < X; < 480
Boundary constraint function: {0 <X,<8 (26)
0<X;<8

Design-Expert software was used to solve the optimization of each parameter. The optimal parameter
combinations were obtained as cutterhead diameter (X1) 407.04 mm, blade twist angle (X2) 4.21°, and cutting
inclination angle (X3) 4.51°, which resulted in a loss rate of 3.07% and a re-cutting rate of 1.40%.

Verification test

To verify the optimal parameter combinations solved by the software, the verification test was carried
out, and the test was repeated three times. Considering the rationality of mechanical structure and the
convenience of measurement, the cutterhead diameter was set to 407 mm, the blade twist angle was set to
4°, and the cutting inclination angle was 4.5°. The results of the validation test are shown in Fig. 9, the alfalfa
stubble is cut flush, the stubble height is following the standard, and the phenomenon of re-cutting and missed
cutting is less.
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a)

Fig. 9 - Verification test effect
a) mowed alfalfa b) alfalfa stubble

The results of the verification test are shown in Table 4. They show that under the optimal parameter
combination, the average value of the loss rate is 3.13% (with a difference of 0.06% from the software solution
value), less than national standard requirements for alfalfa harvesting re-cutting rate (1.5%), the standard
deviation is 7.72%, and the coefficient of variation is 2.47%; the average value of the re-cutting rate is 1.48%
(with a difference of 0.08% from the software solution value), less than national standard requirements for
alfalfa harvesting loss rate (4%), the standard deviation is 15%, and the coefficient of variation is 10.14%; the
harvesting effect is ideal, and optimization effect is obvious.

Table 4
Results of verification test

Experimental indicators 1 2 3 S.D. C.V.

Loss rate Y1(%) 3.21 3.10 3.08 7.72 247

Re-cutting rate Y2(%) 140 146 159 15 10.14

CONCLUSIONS

(1) The theoretical study of the disc-type cutting system was carried out, the cutting area of the cutter
was analyzed and mapped by kinematics theory, and the effects of feed distance and cutterhead radius on the
re-cutting area of the cutter under high-speed harvesting were studied.

(2) A set of parametrically adjustable cutting test bench was built, and alfalfa field high-speed
harvesting tests were conducted using the test bench. The test results showed that the order of significance
of the factors affecting the loss rate was cutterhead diameter, cutting inclination angle, and blade twist angle,
the effect of each factor on the re-cutting rate was highly significant.

(3) The optimal parameter combination of the disc cutter under high-speed harvesting was 407.04
mm for the cutterhead diameter, 4.21° for the blade twist angle, and 4.51° for the cutting inclination angle;
the verification test showed that the average value of the loss rate under the optimal parameter combination
was 3.13% and the average value of the re-cutting rate was 1.48%, which achieved the low-loss cutting
effect under high-speed harvesting of the disc-type cutter.
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ABSTRACT

In order to achieve efficient and accurate detection of common corn leaf diseases such as leaf blight, gray spot
disease, and rust, a corn leaf disease detection method based on CA-YOLOvV8 was proposed. In this method,
the Coordinate Attention(CA) attention mechanism was added after the feature map output from the Neck part
to enhance the feature extraction capability of the model. The experimental results showed that the precision,
recall and mean average precision(mAP) of the CA-YOLOv8 model on the test set were 94.08%, 90.53% and
97.38%, respectively. Compared with the YOLOvV8, YOLOv8+SE and YOLOv8+CBAM models, the mAP was
improved by 2.15, 0.86 and 2.35 percentage points, respectively. Compared with Faster R-CNN, YOLOv5s,
YOLOv7, and YOLOv8 models, the mAP has increased by 63.53, 29.24, 3.21, and 2.15 percentage points,
respectively. The study showed that the CA-YOLOv8 model can provide a technical reference for the
development of a portable intelligent corn leaf disease detection system.

WHE

K T SEB LA KRB 505 55 K i I g 1 e CAE Rz Y, #EHf 7 —F CA-YOLOV8 f AK i wg )
Trike 1Z 0 Neck EEAHHTIFERLZ S A CA JEEIPLAY,  LUEFET T HISF IR GE T il T2 R
ZH, CA-YOLOV8 M AEE L HINIHHIFE . 17 [/ FE R FL 45 L1 7 4 77 94.08% . 90.53% 7#797.38% .
X7H: YOLOV8, YOLOV8+SE #/ YOLOV8+CBAM 7, “FL#s/Eyd mAP 7 %/#€7F 7 2.15, 0.86, 2.35 7*
B4 . L Faster R-CNN, YOLOV5, YOLOV7 #/YOLOVS #Z#H, mAP 7 5/#7 77 63.53, 29.24, 3.21
F12.15 1N 70 kce BRI, CA-YOLOV8 FLZHGE 1 4 (150 E 5E T AR W kel Z A H K LE B AR S,

INTRODUCTION

Corn is a globally important crop for food, feed and industrial raw materials, and the stabilization of
corn production plays an important role in food security, farmers' incomes and the national economy (Song et
al., 2023; Cui et al., 2023). However, corn diseases seriously affect corn production (Zhang et al., 2021). There
are many types of corn diseases worldwide that are difficult to identify, among which corn gray spot, corn leaf
blight and corn rust are the most common (Zibani et al., 2022). The traditional methods for detecting corn leaf
disease mainly rely on manual observation and identification, which are not only inefficient but also limited by
manual experience and skills (Song et al., 2023). Therefore, efficient and accurate detection of corn leaf
disease is crucial for yield improvement.

In recent years, with the generation of large-scale labelled data and the rapid improvement of computer
processing capabilities, deep learning technology has achieved rapid development in the field of plant disease
detection (Yang et al., 2023; Zhang et al., 2024). Due to its high extraction of high-dimensional features from
targets, the effect of plant disease detection in complex situations has been significantly improved. At present,
plant disease detection algorithms based on deep learning mainly include multi-stage object detection
algorithms represented by Faster R-CNN (Ren et al.,, 2017) and single-stage object detection algorithms
represented by YOLO series (Shao et al., 2022).

Sun et al. proposed a multi-scale feature fusion instance detection method based on convolutional
neural network for maize leaf blight detection with a mAP of 91.83%, which is about 20% higher than the
original SSD algorithm (Sun et al., 2020). Zhang et al. optimized convolutional neural network using Multi-
Activation Function (MAF) module to detect maize leaf disease, and used transfer learning and warm-up
methods to accelerate training, improving the accuracy of traditional artificial intelligence methods (Zhang et
al., 2021).
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Chen et al. proposed a lightweight corn disease recognition model, DFCANet (Dual Fusion Blocks with
Coordinate Attention Networks), with an average recognition accuracy of 98.47% (Chen et al., 2022). Bi et al.
proposed the CD-Mobilenetv3 model to identify corn leaf disease, replacing the SE module of original model
with the EAC module, and introducing dilated convolution into the model. The accuracy on open-source
datasets reached as high as 98.23% (Bi et al., 2023). Dai et al. (2023) proposed a multi-task deep-learning-
based system for enhanced precision detection and diagnosis of corn leaf diseases (MTDL-EPDCLD) to
enhance the detection and diagnosis of corn leaf disease, and developed a mobile application utilizing the Q:
framework. Song et al., (2023), proposed a high-accuracy detection method based on Attention Generative
Adversarial Network (Attention-GAN) and few-shot learning. GAN are used to expand data and generate more
training samples. An attention mechanism was introduced to enable the model to focus more on important
parts of the image, thereby improving model performance.

The above research indicates that deep learning has achieved certain results in the detection of corn
leaf disease. However, most methods with high detection accuracy have problems such as multiple parameters,
high computational power, and slow detection speed. Methods with low computational complexity and fast
detection speed have lower detection accuracy, and the network's generalization and adaptability to complex
environments are insufficient. YOLOVS is the latest version of the YOLO (You Only Look Once) series of object
detection algorithms released by Ultralytics. Compared to previous versions, YOLOV8 has faster inference
speed, higher accuracy, and is easier to train and adjust (Hussain et al., 2023). Therefore, this study takes
YOLOV8 as the basic model and improves it to realize efficient and accurate detection of corn leaf disease,
which can not only ensure the stability of corn production, but also provide technical support for the
development of portable intelligent corn leaf disease detection system.

MATERIALS AND METHODS
Dataset construction

The corn leaf disease images used in this study were from the publicly available dataset PlantDoc
(https://github.com/pratikkayal/PlantDoc -Dataset) (Singh et al., 2020), which includes corn gray leaf spot, corn
leaf blight, and corn rust. After screening, 70 corn gray spot images, 116 corn leaf blight images, and 114 corn
rust images were obtained. Fig. 1 shows sample images of different leaf diseases in the dataset.

(a) corngray leaf spot (b) corn leaf blight (c) corn rust
Fig. 1 - Sample images of corn leaf disease

Due to the insufficient sample size of the dataset, the model cannot converge during the training
process. In order to improve the effectiveness of the network training model and enhance its generalization
ability, and prevent overfitting caused by insufficient training samples, image enhancement methods were used
to expand the dataset, resulting in 1470 images of corn diseases including 500 images of corn gray spot, 486
images of corn leaf blight, and 484 images of corn rust. The training set, validation set and test set were divided
according to the ratio of 8:1:1, and the annotation number of different leaf diseases in the divided dataset is
shown in Table 1.
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Table 1
Annotation number of different corn diseases
Disease Training set | Validation set Test set Total
corn gray leaf spot 529 56 72 657
corn leaf blight 813 71 96 980
corn rust 453 56 50 559
Total 1795 183 218 2196

CA-YOLOvV8 model

YOLOV8 belongs to the single-stage object detection algorithm, which only needs to extract features
once to achieve object detection. Compared with previous networks, YOLOv8 improves the detection speed
and accuracy while reducing the number of network parameters. For corn leaf disease images in different
backgrounds, a lightweight version of YOLOv8n was selected as the base network for improvement. In this
paper, CA (Coordinate attention) mechanism is added after the feature map output of the Neck part to improve
the ability of the model to extract features and improve the detection accuracy of the model. The network
structure name is defined as CA-YOLOV8. The CA-YOLOVS8 network structure is shown in Fig. 2.
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Neck X2 Head

Fig. 2 - CA-YOLOvVS8 network structure

| can=s P

SPFF, k=5

Backbone

YOLOvV8 model

The YOLOV8 network model uses the Backbone for feature extraction, the Neck for feature fusion,
and the Head for detection and recognition. YOLOVS integrates many excellent technologies in real-time object
detection, and its main features are as follows:

(1) The input end uses an adaptive scaling method to adjust the image size to 640*640, while using
mosaic data augmentation to improve model robustness.

(2) The backbone consists of CBS module, C2f module, and SPFF module using the CSP concept.
The CBS module is a combination of convolution, normalization, and SiLU activation function, which can
improve model stability, accelerate convergence speed, and prevent gradient disappearance.

Compared to the C3 module, C2f adds skip connections and additional Split operations, allowing the
model to obtain richer gradient flow information. SPFF adaptively fuses feature information of various scales
through pooling and convolution operations, which can enhance the feature extraction ability of the model.
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(3) The neck uses the idea of PAN-FPN to remove the convolution in the upsampling stage of PAN-
FPN in YOLOVS5, and replaces the C3 module with the C2f module.

(4) The head uses a Decoupled-Head structure to separate the classification and detection heads,
capturing information on targets of different scales and improving the accuracy of object detection.

CA attention mechanism

Attention mechanism can help neural networks focus on information that is more critical to the current
task, reduce attention to other information, and thus improve the performance and accuracy of the model.
Squeeze and Excitation Networks (SENet) learn adaptive channel weights to make the model focus more on
useful channel information (Hu et al., 2020), but only consider attention in the channel dimension and cannot
capture attention in the spatial dimension. The Convolutional Block Attention Module (CBAM) extracts
positional attention information through large-scale kernel convolution, but convolution can only extract local
relationships and lacks the ability to extract remote relationships (Woo et al., 2018). Moreover, paying attention
to images from both spatial and channel perspectives requires more computational resources and higher
complexity. Coordinate Attention (CA) can encode horizontal and vertical position information into channel
attention (Hou et al., 2021), enabling mobile networks to focus on a wide range of position information without
excessive computational complexity. Fig. 3 shows a comparison diagram of different attention modules.

¢ Input ¢ Input & Input

[ Residual |CxHxw [ Residual | CxHxW Residual ] CxHxW
— e —— -
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Fig. 3 - Comparison of different attention modules
C, H, W —the number of channels, height, and width of the feature map; GAP — Global Avg Pool; GMP — Global Max Pool;
X Avg Pool — one-dimensional horizontal global pooling; Y Avg Pool — one-dimensional vertical global pooling.

The input of the CA attention mechanism is usually a feature map [C, H, W], which is usually the output
of a certain layer in a convolutional neural network (CNN). CA consists of two steps: coordinate information
embedding and coordinate attention generation.

In the coordinate information embedding step, CA will perform global average pooling on the input
feature map in the width and height directions, respectively, to obtain the feature maps [C, H, 1] in the width
direction and [C, 1, W] in the height direction. This method captures remote spatial interactions with precise
position information, avoids compressing all spatial information into the channel, and can help the network
locate targets more accurately.

In the coordinate attention generation step, the above two feature mappings are firstly merged to
obtain a new feature layer [C, 1, W+H], and the merged feature layer is feature transformed using the 1x1
convolution, BN normalization and nonlinear activation function operation to obtain a richer representation.
Subsequently, the width and height direction features were separated from the above feature layers, and the
two separate feature layers were transposed to restore the dimensions of width and height, resulting in two
feature layers [C, H, 1] and [C, 1, W]. Afterwards, 1x1 convolution and sigmoid function are applied to the
separated feature layers for feature transformation to make their dimensions consistent with the input,
respectively. Finally, the original input feature map is multiplied by the attention scores in the width and height
directions to obtain the output of the CA attention mechanism.
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Experimental Platform and Network Parameter Settings

The experiment used a GPU model of NVIDIA GeForce RTX 3090, running memory of 35GB,
programming language of Python 3.6, deep learning framework of PyTorch 1.12, and GPU acceleration library
of CUDA 11.4. To shorten the training time of the network, the freezing training method is adopted. When
freezing the backbone network for training, the initial learning rate is set to 0.01 and the batch processing
volume is set to 2. After unfreezing, the learning rate of network training is set to 0.0001, the batch size is set
to 2, and the number of iterations is 100.
Model evaluation indicators

In order to verify the detection performance of the algorithm proposed in this study, Precision (P),
Recall (R), Average Precision (AP), and Mean Precision (mAP) were used as evaluation indicators, and the
model performance was evaluated by comparing the detection image differences between the model in this
paper and other models.

RESULTS
Experiment of CA-YOLOv8 model

In order to verify the performance of the CA-YOLOv8 model, 147 corn leaf disease images in the test
set were tested and evaluated, and Table 2 shows the detection results of CA-YOLOvV8 algorithm on different
corn leaf diseases. Table 2 shows that the average accuracy of the CA-YOLOvVS8 algorithm can reach 97.38%,
with an accuracy rate of 94.08% and a recall rate of 90.53%.

Table 2
Detection results with different corn leaf diseases of CA-YOLOv8 model
Disease P R AP
[%] [%] [%]
Corn gray leaf spot 95.77 93.06 99.37
Corn leaf blight 90.82 88.54 97.84
Corn rust 95.65 90.00 94.93
Average 94.08 90.53 97.38

Part of the detection examples are shown in Fig. 4. It can be seen that CA-YOLOVS8 algorithm proposed
in this paper can accurately detect different corn leaf diseases, and the recognition results are also good for
the complex background in Fig. 4 (d) ~ (f). Due to the high risk of misjudgement or loss in complex backgrounds,
the CA-YOLOvV8 model can focus on a wide range of positional information to achieve accurate detection of
different leaf diseases. In summary, the CA-YOLOvV8 model proposed in this paper can accurately detect
different corn leaf diseases, and has good detection performance for small targets, multiple targets, complex
backgrounds, etc.

(b) corn leaf blight single target

TR

(d) corn gray leaf spot single target (e) corn leaf blight multiple targets (f) corn leaf blight single target

+complex background + complex background + complex background
Fig. 4 - Detection results of CA-YOLOv8 model
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Comparison of CA-YOLOv8 model and YOLOv8 model with different attention mechanisms

To verify the effectiveness of the attention mechanism used in this paper, the improved YOLOv8 model
with CA (abbreviated as CA-YOLOvV8) was compared with the original YOLOv8 model (abbreviated as
YOLOV8), the YOLOvV8 model with SE (abbreviated as YOLOv8+SE), and the YOLOv8 model with CBAM
(abbreviated as YOLOv8+CBAM) in disease detection experiments on the test set. As shown in Table 3, the
CA-YOLOvV8 model has the highest AP for three different corn leaf diseases. Compared with the YOLOVS,
YOLOV8+SE, and YOLOv8+CBAM models, its mAP has increased by 2.15, 0.86, and 2.35 percentage points,
respectively. The CA-YOLOv8 model improved detection accuracy with almost no increase in model memory
usage.

Table 3
Comparison of YOLOv8 model with different attention mechanisms
AP MAP Size of
Model corn gray leaf spot | corn leaf blight corn rust the Weight Files
[%] [%] (%] (%] [MB]
YOLOvS8 98.85 95.52 91.31 95.23 42.7
YOLOvV8+SE 97.64 96.49 95.42 96.52 42.8
YOLOvV8+CBAM 96.82 95.15 93.12 95.03 43.0
CA-YOLOvS8 99.37 97.84 94.93 97.38 42.9

Fig. 5 (a) shows the detection results of multiple corn gray spot disease leaves under complex
background, Fig. 5 (b) shows the detection results of single corn leaf blight disease leaf under complex
background, and Fig. 5 (c) shows the detection results of single corn rust disease leaf. It can be seen that the
YOLOvV8, YOLOvV8+SE, YOLOvV8+CBAM, and CA-YOLOvV8 models can correctly detect corn leaf disease in
different backgrounds, while the CA-YOLOv8 model has higher detection accuracy.

Original image

YOLOvV8

YOLOV8+SE
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YOLOv8+CBAM

CA-YOLOv8

(a) corn gray leaf spot single (b) corn leaf blight single (c) corn leaf blight single
target +complex background target + complex background target

Fig. 5 - Detection results of YOLOv8 model with different attention mechanisms

Comparison with other models

In order to explore the detection effects of different models on three types of corn leaf diseases, the
performance of different models on the test set were compared, as shown in Table 4. The results showed that
the CA-YOLOv8 model had the highest average accuracy in detecting three types of corn leaf diseases
compared with other models. Compared with the Faster R-CNN, YOLOv5s, YOLOv7 and original YOLOV8
models, the mAP of CA-YOLOv8 model improved by 63.53, 29.24, 3.21 and 2.15 percentage points
respectively. The memory usage of the CA-YOLOvV8 model is only 0.1 MB higher than that of the original
YOLOvV8 model.

Table 4
Performance of different models in test set
AP Size of
- mAP . .
Model corn gray leaf spot | corn leaf blight | corn rust the Weight Files
[%] [%] [%] [%] [MB]
Faster R-CNN 37.41 28.68 35.67 33.85 521.6
YOLOvV5s 68.70 57.20 78.52 68.14 27.0
YOLOv7 93.63 93.86 95.03 94.17 142.3
YOLOvS8 98.85 95.52 91.31 95.23 42.7
CA-YOLOvVS 99.37 97.84 94.93 97.38 42.9

To better evaluate the performance of detection models, the results of different models were visualized,
as shown in Fig. 6. Fig. 6 (a) shows the detection results of single corn gray spot disease leaf under complex
background. It can be seen that the Faster R-CNN model failed to detect gray spot disease leaf, while the
YOLOv5s, YOLOv7, YOLOVS, and CA-YOLOV8 models were able to correctly detect gray spot disease leaf.
The CA-YOLOvV8 model has the highest confidence level. Fig. 6 (b) shows the detection results of multiple
corn leaf blight diseases. It can be seen that the Faster R-CNN model has false positives and omissions, the
YOLOv5s model has false positives, the YOLOv8 model has false positives, and both the YOLOv7 and CA-
YOLOvV8 models can correctly detect multiple corn leaf blight diseases. However, the confidence of the CA-
YOLOvV8 model is better than that of YOLOvV7. Fig. 6 (c) shows the detection results of single corn rust leaf
under simple background. It can be seen that the Faster R-CNN model failed to detect corn rust leaves, while
the YOLOV5s, YOLOvV7, YOLOVS, and CA-YOLOvV8 models were able to correctly detect corn rust leaves. The
CA-YOLOvV8 model has the highest confidence level. In summary, the CA-YOLOvV8 model can accurately
detect three types of corn leaf diseases under different backgrounds, and has the highest confidence
compared to other models.
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Original Image

Faster R-CNN

YOLOv5s

YOLOv7

YOLOvV8

CA-YOLOVS8

©0RY M ivoLD

Fig. 6 - Detection results of different models
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CONCLUSIONS

(1) A CA-YOLOVS8 corn leaf disease detection model was proposed for the detection of corn
gray spot, corn leaf blight, and corn rust. The CA attention mechanism was added to the feature map
output from the Neck part of the network, which helps the model to better locate and identify the target,
improve the detection accuracy of the model, and hardly increase the memory occupation of the model.

(2) In order to verify the performance of the CA-YOLOv8 model, four groups of experiments
were set up for comparative analysis. The four groups of experiments were YOLOv8, YOLOvV8+SE, and
YOLOv8+CBAM, and the CA-YOLOvV8 model proposed in this paper. The experimental results showed
that the mAP of the CA-YOLOvV8 model was the highest.

(3) Under the same experimental conditions, compared with Faster R-CNN, YOLOv5s, YOLOv7,
and YOLOv8 models, the CA-YOLOv8 model achieved better results on the corn leaf disease dataset,
with mAP improvements of 63.53, 29.24, 3.21, and 2.15 percentage points, respectively.

The experiment fully proves that the CA-YOLOv8 model not only improves the evaluation
indicators, but also achieves good visual effects. This study can provide technical reference for the
development of a portable intelligent corn leaf disease detection system.
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ABSTRACT

In modern agriculture, with the development and widespread use of agricultural mechanization, mechanical
compaction of soils has become a growing problem, resulting in soil degradation in the field. Based on the
Boussinesq solution, the soil stress formula for the circular load area is derived, and MATLAB is used to
simulate the stress-strain relationship of the soil at different depths. The results show that under the same load
conditions, as the soil depth increases, the soil stress gradually decreases, with the most significant stress
change occurring at 0.2 m depth. Soil compression experiments conducted using a consolidation instrument
revealed that the soil void ratio dropped rapidly under loading of 50-200 kPa, and the decline slowed after 400
kPa. When the soil void ratio decreases to 0.2-0.4, the soil stress changes tend to stabilize. Comparison
between the theoretical formula and the compression experimental data indicates that the soil stress gradually
decreases as the thickness of the soil layer increases and the pressure load increases, verifying the linear
relationship predicted by the theoretical formula.
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INTRODUCTION

Agriculture plays an important role in a country's political and economic independence (Daneshvar et
al.,, 2023). With the development of agriculture, field machinery operations have become common, and
people's dependence on agricultural machinery has increased. When machinery operates in the field, the
traction and load of tillage machinery gradually increase, leading to greater compaction. The stress on the soil
profile may exceed the soil's internal strength, resulting in changes to its physical, chemical, and biological
properties, increased soil density and mechanical resistance, and reduced macropores (Zhang et al., 2005).
This, in turn, affects crop growth in the field, as the stress from mechanical operations exceeds soil stability,
leading to soil degradation.

Current research on soil stress-strain in China primarily focuses on the physical properties of soil after
compaction, including factors such as soil moisture content, bulk density, porosity, and firmness that affect the
internal stress-strain of soil. Based on soil stress research, soil compression tests were conducted at different
depths to explore changes in soil stress-strain, providing both theoretical and experimental foundations for
mitigating soil mechanical compaction.

Although agricultural machinery has been further developed, the damage to topsoil and subsoil remains
significant. Soil compaction in farmland primarily results from the stress transfer within the soil under external
loads, which causes soil particles to aggregate due to regular tillage compaction. This, in turn, alters the
physical and chemical properties of the soil (Naveed et al., 2016).

1 Jun Guo, Ph.D. Eng.; Enhui Sun, Master; Yue Yang, Master; Jun Lu, Ph.D. Eng.
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Large agricultural machinery operations and livestock trampling generate stress transfer and shear
stress in the soail, increasing the mass per unit volume and reducing soil porosity (Carman et al., 2002).
Previous studies have shown that soil compaction from agricultural vehicles can be mitigated by reducing tire
inflation pressure and increasing vehicle speed. Currently, many solutions focus on tire design, primarily by
reducing the load or increasing the contact area.

Arvidsson et al., (2005), proved that tire inflation pressure significantly influences soil stress and
displacement at a depth of 0.3 m. By further investigating the impact of wheel load on subsoil stress and
validating the commonly used stress propagation model, they found that soil stress measured at a depth of 10
cm is highest under the greatest wheel load, indicating that both inflation pressure and wheel load affect vertical
soil stress near the surface. Lamandé et al., (2007) studied the stress and deformation induced by loading the
soil with undisturbed samples. By comparing the measured vertical stress with that calculated by the S6hne
model, they found that doubling the contact area reduces stress-strain in the topsoil, with contact stress
determining stress in the topsoil, while subsoil stress depends mainly on the load. Keller et al., (2005),
developed a model in Visual Basic that predicts vertical stress distribution under a rubber track mounted on
an agricultural vehicle, providing a realistic estimate of the vertical stress at the contact point of the rubber
track with the soil, thereby improving the prediction of soil stress and compaction risk for rubber-tracked
agricultural vehicles. Keller et al., (2016), used the Arvidsson probe to measure vertical stress and found,
through finite element simulation, that soil properties had little effect on vertical stress. Lamandé et al., (2018),
analyzed the compaction effect of the same vehicle on the soil using both wheeled and crawler traveling
devices and measured the distribution of vertical stress at the contact surface between the rubber crawler and
the soil along the length of the crawler. Through the SoilCare project, Piccoli et al., (2022), studied the use of
soil improvement planting systems to alleviate topsoil and internal soil compaction. Ahmed Salih Mohammed
et al., (2023) used statistical modeling methods to comprehensively analyze temperature, ground granulated
blast furnace slag (GGBFS) and other research parameters and evaluate their impact on the compressive
strength of concrete. The experiments showed that multiple factors affect the compressive strength of soil.
Through comparative experiments, Pienigzek, (2023), concluded that in the traditional farming system (CONV),
suitable and efficient grain varieties should be selected to allow them to grow under lower fertilization conditions,
SO as to increase grain yield and reduce soil degradation. Song et al., (2023), mixed sedimentary soil with
cultivated land, compost and biochar by volume ratio to make the soil have higher water holding capacity and
reduce soil loss.

Tong, (2017), determined soil strain in the contact area based on wheel movement, calculated stress
for each contacting soil unit using the stress-strain relationship of vehicle-driving soil, integrated stress along
the tread direction, and dynamically computed rigid ring-soil forces. Ding, (2020), discovered that increasing
vehicle speed can reduce vertical stress in the soil, suggesting that vehicles should operate at higher speeds
whenever possible to minimize soil compaction risk. Li et al., (2010), through actual soil tests, demonstrated
that controlling soil stress within the Spc (elastic zone) effectively reduces soil compression deformation,
indicating that if soil pre-consolidation pressure is lower than tire ground contact pressure, agricultural
machinery operations will exacerbate soil compaction and soil structure damage. Wang et al., (2011),
proposed using the impact principle to detect soil compaction and established a relationship model between
the impact rod and soil resistance to reflect soil compaction levels. Song et al., (2015), investigated the linear
relationship between resistivity and soil moisture content and compaction based on the original resistivity
model of soil compaction. He et al., (2017), established a linear correlation between moisture content, density,
pre-consolidation pressure in the soil environment, and soil stress transfer under external force through
uniaxial compression tests, aiming to predict soil compaction degree. Wang et al., (2018), explored the
influence of soil stress on soil unit density and compaction during the transfer process of different nodes by
studying tire pressure, axle load, and mechanical compaction times of agricultural machinery. They also
identified the influence of soil profile stress and the number of agricultural machinery compactions using the
discrete element method. Xu, (2020), designed a multi-directional wireless earth pressure sensor and
developed a soil stress dynamic detection system for the sensor to study changes in earth pressure during soil
compaction.

Considerable research has been conducted on soil compaction, resulting in a series of solutions, but
most have focused on seeking remedies within agricultural machinery itself, with little emphasis on mitigating
mechanical compaction from the soil itself. Currently, research on compacted soil predominantly centers on
its physical and chemical properties, yielding gradual effects on alleviating soil compaction.
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Assessment of soil compaction degree relies on physical quantities associated with soil compaction.
Unlike the deep soil examined in soil mechanics, the soil in contact with the wheel, studied in vehicle ground
mechanics, is primarily surface soil (Zhuang, 2002). The process of soil compaction is typically divided into
three steps (O'SullivanMF et al., 1999): stress application to the soil surface during tire-soil interaction, stress
transmission within the soil, and soil stress-induced changes in soil structure. This article focuses on the "stress
transfer within the soil" process, investigating soil stress at various depths during soil compaction and
identifying effective methods to alleviate soil mechanical compaction.

Building upon previous research on soil compressive stress transfer, this study addresses the limitations
of existing stress transfer investigations by theoretically deducing stress transfer at various depths in the soil.
Theoretical analysis of soil stress is conducted using compression test methods, with an experimental plan
tailored to existing soil conditions. Soil compression tests are carried out to validate the feasibility of the soil
stress theory, utilizing data obtained from the tests to examine relationships between various parameters.

MATERIALS AND METHODS

The specific research objectives are as follows:
(1) Theoretical derivation

Theoretical formulas are analyzed to establish a formula suitable for this research, and MATLAB is
employed to simulate the linear relationship of the theoretical formula.
(2) Design and analysis of soil compression test

A test plan is designed in accordance with the existing soil compression test method, meeting the
requirements of this study. The WG single-lever consolidation instrument (medium and low pressure) and the
NSIF geotechnical test control data acquisition and processing system are utilized for the test.

Theoretical analysis

In previous stress studies, simulation and modeling methods were the primary approaches for
calculating soil stress transfer. Existing analysis models all assumed that the soil is a homogeneous, elastic,
and isotropic medium (Van den Akker, 2004). Treating the soil as an elastic-plastic material (Smith et al.,
2000), Boussinesq deduced the stress solution at any point of the soil when the semi-infinite soil elastic body
was subjected to a concentrated load in 1855 (Fig. 1).

=_——cos’é 1)

where P represents the concentrated load acting on the soil surface, R denotes the distance from point M to
the center point, and 6 is the angle between the R line and the vertical axis Z.

P

/ X M’
Y

\&;

Fig. 1 - Stresses caused by concentrated loads in the vertical direction

Considering the vertical normal stress analysis in this study:
3Pz° 3P 1 P
X = pr) (2)

0, = 5 2
> 2mz
27 (X2 +y*+2° )
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In the formula: R? =r? +7%, r’ =x*+ yz;
3

o = —x————— is the stress coefficient, it is a function of r and z.

27[ 275
1+(rj
Z

The instrument used for the soil compression experiment in this study employs a circular loading surface,
so the stress under the corner point of the circular area under the action of a uniform load (Fig. 2) is:

Fig. 2 - Stress under uniform circular load corner

The microelement dxdy is taken in the load surface, and the distributed load on the microelement is
replaced by the concentrated force dp=dxdy, then, from the Bucinnaiske solution, it can be deduced that the
point M at the depth z under the corner point O is subjected to the concentrated force.

The vertical stress can be obtained from the formula:

3%p” 32°p
do, = 4 _dxdy = _ dxdy @)
27r(x2+y2+22)5 8(x2+y2+22)5
_3pz 1 ey P mn(m? +2n” +1) o m
o, 8 .[ojo (x2+y2+22)2 Xdy 8 (m2+n2)(l+n2)\/m+arcan n\/m (4)

I z
In the formula: m = B , = B , | and b are the lengths of the load acting on the farmland soil surface,

respectively (Gao, 2018).

Simplify the above formula o, = a_p

1 mn(m? +2n? +1)
a, == +arctan

m
° 8 (m2+n2)(1+n2)«/m2+n2+1 nvm? +n?+1

The concentration factor is influenced by both the loading environment and the soil environment.
Currently, soil moisture content significantly affects the concentration coefficient, with the coefficient increasing
as soil moisture content rises, according to research by Chen et al., (2012). However, when moisture content
is high, soil deformation after compression is substantial (Defossez P. et al., 2003).

is the stress coefficient.

Simulation of stress in the subsoaoil

Using the soil sample taken in this experiment as an example, the soil stress g, is generated by
successively loading P. P ranges from 0 to 800 kPa for the test. When P ranges from 0 to 800 kPa, the
distance Z between the loading point and the stress prediction point directly below is 0.02 m, 0.04 m, 0.06 m.
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Fig. 3- 0, Relationship between soil P stress and surface stress

From Fig. 3, it can be observed that using MATLAB software to analyze the theoretical formula above,
there exists a relatively stable linear relationship between ¢; and P. Under the same pressure load condition,
as the soil depth increases, the soil stress gradually decreases, with the most significant change occurring at
0.02 m. Under the same soil depth, soil pressure gradually increases, and the internal stress of the soil changes
slowly. Due to the shallow sampling depth, the change in stress-strain is small when the loading force is low,
hence the relationship between gz and P shown in Fig.3. When soil moisture content and wet density change,
the linear relationship also remains stable.

Experimental Tests and Methods

The soil at the test site is wetland soil. Retrieved soil samples underwent rapid uniaxial compression
experiments. Simultaneously, the WG-type single-lever consolidation instrument (medium and low pressure)
and NSIF geotechnical tests produced by Nanjing Soil Instrument Factory Co., Ltd. were employed to control
the test site. The data acquisition and processing system detected changes in the soil due to compaction,
measured soil deformation and pressure, and evaluated the relationship between porosity ratio and loading
pressure, as well as the consolidation coefficient and loading pressure after soil compression.

The experimental device is depicted in Fig.4, consisting mainly of the WG-type single-lever consolidation
instrument (medium and low pressure), the NSIF geotechnical test control data acquisition and processing
system, three dial indicators, a data collector, weights at all levels, and the test soil samples and tools.

Fig. 4 - WG type single lever consolidation instrument

The soil used in the experiment was sourced from Yancheng Institute of Technology, taken from the
original soil within the 0-10 cm cultivated layer of the experimental land. Soil samples were retrieved using a
ring knife with a diameter of 79.8 mm and a height of 20 mm to prepare samples located 0.02 m, 0.04 m, and
0.06 m away from the sampling ground. Each parameter's soil samples were tested multiple times, and the
data were recorded (five sets of test data were analyzed for this test). A thin layer of Vaseline (Tager et al.,
2013) was applied to the inner wall of the soil cutting ring knife used in the experiment, with the cutting edge
facing downwards, and placed onto the soil sample. A soil cutter was used to cut the soil sample into soil
columns slightly larger than the diameter of the ring cutter. Then, the ring knife was pressed vertically
downward, and cutting proceeded while applying pressure until the soil sample protruded from the ring knife.
The remaining soil at both ends was cut off and smoothed, and the outer wall of the ring knife was wiped clean.
Throughout the cutting process, careful observation of the soil sample's condition was maintained. Any
remaining undisturbed soil samples after cutting were wrapped in wax paper and placed in sealed bags for
supplementary testing.
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(1) Connect the test device, as shown in Fig.4, and place the container holding the soil sample in the
pressure frame according to the test regulations, with the height of the soil sample set at 2 cm.

(2) Before commencing the test, adjust the lever to the horizontal position. To ensure optimal contact
between the test soil sample and the upper and lower parts of the instrument, apply a precompression pressure
of 1 kPa first according to geotechnical operating procedures. Then, adjust the dial indicator so that the pointer
reads zero. Subsequently, load according to the test procedure (removing the preload weight before loading).
When the soil sample sinks under pressure, causing the lever to tilt, rotate the handwheel counterclockwise to
restore the lever to the horizontal position. Throughout the loading process, collect a set of data every hour
until the end of pressurization.

(3) The maximum applied load for this test is 800 N. A 50 cm? soil sample container is used for the
compression test. During the 50 cm2 pressurization process, pressure is applied to the test soil sample through
a pressure transfer plate with a diameter of 8 cm. The soil consolidation instrument is loaded step by step
according to pressure levels of 50, 100, 200, 400, and 800 kPa.

(4) During the pressurization process of the test soil samples, apply the loading force to the soil samples
every two loading intervals of 1 hour. After all loading levels have been applied, the test is completed once the
instrument is deemed stable. Throughout the process, the NSIF geotechnical test control data acquisition
system will record the vertical settlement of the pressure transfer plate and monitor the relationship between
the void ratio of the ring cutter and the loading pressure, soil consolidation coefficient, and loading pressure.
The ratio of pre-compressive stress to principal stress provides soil stability assessment, with values between
0.1 and 0.5 indicating weak soil conditions.

(5) Monitor soil compression by conducting compression tests on prepared soil samples using a soil
consolidation instrument. Simultaneously, the NSIF geotechnical test control data acquisition and processing
system will monitor and record the vertical settlement of the pressure transfer plate due to successive loading,
followed by monitoring the void ratio and loading pressure of the ring cutter, and the relationship between soil
consolidation coefficient and loading pressure.

(6) Analyze the changes in compressive modulus parameters, void ratio-load curve (e-p), and
consolidation coefficient-load curve (cv-p) of the test soil samples based on results obtained by the NSIF
geotechnical test control data acquisition and processing system.

RESULTS
Soil Compression Test Results

In Table 1 to Table 6, the vertical settlement obtained by applying the initial load is zero. Since the soil
is inelastic and difficult to calculate, it is typically assumed and calculated as semi-elastic soil in actual
calculations. Thus, the soil is considered a semi-infinite medium that satisfies uniform, continuous, and
isotropic properties. During the experiment, the influence of the container's side wall prevents lateral
deformation of the soil, which differs somewhat from the deformation of unconfined soil. However, the soil deformation
observed in the test still provides valuable guidance for calculating the actual soil stress-strain distribution.

Table 1
Soil compression deformation test under lateral limit conditions 1
Pressure Vertical . Compression
plate Applkyplgad / sedimentation Por;ct)isolty MO&I;J:S / factor /
area/cm? /cm MPa!
40.24 0 0.964 0
40.24 50 3.437 0.627 0.291 6.752
40.24 100 4.392 0.533 1.047 1.876
40.24 200 5.272 0.447 2.271 0.865
40.24 400 6.061 0.369 5.072 0.387
40.24 800 6.835 0.293 10.335 0.190
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Soil compression deformation test under lateral limit conditions 2
Pressure Apply load / Vgrtlcal Porosity Modulus / Compression
plate K sedimenta- . 1
2 Pa - ratio MPa factor / MPa
area/cm tion/cm
40.24 0 0.964 0
40.24 50 4.190 0.553 0.239 8.230
40.24 100 4.923 0.481 1.364 1.440
40.24 200 5.646 0.410 2.764 0.711
40.24 400 6.326 0.343 5.884 0.334
40.24 800 6.954 0.281 12.739 0.154
Soil compression deformation test under lateral limit conditions 3
Pressure Vertical . )
plate area/ Applkyplgad / sedimentation Pc;;ct)is;ty Mo&t;)l:s / fCaOcToF;r/elf/ISPIgg
cm? /cm
40.24 0 0.964 0
40.24 50 4.615 0.555 0.240 8.181
40.24 100 5.086 0.465 1.086 1.809
40.24 200 5.868 0.388 2.557 0.768
40.24 400 6.571 0.319 5.692 0.345
40.24 800 7.241 0.253 11.942 0.165
Soil compression deformation test under lateral limit conditions 4
Pressure Vertical . .
Apply load / ; . Porosity Modulus / Compression
plate agea/ kPa sedimentation ratio MPa factor / MPa?
cm /cm
40.24 0 0.964 0
40.24 50 3.447 0.626 0.290 6.771
40.24 100 4.692 0.504 0.803 2.446
40.24 200 5.749 0.400 1.892 1.038
40.24 400 6.613 0.315 4.626 0.425
40.24 800 7.425 0.235 9.856 0.199
Soil compression deformation test under lateral limit conditions 5
Pressure Vertical . .
Apply load / ; . Porosity Modulus / Compression
plate agea/ kPa sedimentation ratio MPa factor / MPa?
cm /cm
40.24 0 0.964 0
40.24 50 2.388 0.730 0.419 4.690
40.24 100 3.508 0.620 0.892 2.201
40.24 200 4.352 0.537 2.369 0.829
40.24 400 5.044 0.469 5.783 0.340
40.24 800 5.710 0.404 12.021 0.163
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Table 6
Soil compression deformation test under lateral limit conditions 6
sl area/ | APPYIO% | ecimentation | POroSiY | Modulus. | Compression

cm /cm

40.24 0 0.964 0

40.24 50 4.042 0.567 0.247 7.940

40.24 100 5.378 0.567 0.247 7.940

40.24 200 6.481 0.436 0.748 2.626

40.24 400 7.387 0.328 1.814 1.083

40.24 800 8.147 0.239 4.413 0.445

Through the step-by-step loading compression experiment of the test soil, the compressive curve of the void
ratio of the test soil and the external load under confinement conditions, and the variation of the compressive
modulus of the test soil sample due to loading and compression were obtained. It can be observed from the
following charts (Fig. 5) that as the external load increases, the soil undergoes rapid compression initially. The
soil decreases rapidly during the loading process of 50-200 kPa, while the compressive modulus increases
slowly during this process. Due to the gradual loading of the soil, the soil consolidation coefficient gradually
decreases, indicating a slowing down of the degree of soil consolidation. The soil porosity ratio decreases
slowly after loading at 400 kPa, and the compressive modulus increases rapidly after loading at 200 kPa. A
larger soil void ratio corresponds to a smaller allowable bearing capacity of the soil. When the soil void ratio is
reduced to 0.2-0.4, the stress-strain of the test soil tends to stabilize, further verifying the linear relationship
shown by the theoretical derivation formula. The data error of the consolidation instrument range during the
test can be ignored for multiple tests.

0 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800
P/Kpa PiKpa

a) e-p curve b) cv-p curve

Fig. 5 - Soil compression test results

CONCLUSIONS

Based on the Boussinesq solution, the soil stress formula for the circular load area was derived,
providing a theoretical basis for analyzing the stress distribution of soil under mechanical loads. Soil
compression experiments were conducted, revealing that the soil void ratio decreased rapidly within a certain
pressure range (50 - 200 kPa), and the decline trend slowed down after 400 kPa. Moreover, when the soil void
ratio decreased to 0.2 - 0.4, the soil stress change tended to stabilize, providing experimental evidence for the
compression characteristics of the soil. It helps to further understand the mechanical response and change
laws of the soil under agricultural mechanization operations, providing theoretical support for reducing soil
compaction, protecting soil structure and quality, and optimizing the use of agricultural machinery.
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ABSTRACT

Accurate prediction of environmental changes in Agaricus bisporus cultivation is essential for better managing
climatic conditions within mushroom houses, ultimately enhancing the yield and quality of Agaricus bisporus.
However, traditional control systems for Agaricus bisporus production environments can only monitor the
current conditions and lack the ability to predict environmental changes, leading to issues such as delayed
feedback on environmental data and the effectiveness of control measures. In response to these challenges,
this study establishes a temperature and humidity prediction model based on the DOA-BP algorithm.
Experimental results demonstrate that the DOA optimization algorithm exhibits strong global search
capabilities. By rapidly searching for optimal weights and biases, it overcomes the drawback of the BP neural
network getting stuck in local minima, accelerates network convergence, and improves the performance of the
BP neural network. The MAE values for temperature and humidity prediction inside the mushroom house are
0.021 and 0.013, respectively. The RMSE values are 0.044 and 0.038, respectively, and the R2 values are
0.976 and 0.968, respectively. Through validation, the DOA-BP temperature and humidity prediction model
proposed in this study accurately predicts the temperature and humidity inside mushroom houses. This model
can enhance environmental control for cultivation, optimize resource utilization, and reduce production costs
effectively.
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INTRODUCTION

To achieve precision, standardization, and year-round production of Agaricus bisporus, the rapid
development of environmentally controlled closed-system factory production is evident (Mao et al., 2018).
Temperature and humidity, as crucial environmental factors in the growth process of Agaricus bisporus, play
a significant role throughout the entire cultivation cycle, directly influencing the quality and yield of Agaricus
bisporus. Closed mushroom house environmental control systems can analyse and make regulatory decisions
on monitored environmental factors. However, they lack the capability to predict future environmental changes,
resulting in a certain lag in the feedback of abrupt environmental data and the effectiveness of control
measures (Zhao et al., 2020).
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Therefore, establishing a high-precision prediction model with temperature and humidity as output
variables is crucial. This model aims to anticipate the changing trends of temperature and humidity within the
mushroom house over a future period, allowing timely adjustments to maintain optimal conditions for stable
Agaricus bisporus production.

Greenhouse microclimate prediction models can be categorized into mechanistic models and data
models (Chen et al., 2017). Mechanistic models simulate and predict greenhouse environmental conditions
based on fluid dynamics and heat and mass transfer mechanisms (Zhou et al., 2014). However, due to the
dynamic interdependence of various environmental factors within the greenhouse, these models require
extensive physical parameters and environmental data, leading to challenges such as complex modelling and
poor adaptability (Saberian et al., 2019).

Data models, also known as black boxes, employ data fitting algorithms to ensure the predicted values
align with actual values (Wang et al., 2009). Previous studies, such as that by Zong et al., (2022), utilized
multiple linear regression, support vector machine regression, and random forest regression to construct
nighttime hourly temperature prediction models under three different weather conditions in the greenhouse.
Zou Weidong et al., (2015), improved the extreme learning machine for predicting temperature and humidity
in a sunlight greenhouse.

Mao Xiao Juan et al., (2023), proposed a grey wolf optimization algorithm-based long short-term
memory network model for greenhouse temperature prediction. However, these models were limited by a finite
number of samples, and some were only studied under specific seasons or meteorological conditions,
restricting their generalization capabilities.

Tian et al., (2020), proposed a combination method of MA-ARIMA-GASVR based on mining historical
temperature data time-series information to establish a temperature prediction model. However, this model is
relatively complex, demanding substantial computational resources and time, limiting its practical application.

Zu et al., (2023), introduced a sparrow search algorithm (SSA)-optimized long short-term memory
network (LSTM) greenhouse environment prediction model. Yet, the limited local search capabilities of this
optimization algorithm may lead to local optimal solutions, impacting the model's overall search capabilities
and optimization effectiveness.

Zhang et al., (2021), established an Elman neural network prediction model based on collected
environmental historical data. However, this model may encounter challenges such as gradient vanishing or
exploding when predicting long time series, making it difficult to stabilize training networks and affecting
predictive performance.

The aforementioned studies share common issues, including limited coverage of sample data, biased
model selection, complexity, and susceptibility to locally optimal solutions (Johnstone et al., 2021). In this paper,
a DOA-BP-based industrial production environment prediction model for Agaricus bisporus was proposed.
With the advantages of the DOA optimization algorithm, such as strong global search ability, parallelism and
simplicity, the weight and bias of the BP network were accelerated to optimize, and environmental data of
different regions of mushroom houses were collected through multiple groups of sensors. The 3sigma criterion
and linear interpolation method were used to process the original data, and the input matrix of the processed
environmental data was constructed according to the time series and input into the DOA-BP model for training,
to achieve the accurate prediction of the production environment of the Agaricus bisporus.

This study compares the total energy consumption and environmental data between Mushroom House
28, which uses temperature and humidity data predicted by the DOA-BP model for climate control, and
Mushroom House 29, which uses real-time sensor data for climate control. The results show that Mushroom
House 28's temperature control equipment consumed 10.8% less total energy, and its humidification
equipment consumed 15.4% less total energy compared to Mushroom House 29. Overall, Mushroom House
28's total energy consumption was 12.6% lower than that of Mushroom House 29. Additionally, the temperature
and humidity in Mushroom House 28 remained stable and within optimal ranges, while Mushroom House 29
also maintained optimal temperature and humidity ranges, but with greater fluctuations.

The remaining sections of this article are organized as follows. In the second section, the DOA and BP
algorithms are individually elaborated, and the fusion process of the two algorithms is summarized. The third
section discusses the source and processing methods of the required data. In the fourth section, validation of
the fusion algorithm is conducted, and its practical application in the field is demonstrated. The conclusion of
this article is presented in the fifth section.
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MATERIALS AND METHODS

DOA-BP ENVIRONMENTAL PREDICTION MODEL
DOA optimization algorithm

The Dingo Optimization Algorithm (DOA), proposed by Hernan Peraza-Vazquez and colleagues in 2021,
is a novel bio-inspired algorithm (Hernan et al., 2021). This algorithm draws inspiration from the hunting
strategies of wild dingoes in Australia, including group attacks, grouping strategies, scavenging behaviour, and
the incorporation of survival tactics (Cai et al., 2023). These additions enhance the overall efficiency and
performance of the method, endowing it with strong optimization capabilities and rapid convergence speed.

The fundamental mathematical model of the algorithm is as follows.
1. Population Initialization

X (t) = Ib, (t) + rand (ub, (t) — b, (t)) 1)
where X;(t) represents the position of the current optimizing individual, whose value varies between the lower

search boundary [b; and the upper search boundary ub; of the Australian wild dog individual; t is the
iteration number, rand is a randomly generated number uniformly distributed between [0,1].

2. Hunting strateqy

1) Group Attack: Australian dingoes engage in coordinated group attacks when hunting large prey. They

work together to locate the prey's position and surround it for a group attack. As illustrated in Figure 1, this
behaviour can be described by (2).

5(} (t +1) = ﬁlz

k=1

When random < P and random < Q are satisfied. Where random is a uniformly generated random
number in the range [0,1], and P and Q are the probability values for the dingo population to execute their
respective strategies. In this context, ¥;(t + 1) represents the new position of an individual, na is a randomly
generated integer inversely proportional to [2, sizepop/2], where sizepop is the total population size.
Additionally, @,(t) denotes the set of individuals that will attack, with ¢ € X, where X is a randomly generated
dingo population. X;(t) is the current optimizing individual, %,(t) is the best individual found in the previous
iteration, and B; is a uniformly generated random number in the range [-2,2], serving as a scaling factor for
the magnitude of individual movement trajectories.

< [@k (t) - )_(.i (t)] _ K(t) @)
na

X,
Fig. 1 - Group Attack Strategy

2) Persecution Strategy: Australian dingoes, when hunting small animals such as rabbits, employ a
strategy where individual dingoes continuously pursue and approach the prey until it is captured individually.
This behaviour can be described by (3).

% (t+1) = X.(0) + B, *e” * (X, (1) - %, (1) (3)

When random < P is satisfied the following actions are executed.;(t + 1) represents the new position

of the individual, where X;(t) is the current optimizing individual, and %,(t) is the best individual found in the
previous iteration. 5; is the same as in (2), and f, is a uniformly generated random number in the range [-

1,1]. r, is arandom number generated from the range [1, sizepop], andx,, (t) is the position of the randomly
selected individual at index r;, where i # ;.
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3) Scavenging: Australian dingoes exhibit scavenging behaviour when randomly wandering in their
habitat and come across carrion as a food source. This behaviour can be described by (4).

R(+) =2 [e4 % 0~ (07X (] @

When random > P is satisfied. the following actions are executed. X¥;(t + 1) represents the new position
of the individual, where X;(t) is the current optimizing individual. X, (t) is the position of the randomly
selected individual at indexr;, wherei # r;. B,is the same as in (3), and o is a uniformly generated random
number in the range [0,1].

4) Survival Strategy: Due to reasons such as illegal hunting, Australian dingoes are facing the risk of
extinction. The survival rate of Australian dingoes is described by (5). (6) is applicable when the survival rate
is less than or equal to 0.3.
fitness,,, — fitness(i)

fitness, ,, — fitness,;,

RO =%.0+5[%,0- ()%, 0] ©

Where fitnessy,, and fitness,,;, are the fitness values of the best and worstindividuals in the current
generation, and fitness(i) is the current fithess value of the ith individual. The training data error absolute
value is used as the individual fitness value, where %;(t) represents the dingo individual with a lower survival
rate that will be updated. r; and r,are random numbers generated within the range [1, sizepop], and r, # ;.
%,(t) is the best individual found in the previous iteration.

Bp neural network

BP neural network is a concept proposed by Rumelhart et al. and other scientists in 1986. Each layer
of neurons is fully connected with the adjacent layer of neurons, and there is no connection between neurons
in the same layer and no feedback connection between neurons in each layer. It is a feedforward neural
network system with hierarchical structure trained according to the error reverse propagation algorithm (Xu et
al.,, 2017). Its training algorithm is simple, can handle various types of data, and has good adaptability to
nonlinear problems (Huang et al., 2020).

This paper adopts a three-layer BP neural network, consisting of the input layer, hidden layer, and output
layer. The number of nodes in the input and output layers is set to 6 and 2, respectively. The number of nodes
in the hidden layer is determined based on the empirical formula (Ding et al., 2023) (7).

j:\/m+n+a (7)

In the formula, n represents the number of nodes in the input layer, m is the number of nodes in the
output layer, j is the number of nodes in the hidden layer, based on experience, choosing a between 1 and
10 often helps to find a balance between computational efficiency and model accuracy. According to (7), the
preferred range for j is 4 to 13.

Figure 2 shows the topology of BP neural network, where h is the output of the hidden layer, Y is the
output of the output layer, W;; is the weight between the jin neuron of the hidden layer and the i neuron of the

survival (i) = (5)

input layer, b; is the bias of the | ™ heuron of the hidden layer, and W;; is the weight between the | ™ heuron
of the hidden layer and the | neuron of the output layer. b; and b, are the bias of neurons in the output layer.

air humidity

air temperature
 —

air conditioning X ! air temperature
status

soil temperature
—
soil humidity

COz2 concentration

input layer hidden layer output layer

Fig. 2 - Structure of BPNN network
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DOA-BP network fusion model

In the BPNN model, weights and biases play a crucial role in the model's fitting capability. In traditional
BPNN models, weights and biases are typically set randomly based on empirical experience, which may lead
the model to get stuck in local minima during network training, making it challenging to achieve optimal
performance. Therefore, the DOA optimization algorithm is employed, known for its robust global search
capabilities. Through hunting and survival strategies, optimal parameters are obtained for assigning and
training the weights and biases of the BP neural network. This approach helps overcome the drawback of
susceptibility to local minima, accelerates network convergence, and enhances the performance of the neural
network. The algorithmic process is illustrated in Figure 3, and the specific steps are outlined below.

(1) DOA Initialization: Initialize individual positions by randomly generating a certain number of dingo
individuals within the boundary conditions of the search space. Set their positions as random combinations of
weights and biases.

(2) Fitness Evaluation: Input historical environmental data and perform forward propagation through the
BP neural network to generate predicted values. Calculate the prediction error of each individual corresponding
to the BP neural network, and evaluate the fitness of each individual using the loss function.

(3) Selection and Replication: Select individuals with better performance based on their fithess values.
Retain these individuals for generating the next generation, and replicate the selected individuals to maintain
the population size.

(4) Update Individual Positions: Update individual positions through group attacks, grouping strategies, and
scavenging behaviour, ensuring that the updated positions do not exceed the allowable range of weights and biases.

(5) Convert the updated individual positions into combinations of weights and biases, and apply them to
the BPNN model. Evaluate the positions through the fithess function to identify the individual with the optimal fithess.

(6) Update the Best Individual: Select the dingo individual with the best fithess value in the population
as the current best individual. Record and update the global optimum solution.

(7) Check whether the set error or maximum iteration conditions are met. If satisfied, set the global
optimal weights and biases as the parameters for the BPNN. If not satisfied, return to step (2).

(8) Model Prediction: Input new environmental data into the optimized BP neural network. Generate
prediction results through forward propagation. Output the predicted temperature and humidity values.

(9) Model Evaluation and Validation: Evaluate the predictive performance of the model using a test
dataset and calculate error metrics.

Through these steps, the weights and biases of the BP neural network will be set to search and optimize
in the solution space of the DOA. By iteratively updating individual positions, the algorithm eventually finds the
individual with the minimum fitness value, and its corresponding weights and biases are considered as the
optimal parameters for the BPNN model.

Population
Initialization

Y
N
Persecution .
| Group Attack | | Strategy | | Scavenging | N
Update individual +| BPNN model
location training
Survival Strat Calculate the
urvival Strategy fitness value

Update the
optimal individual

eet the stop
condition
Y

end

Update the weights and
thresholds of BP neural |-
network

Fig. 3 - DOA-BPNN Flowchart
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Model evaluation metrics

To provide a visual representation of the predictive performance and accuracy of the model, the mean
absolute error (MAE), root mean square error (RMSE), and coefficient of determination (R?) are selected as
performance evaluation metrics for the model (Liang et al., 2023). Here, N represents the number of test
samples, y; is the actual value, ¥; is the predicted value, and y; is the mean value.

1 N

MAE =—>"ly, -y, ®)
N =
1 )

RMSE = [=>" (¥, - V) ©)

N =
N RVAY:

RZ_Zi:l(yi i) .
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DATA SOURCE AND PROCESSING
Overview of the experimental area

The experimental site is located at the Shandong Century Smart Agriculture Technology Co., Ltd.
Agaricus bisporus Cultivation Base in Jining City, Shandong Province, China, specifically in Mushroom House
No. 28 (35.224°N, 116.929°E). The mushroom house measures 18 m in length, 6.5 m in width, and 4.6 m in
height. It is constructed using 100 mm thick polyurethane insulation boards, with a ground surface of 180 mm
thick cement hardening. Each mushroom house has an area of approximately 117 m? and is equipped with
two sets of aluminium alloy planting racks. These racks are 15 m long, and 1.4 m wide in planting face, with a
layer height of 600 mm, totalling 6 layers.

The mushroom house is equipped with an intelligent temperature control system, humidification system,
and ventilation system. When the temperature changes, the temperature control system activates the air
conditioning through an S-shaped temperature control pipeline. In case of an increase in carbon dioxide
concentration, the ventilation system extracts air from the mushroom house through the return air vent and
introduces fresh air through the fresh air vent. When humidity decreases, the humidification system is activated,
and the solenoid valve is opened for spray humidification.

Internet of Things data acquisition system

Build a greenhouse environment loT data acquisition system, real-time and accurate. Obtaining
environmental information is the premise and guarantee of realizing greenhouse environmental prediction. The
IoT data-acquisition system mainly consists of a CPU (Teik et al.,, 2021), perception module and the
transmission module is composed of the sensing module to complete the air temperature and relative humidity.
Measurement of degree, carbon dioxide concentration and soil temperature and humidity, complete the
collection of air conditioner on/off status. The relevant parameters of the sensor are shown in Table 1. The
overall system architecture is shown in Figure 4.

© serras Air
temperature
and humidity
sensor

Carbon

dioxide

concentration
" sensor

Soil
temperature
and humidity
sensor

MSP430AFE263

ESP8266 |

Power Module

Fig. 4 - Lot system architecture diagram
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Fig. 5 - Three-dimensional map of sensor layout position

To ensure the accuracy of collecting environmental data in the mushroom house, the following sensor
layout scheme is employed: Two sets of planting racks (15 m, 6 layers each), sensors are placed at 5 m
intervals on 1st layer of Planting Rack #1 (1#1), 3rd layer of Planting Rack #1 (1#3), 5th layer of Planting Rack
#1 (1#5), 2nd layer of Planting Rack #2 (2#2), 4th layer of Planting Rack #2 (2#4), and 6th layer of Planting
Rack #2 (2#6). Air temperature and humidity sensors are placed on the west side of A#4 (1st layer, 4th layer
of Planting Rack #1), east side of B#1 (1st layer of Planting Rack #1), and east side of C#3 (3rd layer of
Planting Rack #2). CO2 sensors are placed on the west side of A#2 (2nd layer of Planting Rack #1), east side
of B#4 (4th layer of Planting Rack #2), and east side of C#1 (1st layer of Planting Rack #2).

This optimized sensor layout maximizes the sensing range, reduces blind spots and overlapping areas,
avoids resource waste and redundancy, and enhances detection accuracy and reliability.

The schematic diagram of the sensor deployment positions is shown in Figure 5, where the top left
corner represents the overall three-dimensional view of the mushroom house, the top right corner is the main
view of the mushroom rack, and the bottom shows the side view of Planting Rack #1. During the experiment,
two sets of planting racks inside the mushroom house were used for the cultivation of Agaricus bisporus using
the covered soil cultivation method, and the mushrooms were in the fruiting body growth stage (mushrooming
stage and mushrooming period). The experimental site is illustrated in Figure 6.

b)
Fig. 6 - Interior environment of mushroom house
a) East aisle; b) Centre aisle; c) West aisle

Table 1
Sensor parameters
Sensor type Model Range Precision
Air temperature and RS-WS-N1-2-* Temperature: -40°C~+80°C Temperature: £0.4°C
humidity sensor Humidity:0%RH~100%RH Humidity: +2%RH
CO2 sensor RS-CO2*-*- 0-5000ppm +30ppm+3%F.S
Soil temperature RS-WS-*-TR-1 Temperature: -40°C~+80°C Temperature: £0.5°C
and humidity sensor Humidity:0%RH~100%RH Humidity: +3%RH

Data collection and preprocessing
Data collection

Through the intelligent data collection system, automatically collect six types of data: air temperature,
air humidity, soil temperature and humidity, CO2 concentration, and air conditioner on/off status (0/1), was
conducted from May 3, 2023, to June 7, 2023. This period corresponds to the fruiting body growth stage of
Agaricus bisporus (fruiting stage and mushrooming period). The sampling interval was 10 minutes, resulting
in 5040 data points for a single environmental parameter and a total of 30,240 data points.
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The environmental data from May 3, 2023, to June 1, 2023, were used as the training set, while the data
from June 2, 2023, to June 7, 2023, were used as the validation set for model verification. Some raw data, as
illustrated in Figure 7 (taking the temperature data from May 3, 2023, to May 18, 2023, as an example), indicate
the presence of missing data and instances of abrupt temperature changes to zero.

Raw temperature data waveform 15
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Time/h 2023
Fig. 7 - Partial raw data
Data preprocessing

Exposing sensors to prolonged high-humidity environments in the mushroom house can affect their
accuracy. Additionally, issues such as network transmission quality and control equipment malfunctions may
lead to anomalies and data gaps, impacting the accuracy of the prediction model. In this study, the 3-sigma
criterion is employed to eliminate outliers from the collected raw data, and linear interpolation is used to impute
missing data. As shown in Figure 8 (taking the temperature data from May 3, 2023, to May 18, 2023, as an
example), the upper part displays temperature data after removing outliers, while the lower part shows
temperature data after interpolation.

Temperature data waveform after removing outliers
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Fig. 8 - Data preprocessing
Data normalization
Normalization of data eliminates differences in range and dimensionality among various environmental
parameters within the mushroom house, enhancing the stability, accuracy, and efficiency of the model. This
ensures consistent weights for features, thereby better adapting to the modelling process (Liang et al., 2023).

X=X
X, = —X' '_”‘)'2 (11)
1 max 1
Here, X; represents the normalized value, and x; is the environmental data within the sample dataset
X. Ximin @Nd x;ma, represent the minimum and maximum values of the data belonging to the sample before
normalization.

TEST
Test platform

The platform configuration used for training is as follows: operating system Windows 10 Professional
64-bit, processor 12th Gen Intel Core i9-12900KF, graphics card NVIDIA GeForce RTX 3090, and memory
128GB. The programming software used is Matlab R2023a.
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Model parameter settings

The parameter settings are as follows: In the DOA optimization model, a larger population size can
expand the search space and improve global search capabilities, but it increases computational complexity.
Set the total number of dingoes to 200. The probability of hunting or scavenging strategy, P, is set to 0.5, and
the probability of group attack or persecution, Q, is set to 0.7. The search boundaries define the range of
individual searches for new solutions. A larger search boundary can expand the search space, aiding global
search but may slow down the search speed. The upper and lower search boundaries of the population
individuals, lb; and ub;, are set to -10 and 10, respectively.

The selected three-layer BP neural network model has an input layer with 6 nodes and an output layer
with 2 nodes. Through program execution, under the same sample set and number of training iterations, the
root mean square error (RMSE) for different numbers of hidden layer nodes is calculated, as shown in Figure
9. When the number of hidden layer nodes is 14, the RMSE is minimized.

Therefore, the BP neural network model is configured with 14 hidden layer nodes, and the activation
function for each neuron is the sigmoid function:g(x) = 1/(1 + e”(—x)). The loss function used is the mean
square error E = %Z{;l (d; —y,)?, with a learning rate & set to 0.01. The training target for the minimum error

is set to 0.0001, and the time step, determining the utilization of historical information and model prediction
performance, is set to 15. The maximum number of iterations is set to 1000. The parameter settings for the

DOA-BP prediction model are summarized in Table 2.
0,08

— RMSE

4 5 8 7 8 g 10 11 12 13 1 15 18 17
Number of hidden layer nodes
Fig. 9 - Root mean square error corresponding to node number of different hidden layers

Table 2
Model parameter Settings
Name of parameter Parameter values
Population quantity 200
Probability of P 0.5
Probability of Q 0.7
Learning rate 0.01
Network layer number 3
Input layer node 5
Hidden layer node 13
Output layer node 2
Time step 15
Search boundary -10~10
Target minimum error 0.001
Maxirr_]um r_1umber of 1000
iterations
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RESULT AND ANALYSIS
Data preprocessing impact analysis

Table 3 presents a comparative analysis of the DOA-BP prediction model's temperature forecasting
performance before and after data preprocessing. From the table, it can be observed that, after data
preprocessing, the DOA-BP model's Mean Absolute Error (MAE) and Root Mean Square Error (RMSE) for
temperature prediction decreased by 0.005 and 0.057, respectively, compared to before preprocessing. The
coefficient of determination (R?) increased by 0.075. Similarly, for humidity prediction, the MAE and RMSE
decreased by 0.009 and 0.0047, respectively, and R? increased by 0.057. This indicates that data missing and
anomalies have a negative impact on the prediction model, demonstrating the effectiveness of using the 3-
sigma criterion and linear interpolation for data preprocessing.

Table 3
Comparative analysis of DOA-BP prediction model's effect on temperature prediction before
and after data preprocessing

Temperature MAE | RMSE R?
Before repair 0.026 | 0.101 | 0.901
After restoration 0.021 | 0.044 | 0.976

Humidity MAE | RMSE R2
Before repair 0.022 | 0.085 | 0.911

After restoration 0.013 | 0.038 | 0.968

Prediction results and comparative analysis
The obtained DOA-BP prediction model was used to forecast the temperature and humidity inside the
mushroom cuItlvatlon faC|I|ty for the next 5 days The results are deplcted in Flgure 10.
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Fig. 10 - Prediction results of temperature and humidity in mushroom house based on DOA-BP

The DOA-BP model achieved R?, MAE, and RMSE values of 0.976, 0.021, and 0.044 for temperature
prediction, respectively. For humidity prediction, the model achieved R2, MAE, and RMSE values of 0.968,
0.013, and 0.038, respectively.

To validate the scientific and superior performance of the proposed DOA-BP neural network prediction
model, this study conducted a comparative analysis of predictive performance with BP neural network, genetic
algorithm optimized BP neural network (GA-BP), and particle swarm optimization optimized BP neural network
(PSO-BP) under the same input parameters and computational environment.

As seen in Table 4, For humidity prediction, the R2 of DOA-BP model increased by 8.3%, 5.9%, and 5.4%
compared to BP model, GA-BP model, and PSO-BP model, respectively. Moreover, the MAE and RMSE
decreased by 12.5%, 54.2% compared to BP model, 30%, 48.2% compared to GA-BP model, and 8.7%, 46.9%
compared to PSO-BP model. As seen in Table 5, for temperature prediction in the mushroom cultivation facility,
the R2 of DOA-BP model increased by 6%, 4.6%, and 4.4% compared to BP model, GA-BP model, and PSO-
BP model, respectively. Additionally, the MAE and RMSE decreased by 35%, 56.3% compared to BP model,
40.9%, 51.9% compared to GA-BP model, and 38.1%, 51.3% compared to PSO-BP model.
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The number of iterations in which the best performance of each model for temperature and humidity
prediction appears respectively were 132 and 174 for DOA-BP, 352 and 326 for BP, 205 and 241 for GA-BP,
and 197 and 225 for PSO-BP. In conclusion, the DOA-BP model demonstrated superior predictive
performance, accurately forecasting temperature and humidity in the mushroom cultivation facility, while also
improving model efficiency.

Table 4
Comparison of humidity evaluation indexes predicted by models
Model(humidity) |MAE |RMSE |R? Iterations
BP 0.020 |0.087 |0.913 |352
GA-BP 0.023 |0.079 |0.925 |205
PSO-BP 0.021 |0.078 |0.927 |197
DOA-BP 0.013 |0.038 |0.968 |132
Table 5
Comparison of temperature evaluation indexes predicted by models
Model(temperature) |[MAE |RMSE |R? Iterations
BP 0.024 |0.096 [0.912 316
GA-BP 0.030 |0.085 |0.922 |241
PSO-BP 0.023 |0.083 [0.926 |225
DOA-BP 0.021 |0.044 |0.976 |174

Experimental validation

Mushroom house No. 28 and Mushroom house No. 29 of the mushroom culture base of Shandong
Century Smart Agricultural Technology Co., LTD., Jining City, Shandong Province, were selected. The two
mushroom houses were in the fruiting stage, and the suitable temperature range was 20-24°C and the suitable
humidity range was 80-85%. The automatic environmental control system of mushroom room No. 28 uses the
temperature and humidity data predicted by the DOA-BP model to adjust temperature and humidification, while
the automatic environmental control system of mushroom room No. 29 directly adjusts temperature and
humidification according to the real-time sensor data. The observation time is from July 1, 2023 to July 4, 2023,
and the environmental data is collected every 10 minutes. Record the total power consumed by the device.
The total electric energy consumption and environmental data of the equipment in Room No. 28 and Room
No. 29 were compared and analysed. As shown in the table 5, the total electric energy consumed by the
temperature regulating equipment in Room 28 is reduced by 10.8% compared with room 29, the total electric
energy consumed by the humidifying equipment is reduced by 15.4% compared with room 29, and the total
electric energy is reduced by 12.6% compared with room 29.

Figure 11 shows the temperature data and humidity data of mushroom room No. 28 and No. 29 within
5 days. The overall temperature and humidity of mushroom room No. 28 changed steadily, and always kept
within the appropriate temperature and humidity range; Room No. 29 kept the overall temperature and humidity
within the appropriate range. But the temperature and humidity change range was large.

Based on the above analysis, the DOA-BP temperature and humidity prediction model proposed in this
study can accurately predict the temperature and humidity of mushroom houses, which can better control the
cultivation environment, rationally arrange the utilization of resources, and reduce the production cost.

Table 6
Power consumption of equipment

humidifier consumes .
Room thermo_st_at consumes electrical energy Total electric
electricity (KW*h) (KW*h) energy (KW*h)
Mushroom house No. 28 371 231 602
Mushroom house No. 29 416 273 689
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Fig. 11 - The change of the overall temperature and humidity of the mushroom house

CONCLUSIONS

(1) The temperature and humidity prediction model for the industrialized production of Agaricus bisporus
based on the DOA-BP proposed in this study utilizes the strong global search capability of the DOA
optimization algorithm to perform rapid search and optimization of the weights and thresholds of the BP neural
network. This approach addresses issues such as low model prediction accuracy resulting from manually
setting weights and biases through random empirical methods. It helps overcome the drawbacks of easily
falling into local minima, accelerates network convergence, and improves the overall performance of the neural
network.

(2) The greenhouse environment Internet of Things data acquisition system is used to obtain
environmental information in real-time and accurately. At the same time, the abnormal environmental data
collected is eliminated based on the 3sigma criterion, and the missing data is interpolated by the linear
interpolation method. The input matrix of the processed environmental data is constructed according to the
time series and input into the DOA-BP model for training. The accuracy of temperature and humidity prediction
is significantly improved by the model, which provides a guarantee for realizing the accurate prediction of the
greenhouse environment.

(3) Experimental results indicate that the model achieves determination coefficients (R2) of 0.976 and
0.968 for temperature and humidity predictions, respectively. The performance surpasses that of BP neural
networks, genetic algorithm-optimized BP neural networks, and particle swarm optimization-optimized BP
neural networks. While enhancing prediction accuracy, the model also considers operational efficiency, thus
improving the overall predictive performance. It exhibits notable superiority in predicting the temperature and
humidity of the Agaricus bisporus production environment.

(4) Through validation, the DOA-BP temperature and humidity prediction model proposed in this study
accurately forecasts the conditions in mushroom houses. It enables better control of cultivation environments
and facilitates efficient resource allocation, thereby reducing production costs.
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ABSTRACT

The purpose of this research was to determine the character of kefir ice cream enrichment with Saccharomyces
cerevisiae ATCC 36858 in various concentration. The study was conducted using a complete randomized
design with 4 treatments (T0=0%; T1=0.33%; T2=0.66%; T3=1% S. cerevisiae ATCC 36858 (w/v)) and 4
repetitions. The results of the study were processed using ANOVA and DMRT. The treatment increases acidity,
ethanol, viscosity and decreases the pH value, overrun, and melting rate of the product (p<0.05). The micro
nutrients (C, O, K, Ca, P, Cl, S, Na, Mg, Si) and macro nutrients (protein and fat) has changed (p>0.05). The
lactic acid bacteria and yeast content has decrease of 10° CFU/g during 28 days of storage. T2 has a good
overall acceptance value with flavor and texture favored by panelists.

ABSTRAK

Tujuan penelitian ini adalah untuk mengetahui karakter es krim kefir yang diperkaya dengan Saccharomyces
cerevisiae ATCC 36858 dalam berbagai konsentrasi. Penelitian dilakukan menggunakan rancangan acak
lengkap dengan 4 perlakuan (T0=0%; T1=0,33%; T2=0,66%; T3=1% S. cerevisiae ATCC 36858 (w / v)) dan
4 pengulangan. Hasil penelitian diolah menggunakan ANOVA dan DMRT. Perlakuan mampu meningkatkan
keasaman, etanol, viskositas dan menurunkan nilai pH, overrun, dan laju leleh produk (p<0,05). Kandungan
mikro nutrient (C, O, K, Ca, P, CI, S, Na, Mg, Si) dan makro nutrient (protein dan lemak) mengalami perubahan
(p>0,05). Kandungan bakteri asam laktat dan ragi mengalami penurunan sebesar 10° CFU/g selama 28 hari
penyimpanan. T2 adalah produk yang memiliki nilai penerimaan keseluruhan terbaik. Sebagai kesimpulan, T2
mampu menghasilkan produk dengan rasa dan tekstur yang disukai oleh panelis.

INTRODUCTION

Recently, efforts have been made to decrease the use of chemical drugs and increase lifestyle
changes and natural therapies, such as by drinking kefir. Kefir that contains high probiotic is considered to be
a new approach to effective treatment of various metabolic disorders. World Health Organization (WHO)
defines probiotics as living microorganisms with beneficial health effects on the human body when consumed
in sufficient quantities. Lactic acid bacteria (LAB) and Saccharomyces sp are part of the kefir grain ecosystem.
Furthermore, they are able to survive over long storage periods in frozen systems such as kefir ice cream
matrix that includes nutritive constituents such as milk proteins and fat.

Ice cream is a complex multiphase system that consists of dispersed air cells, coalescence fat
globules, crystal ice, and aqueous phase with dissolved mineral and suspended proteins (Indonesian National
Standardization Agency,1995). Ice cream has good potential to be used as probiotic vehicle because of its
composition as well as its acceptable flavor and texture (Agustin et al., 2021). Recently, new ice cream
formulations have been developed with various probiotics, one of them is kefir ice cream. Incorporating kefir
grain into the ice cream mix (ICM) is expected to help reduce the sugar and fat contents of the probiotic ice
cream. ICM made from fermented milk has a simpler sugar and fat content that significantly affects the sensory
quality of probiotic ice cream (Jardines et al., 2020). However, there were still many shortcomings in the
product including flavor, texture, melting, color, and nutritional content.
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Senaka et al (2013) reported that kefir grain produces ethanol during its fermentation process, thus
affecting the sensory quality of the final product. Akalin et al (2018) argued that enrichment on ice cream with
probiotic has significantly increased the acidity of product. In addition, Khademi et al (2022) also reported that
probiotic inside the formulation significantly affects the physicochemical and sensory properties especially fatty
acid profile of sourness. On the contrary, utilization of Saccharomyces boulardii in combination with
Lactobacillus rhamnosus GG in probiotic ice cream formulations gives insignificant affect to its sensory quality
(Goktas et al., 2022). This was due to the role of Saccharomyces sp.

In general, S. cerevisiae serves to produce functional food due to their antimicrobial activity against
pathogen (Suhendar, 2023; Zhang et al., 2024) and as an antioxidant agent (Adi, 2022; Bamba et al., 2024).
Radiati et al (2022) reported that the addition of S. cerevisiae ATCC 36858 by 1% (w/v) into goat’s milk kefir
formulations resulted in antimicrobial activity of 25, 28, and 22 mm zone inhibition against Eschericia coli,
Streptococcus typhi, and Klebsiella pneumoniae respectively, g —galactosidase of 120.33 U/g protein, and
antioxidant activities of 72% DPPH inhibition. They argued that f —galactosidase from S. cerevisiae convert
milk fat into short-chain fatty acids that are useful material for the host to improve probiotic ice cream texture
acceptance. Based on this description, the use of S. cerevisiae ATCC 36858 was thought to produce kefir ice
cream. The purpose of this research was to determine the character of kefir ice cream enrichment with S.
cerevisiae ATCC 36858 in various concentration. The novelty of this study is S. cerevisiae population
reconstruction to produce kefir ice cream that has good overall acceptance.

MATERIALS AND METHODS
MATERIAL

S. cerevisiae ATCC 36858 (107 CFU/g) (0; 0.33; 0.66; 1 % w/v) and kefir grains (Lactobacillus
plantarum, L. cremoris, Streptococcus cremoris, and Saccharomyces sp.) were obtained from the Animal
Product Technology Laboratory, Animal Science Faculty of Universitas Brawijaya. Commercial goat’s milk was
obtained from local farmers, Malang, Indonesia. Glucose as sweetener and mono-acyl glycerol (MAG) as
emulsifier were obtained from Subur Kimia Jaya, Indonesia. Egg yolk as stabilizer and salt (NaCl) as flavor
agent were obtained from traditional market, Malang, Indonesia.

GOAT’S MILK KEFIR PREPARATION

Goat milk kefir was made based on the method of Radiati et al (2022) with slight modification by adding
0; 0.33; 0.66; and 1% (w/v) S. cerevisiae ATCC 36858 and 4% (w/v) kefir grain into goat’s milk. The mixture
was put into a non-plastic glass jar with a volume of 1000 ml. The fermentation process was carried out for 48
hours at room temperature. After that, the mixture was filtered using a fine sieve to separate grains from the
liquid. The liquid was stored in a 4°C refrigerator for temporary storage or directly used to produce kefir ice
cream.

KEFIR ICE CREAM PRODUCTION

Kefir ice cream was produced using a protocol from Zoumpopoulou et al (2021) with slight modification
by putting kefir goat's milk, MAG, glucose, salt, and egg yolk into a bowl to make ICM. The dosage of
ingredients was listed in Table 1. The ICM was homogenized, then put into ice cream machine (GEA ICE —
1530) for 45 minutes. The thickened ICM was taken using a spatula and stored into an airtight plastic container
to be stored in a freezer (-20°C) for 4 hours before being used for research. Stirring was done every 4 hours
to keep kefir ice cream’s viscosity in good condition.

Table 1
Formulation of kefir ice cream enrichment with S. cerevisiae ATCC 36858 in various concentration
Ingredients TO (control) T1 T2 T3
Goat’s milk [mL] 750 750 750 750
MAG [g] 3 3 3 3
Glucose [mL] 120 120 120 120
Egg yolk [mL] 300 300 300 300
Kefir grains [0] 30 30 30 30
Salt [g] 2 2 2 2
S. cerevisiae ATCC 36858 [g] 0 2.5 5 7.5
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Fig. 1 — Producing of kefir ice cream

VIABILITY of CULTURE

Enumeration was carried out based on protocol by Arief et al (2024) with slight modification. The
viability of culture (LAB and yeast) inside kefir ice cream products were determined throughout storage time.
LAB and yeast were incubated in Man Rogosa Sharpe (MRS) broth (t=24 hours; T=37°C) and yeast extract,
peptone, dextrose (YPD) broth (t=48 hours; T=37°C), respectively. 0.9% NaCl solution serial dilution of kefir
ice cream was created and homogenized for 2 min. Serial dilutions were prepared and 100 uL from each
dilution was spread to MRS and YPD agar plates for LAB and yeast, respectively. The viability of LAB and
yeast were calculated using Equation 1.

a
Viability of culture (XD + 01X xd)

Where: Q)

a =Calculated colony ¢ =Sum of petridish on the next dillution

b =Sum of Petri dish on the first dilution d =First dilution

PHYSICO-CHEMICAL FEATURES DETERMINATION

Kefir ice cream was melted at room temperature and characterized for pH by potentiometric method
(Digimed DM20), titratable acidity by titration method and expressed as a lactic acid percentage, viscosity by
viscometer (NDJ-8S) at 30 rpm for 30 seconds, total protein by Kjeldhal method, fat by Gerber method, and
ethanol content by titration method based on Indonesian National Standard 01-2891-1992 (Indonesian
National Standardization Agency 1992).

MELTING FEATURES DETERMINATION

Melting testing was carried out based on protocol by Muse and Hartel (2004) with slight modifications.
A sample of kefir ice cream blocks (6cmx6cmx3cm) with mass £100 gr. The initial temperature of ice cream
was -17°C. Then they were placed on a wire screen. The sample was placed in a controlled temperature
chamber at 25°C. The dripped volume was recorded after 30 minutes, 60 minutes, and 90 minutes and
calculated as percentage drainage using Equation 2.

%x 100% @)

where: a = Mass of melted ice cream; b = Mass of frozen ice cream
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OVERRUN FEATURES DETERMINATION

Overrun calculations were carried out based on Kozfowicz et al. (2019) with slight modifications. The
mass of ICM was weighed as and recorded as "a". The mass of kefir ice cream was weighed and recorded as
"b". Mass weighing was carried out according to the theory of the equation that 1 gram is equivalent to 1 cm?.
Overrun was calculated using Equation 3.

b—a 3)
X 100%

where:
a = Mass of ICM; b = Volume of kefir ice cream

COLOR FEATURES DETERMINATION

Color determination was carried out based on protocol by Kozfowicz et al. (2019) with slight
modification. The color values of probiotic ice cream in terms of L*, a*, and b* values were determined using
a CR-400 ChromaMeter (Konica Minolta, Japan) instrument.

MORPHOLOGY AND MINERAL CONTENT FEATURES DETERMINATION

Kefir ice cream was melted at room temperature and were characterized for morphology based on
Florczuk et al. (2022) using field emission scanning electron microscopy (FESEM) — Energy Dispersive
Spectroscopy (EDS) from the FESEM Thermo Scientific Quattro with EDS detector was used to capture the
surface morphology of kefir ice cream. The same engine was used to calculate the weight percentages of
components.

SENSORY FEATURES

Sensory evaluation was carried out based on protocol by Hanafi et al. (2022) with slight modification.
In this analysis, 30 panelists (15 men dan 15 woman) present their personal responses written using a hedonic
scale on 1to 5 (1: very bad, 2: dislike, 3: not too bad, 4: good and 5: very good) during the education period
held to provide knowledge about probiotic ice cream in two hours meeting. Ethical clearance regarding the use
of panelists based on protocol by Guidelines for the Code of Ethics for Research and Community Service
Universitas Brawijaya.

EXPERIMENTAL DESIGN AND DATA ANALYZES

The experimental design used in this study was a Completely Randomized Design (CRD) with four
treatments 0%; 0.33%; 0.66%; 1% (w/v) S. cerevisiae ATCC 36858 addition and four repetitions respectively.
Kefir ice cream’s formulation can be seen in Table 1. Statistical analysis was performed for all measurement
data using Microsoft Excel with One Way Analysis of Variance (ANOVA). The differences between treatments
were tested further using Duncan’s Multiple Range Test (DMRT) analysis with a significance level of 0.05.

BEST TREATMENT DETERMINATION
The analysis for determining the best formulation was carried out by the method of De Garmo (Alfadila
et al. 2020). Determining the best treatment begins with grouping all observation parameters and scoring. Then
calculate the weight value (WV) to determine the treatment value, the best value, and the worst value. Then
calculated the effectiveness value (EV) with the Equation 4.
@b) (@)
(c—b)
where:
a = Treatment value; b = Worst value; ¢ = Best value

After that, the calculation of the product value for each observation parameter was carried out using
the Equation 5.
axb (5)
where:
a = Effectiveness value; b = Weight value
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RESULTS
Culture Viability of Kefir Ice Cream

The initial count of LAB viability was 2.35x107 CFU/g for control and all treatments. The results showed
that the control and all treatments decreased the viability of LAB by 1x10* and 5x10° CFU/g on day 1% to day
7" 4x105 and 1x108 CFU/g on day 14™; 1x10° and 4x10° CFU/g on day 215 to day 28" respectively. While the
initial count of yeast viability for control and all treatments was 9.11x104; 9.13x10% 9.15x10%; 9.20x10* CFU/g
respectively. The results showed that control and all treatments decreased the viability of yeast by 1x10* and
2x10° CFU/g on day 1% 2x10° CFU/g on day 7'"; 1x10* CFU/g on day 14™"; 2x10* CFU/g on day 21% to day
28" for control and all treatment respectively.

Kefir grains used in this study contained L. plantarum, L. cremoris, S. cremoris, and Saccharomyces sp
as much as 4% (w/v). Meanwhile, the treatment used in this study was the addition of S. cerevisiae ATCC
36858 strains as much as 0.33, 0.66, and 1% (w/v). The probiotic community was thought to have a positive
impact on human health. Akalin et al (2018) argue that Lactobacillus sp is classified as LAB which can help
maintain human digestive health. Bamba et al (2024) argue that Saccharomyces sp is a yeast that can
establish mutualism symbiosis with LAB. Arief et al (2024) reported that the viability of LAB and yeast during
ice cream production showed a good viability rate. Unfortunately, there were several factors that can reduce
this number when entering the storage stage. Probiotic products should contain viable count of microorganisms
at numbers ranging from 108 to 10° CFU/g during their shelf-life (Bullock & Gruen, 2023).
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Fig. 2 - Viability of culture (LAB and yeast) in kefir ice cream product
during 28 days storage period

Fig. 2 shows the viability of LAB and yeast in kefir ice cream product. For the record, the calculation of
viable count of S. cerevisiae ATCC 36858 was put together with Saccharomyces sp. During the ice cream
production, LAB and yeast were inoculated at level of 2.354529 x 107and 9.1100 x 10* CFU/g respectively.
The initial count results showed that the decrease in viability of LAB was higher than that of yeast (Fig. 2).
Many LAB suffer a rapid loss of their viability if stored at temperatures below -17°C (Goktas et al., 2022).

This could be due to the yeasts which are more adaptable to low temperature than bacteria.
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As expected, the probiotic numbers in ice cream products were in a decrement trend during the storage
time but importantly none of the ice cream products harbored probiotics below 8.5634 x 104 CFU/g. This level
was within the suitable level to be classified as probiotic products based on Codex Alimentarius. The number
of LAB and yeast is at least 106 — 10° and 10* CFU/g, respectively (Codex, 2018).

The decrement of viable culture number was probably because of the freezing stage which caused some
damage to cells and finally they died (Corradini et al., 2014). Cruz et al (2022) argued that decrement of viable
LAB and yeast in the product may be related to competition. The decrease of viable counts during storage
time could be caused by the low temperature (- 20°C) storage condition. Following the D-28" of storage period,
viable counts of LAB and yeast were at 2.3308100x107 and 8.5634x10* CFU/qg levels, respectively. This result
can be critical for the numbers because the LAB has decreased drastically as much as 1x10° CFU/g in D-14"
storage, while yeast experienced a drastic decrease as much as 2x10% CFU/g on D-21% storage. These
findings suggest that the product storage should not be more than 28 days.

Physico-chemical Features of Kefir Ice Cream

There was a significant increase in acidity, ethanol and viscosity, but this was not the case with protein
inside kefir ice cream (Table 2). The difference that causes an increase in acidity and ethanol appears
significantly in TO with T1. There was also a significant decrease in pH (D-1), pH (D-28), overrun, melting in
30 minutes, 60 minutes, and 90 minutes, but this did not occur in fat inside kefir ice cream (Table 2). The
difference that causes a decrease in pH D-1%and D-28™ appears significantly in T2 with T1 and T1 with control.
While against overrun there was a significant difference in T1 with control. Unfortunately, there was no
significant difference between treatments despite a decrease in melting in 30; 60; and 90 minutes.

Table 2
Effect of various S. cerevisiae ATCC 36858 concentrations on physico-chemical features of kefir ice cream
Concentration of S. cerevisiae ATCC 36858
Attributes Control (T0) Tl T2 T3
pH (D-1% [pH] 6.71 + 0.03°¢ 6.34 + 0.03° 6.29 + 0.032 6.25 + 0.022
pH (D-28™ [pH] 6.68 + 0.02¢ 6.27 + 0.02° 6.23 + 0.032 6.21 + 0.012
Acidity [%] 0.18 + 0.002 0.34 + 0.08° 0.37 + 0.02° 0.38 + 0.00°
Fat [%] 3.20 £ 0.01 3.15 +0.13 3.13 £ 0.13 3.11 £ 0.12
Protein [%6] 3.35+0.21 3.65 + 0.36 3.68 + 0.36 3.69 + 0.34
Ethanol [%] 0.50 + 0.032 0.69 + 0.06° 0.76 + 0.07° 0.88 + 0.08°
Overrun [%] 31.13 + 0.22° 27.05 + 0.822 27.00 + 0.822 | 26.99 + 0.85?
Melting in 30 min [%] 27 £+ 0.052 25 + 0.062 19 + 0.062 14 + 0.062
Melting in 60 min [%] 39 + 0.052 34 + 0.062 27 £+ 0.062 25 + 0.062
Melting in 90 min [%] 87 + 0.052 81 + 0.062 77 £ 0.062 69 + 0.062
Viscosity [m.Pa] 65.15 + 6.122 70.08 + 6.192 81.93 + 6.26° 83.29 + 6.33F
Means in the same row with different superscript differ significantly (p<0.05)

Kozfowicz et al (2019) argued that LAB and yeast as kefir grains are enclosed in a polysaccharide known
as kefiran and protein matrix. McGhee et al (2015) argued that the microbial fermentation of kefir product
produces organic compounds such as lactic acid and ethanol. Under favorable conditions, the fermentation
process begins and leads to the increased number of their viability and produces various metabolites at the
end of the process. Therefore, in making this kefir ice cream, nutritional conditioning was well maintained to
meet the life needs of LAB and yeast by adding S. cerevisiae ATCC 36858 to the formula. Radiati et al (2022)
reported that S. cerevisiae ATCC 36858 in grain kefir complex improved bioactive compound of goat’s milk
kefir and simultaneously gave some improvement by producing antimicrobial activity, antioxidant, and g -
galactosidase enzyme. Besides that, this enzyme converts milk fat into short-chain fatty acids that are useful
material for the host.

Bamba et al (2023) reported that S. cerevisiae produced glycerol and ethanol around 1.1 and 5.4 g/L at
48 h of cultures respectively. In addition, Khademi et al (2022) reported that S. cerevisiae could lower the pH
value continuously during culture and reached a value of 4.4 pH. Furthermore, Gut et al (2022) reported that
from 5.5 to 6.5 pH led to the increased survival of LAB and yeast during storage. The ice cream matrix could
become a good vehicle for LAB and yeast culture which contained milk protein and fat.

High fat content can provide support considerably higher viability of probiotic strains during production
and storage (Zoumpopoulou et al 2021).
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The fat content of kefir ice cream product changed between 3.20% and 3.11%. In the particular case,
this implies overcoming intrinsic hurdles such as the beating step, where air is incorporated known as overrun
and storage under freezing temperatures. Dutra et al (2015) stated similarly that in general, addition of LAB
and yeast resulted in lower overrun levels in comparison with control.

The overrun defines the structure of the final product, since the presence of air gives the kefir ice cream
an agreeable creamy texture. Jardines et al (2020) reported that commercially, the overrun of all the probiotic
ice cream was low, which were indicated to be between 50% and 80%. An increase in S. cerevisiae ATCC
36858 used decreased the overrun of kefir ice cream. A higher overrun led to a slower melting because air
cells acted as an isolator medium (Deosarkar et al., 2016). Melting rate feature affects the formation of
hardness texture of the final product. The increased proportion of S. cerevisiae ATCC 36858 is able to improve
viscosity while decreasing the melting of kefir ice cream.

The melting was also associated with the overrun. These current findings show that increasing the
amount of S. cerevisiae ATCC 36858 reduces overrun, causing kefir ice cream to melt more slowly. Akbari et
al (2019) reported that low air cell incorporation might function as an insulator inside the kefir ice cream
structure. Whereas, Arief et al (2023) reported that the addition of partially mixed fat derived from egg yolk was
able to form a fat bond which could stabilize the air bubble and foam in the ice cream structure, which
subsequently reduced the melting around 80 — 90 % when the block of kefir ice cream was allowed to melt at
room temperature for 2 hours.

Viscosity feature is the resistance of fluids to changes in movement relative to each other (Fitri et al.,
2020). The viscosity value will appear when the molecules in the fluid friction against each other. The increase
in the viscosity of kefir ice cream containing S. cerevisiae ATCC 36858 was probably due to the high-water
retention of insoluble materials based on their low soluble content. Alfadila et al (2020) argued that the
increment indicated the significant effect of LAB on texture of the ice cream in viscosity. Popescu et al (2021)
argued that enhanced viscosity can be achieved with the interaction of milk protein or by the interaction
between soluble and insoluble compound.

Color Feature of Kefir Ice Cream

The results showed that the addition of S. cerevisiae ATCC 36858 with various concentrations was able
to produce a brighter product than the control (Table 3). This was because S. cerevisiae ATCC 36858 produces
products that tend to be greenish and yellowish significantly. Based on the DMRT test, it was known that the
color tendency of T1 and T2 products was bright yellowish and bright greenish respectively. The duration of
product storage for 28 days was able to significantly reduce product brightness (Table 3). DMRT tests show
that the difference between treatments that cause a decrease in brightness tends to be greenish occurs
insignificantly, while the yellowish color turns bluish. DMRT tests show that there was a significant difference
in each treatment of yellow to bluish color change.

Table 3
Effect of various S. cerevisiae ATCC 36858 concentrations on color features of kefir ice cream day 15t and
day 28"
D-1°t D-28'"
Sample L* a* b* L* a* b*

Control (T0) 84.47+0.322 | -5.954+0.03% | 11.454+0.052 | 83.14+0.432 | -6.02+0.03% | 11.314+0.05°
T1 86.84+0.33° | -5.9140.03° | 12.364+0.06° | 84.8740.652 | -5.74+0.022 | 10.7840.05°
T2 87.6240.33¢ | -5.8440.03¢ | 12.2140.06° | 84.3140.43% | -5.674+0.022 | 10.6540.05P
T3 88.414+0.34¢ | -5.7740.02° | 12.06+0.06° | 83.3040.432 | -5.60+0.022 | 10.5240.052
Means in the same row with different superscript differ significantly (p<0.05). L* values show the light intensity between

0 — 100, a* values show the redness (+) to green (-) and b* values show yellowness (+) to blueness (-) color.

Color feature of kefir ice cream is one of the most critical quality indicators accepted by panelist. L*
(brightness) of kefir ice cream changed between 84.47 and 88.41 observed for all treatment. The addition of
1% S. cerevisiae ATCC 36858 resulted in significantly higher L* compared to control. After 28 days of storage
time, differences in L* value of kefir ice cream were found to be significant. Sarwar et al (2021) reported that
with the exception of yellowness, all kefir ice cream products prepared with fat replacers had significantly better
appearance acceptance than control. In terms of a* (redness) dan b*(yellowness) of kefir ice cream, a* values
changed in the range of — 5.95 to — 5.77 whereas b* values product altered in the range of 11.45 to 12.06. An
improvement in a* values of all kefir ice cream products containing S. cerevisiae ATCC 36858 was observed
after 28 days of storage time whereas a decrement was observed for a* and b* values.
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Structure and mineral of Kefir Ice Cream

FESEM results showed that the particles were formed from agglomerations of various sizes (Fig. 3).
The particles seemed to be trying to form large spheres. At 100X magnification, these tiny particles were not
clearly visible. Fig 3 shows that the addition of S. cerevisiae ATCC 36858 to the formula affects the
agglomeration process. The particles in the treatment showed increased agglomeration activity compared to
the control. The agglomerations formed were observed using 100X magnification to obtain overall results and
continued using 500X and 1,000X magnifications. The results of the enlargement showed that the appearance
of voids gradually began to fade as the concentration of S. cerevisiae ATCC 36858 increased.

TO (M=100X) To (

®

T3 (M=100X)

Fig. 3 - The FESEM result of enrichment kefir ice cream with S. cerevisiae ATCC 36858
Appearance of kefir ice cream enrichment with S. cerevisiae ATCC 36858 in various concentration based on FESEM-EDS
overview. A — Voids that thwart the formation of agglomerations, B — Fat droplets attempt to attract particles around them to
unite, C — Water as a solvent has the potential to dissolve the particles formed to become a homogeneous solution, D — Fat

droplets attempt to form agglomerations with the help of casein micelles. Agglomeration was formed if no voids were found in
them. An increase in the concentration of S. cerevisiae ATCC 36858 of at least 0.33% was able to minimize the appearance
of voids. This was evidenced by the disappearance of voids in T1 and T2 which were observed using 1,000X magnification.

This was further strengthened by the absence of voids in the T3 formula that was observed using 500X magnification.

FESEM + EDS results showed that the addition of S. cerevisiae ATCC 36858 also affected the mineral
content of kefir ice cream (Fig. 4). The mineral levels contained in kefir ice cream were C (56.92 — 65.43%), O
(30.37 — 41.02%), K (0.70 — 1.04%), CI (0.43 — 0.73%), Ca (0.28 — 0.96%), P (0.26 — 0.82%), Na (0.25 —
0.36%), S (0.00 — 0.26%), Mg (0.00 — 0.22%), and Si (0.00 — 0.13%). These micronutrients come from the
ingredients used to produce kefir ice cream such us, goat's milk (Ca, Mg, P, and K), glucose (C and O), egg
yolk (P, Ca, and Mg), and salt (Na and CI). Based on result, it was known that kefir ice cream has an average
of C (61.85 + 3.86), O (34.90 £+ 5.15), K (0.88 + 0.24), Ca (0.62 + 0.38), P (0.55+ 0.33), CI (0.59+ 0.26), S
(0.15 + 0.13), Na (0.27 + 0.05), Mg (0.09 + 0.11), and Si (0.05 + 0.06).
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Fig. 4 - Mineral contents of kefir ice cream enrichment with S. cerevisiae ATCC 36858
in various concentration for each treatment assessment result by FESEM-EDS

The difference in micronutrient content of each treatment was thought to be caused by LAB and yeast
activities. Ali et al (2022) report that S. cerevisiae is known to be an obligate aerobe so they require oxygen
for cellular respiration. Georgiev et al (2024) report that glucose is a monosaccharide that easily fermented by
S. cerevisiae as a food source to produce phytase enzymes and cause increased phosphorus levels during
the milk fermentation process. Casertano et al. (2022) argued that micronutrient such as mineral and vitamin
should not result in disagreeable flavors negatively affecting the panelists acceptance.
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Salari et al. (2021) argued that macro minerals such as Ca, Mg, Na, and K are essential for controlling
blood pressure, while micro minerals such as Si are able to help repair cell damage. Unfortunately, although
kefir ice cream was made from goat's milk, no Zn content was found in them. Fernandes et al. (2022) argued
that Zn is a mineral derived from milk-based foods that functions as an antioxidant and strengthens the body's
immune system. Even so, Umam et al. (2021) reported that goat’s milk kefir supplemented with S. cerevisiae
ATCC 36858 has good antioxidants and peptide bonds to support the consumer's immune system. However,
excess minerals are also not good for the body. Warren and Hartel (2018) argued that excess consumption of
Na causes poisoning, even in acute circumstances can cause hypertension. Karim and Aider (2022) also
argued that excess K causes side effects such as stomach ache and heart attack. Therefore, consumption of
kefir ice cream needs to be maintained even in order to obtain optimal health effects.

Sensory Features of Kefir Ice Cream

Hedonic tests show that the addition of S. cerevisiae ATCC 36858 with various concentrations can
significantly affect flavor, melting, texture, color, and overall acceptance (Table 4). Unfortunately, the results
of the DMRT test showed that there was no significant difference between the treatment of all sensory features.
However, each product has its own acceptance value for each treatment (Fig. 5). The most favorable products
by the panelists were T2 (flavor) and T3 (melting, texture, and color). Whereas the least favorable ones were
T3 (flavor) and TO (melting, texture, and color). While the favorite product category was T2 because it has the
highest overall acceptance value.

T0 T1
Overall Overall
3.76
5 3.8
Flavor 276 Melting Flavor . Melting
3.53
3.4 3.63
Color 3'E'Texture Color Texture
T2 T3
Overall Overall
3.8
4 3.9 3.86 39
Flavor Melting Flavor Melting
3.63
Color Texture Coloy Texture
3.93 373 4

Fig. 5 - The hedonic assessment result of enrichment kefir ice cream with S. cerevisiae ATCC 36858.

As a general rule, the addition of S. cerevisiae ATCC 36858 into a kefir ice cream implies the need to
assure the viability of LAB and yeast without altering its sensory features. Some physico-chemical features
affect sensory features. Zhang et al (2024) reported that the differences in the overrun step of kefir ice cream
were related to the acidifying capacity of the LAB and yeast cultures, which affects the origin protein. Khademi
et al (2022) argued that the sensory feature of textural appearance corresponded to whether a sample cut
smoothly or crumbled when cut into with a spoon. Gut et al (2022) reported that graininess was related to
whether the surface had the typical appearance of a full fat product or icy appearance of fat-free ice cream.
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Table 4
Effect of various S. cerevisiae ATCC 36858 concentrations on sensory features of kefir ice cream
Attributes Concentration of S. cerevisiae ATCC 36858
Control (TO) T1 T2 T3

Flavor 3.67+0.952 3.53+1.132 4.00+0.742 2.90+0.712

Melting 2.76+0.93? 3.80+0.612 3.86+0.772 3.90+0.802

Texture 3.50+0.932 3.63+0.762 3.93+0.78? 4.001+0.742

Color 3.404+0.772 3.5340.502 3.63+0.662 3.73+0.822

Overall 3.234+0.812 3.76+0.622 3.90+0.802 3.80+0.802
Means in the same row with different superscript differ significantly (p<0.05)

The appearance term air holes described whether or not discrete air pockets were observed as the
panelists scraped the surface of the kefir ice cream with a spoon. The appearance term stickiness referred to
product cohesion. Fig. 3 shows that the particles were formed from agglomerations of various sizes, due to
the addition of S. cerevisiae ATCC 36858. The patrticles in the treatment showed the increased agglomeration
activity compared to the control. Void spaces within the casein matrix were spherical, showing that they were
formed by fat droplets interrupting the aggregation of casein micelles (Yuzhen et al., 2023). In general, there
was only fat droplet per void space. The casein micelles thus were surrounded by each fat droplet separating
it from the others. An increase in the concentration of S. cerevisiae of at least 0.33% was able to minimize the
appearance of voids (Fig.3). These evidenced by the disappearance of voids in T1 and T2 observed using
1,000X magnification. This was further strengthened by the absence of voids in the T3 formula which observed
using 500X magnification.

Table 5
. Treatment Best Worst .
Attributes T0 T1 T2 T3 Value Value Differ
Flavor 5.00 6.00 6.16 6.00 6.16 5.00 1.16
Melting 5.16 6.00 6.36 6.26 6.26 5.16 1.10
Texture 5.23 6.00 6.36 6.40 6.40 5.23 1.16
Color 5.03 5.23 5.33 5.43 5.43 5.03 0.40
Overall 5.63 6.10 6.40 6.20 6.40 5.63 0.77
Treatment
Attributes wv T0 T1 T2 T3
EV PV EV PV EV PV EV PV
Flavor 0.26 0.00 0.00 0.85 0.22 1.00 0.26 0.85 0.22
Melting 0.13 0.00 0.00 0.81 0.10 1.03 0.13 1.00 0.13
Texture 0.20 0.00 0.00 0.68 0.13 0.97 0.19 1.00 0.20
Color 0.06 0.00 0.00 0.50 0.03 0.75 0.05 1.00 0.06
Overall 0.33 0.00 0.00 0.60 0.20 1.00 0.33 0.73 0.24
Total 1.00 0.00 0.00 3.44 0.68 4.75 0.96 4.58 0.85
Note:
wv = | Weight value
EV = | Effectivity value
PV = | Product value, Best treatment was determined by the highest score of PV

The results showed that kefir ice cream produced with LAB and yeast cultures only (control), present a
less intense aroma and kefir flavor than the product prepared with S. cerevisiae ATCC 36858 cultures (Table
5). The addition of S. cerevisiae ATCC 36858 does not modify the sensory features of the control intensely.
Unfortunately, T3 was thought to have an off flavor due to too much addition of S. cerevisiae ATCC 36858,
resulting in lactic acid and acidity extremely. The authors suggested that the use of S. cerevisiae ATCC 36858
was only 0.66% because there was no significant difference between T2 and T3, mainly with respect to the
product acidity and sensory features. Overall, T2 had the best value compared to other treatments. T2 has
sufficient pH, acidity, and ethanol compared to other treatments so that it has the right flavor. T2 has enough
overrun and viscosity to slow down the melting rate to produce textures that were quite desirable. In the present
study, the best treatment of kefir ice cream was determined by de Garmo method. The score of the TO, T1,
T2, and T3 product value was 0.00; 0.68; 0.96; and 0.85 respectively. This result shows that the optimum
concentration of S. cerevisiae ATCC for use was 5 g per 750 ml (T2) as the best treatment.
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CONCLUSIONS

The addition of S. cerevisiae ATCC 36858 with a concentration of 0.66% was the best treatment to
obtain the highest overall acceptance value. The addition of more than 0.66% makes kefir ice cream a very
acidic product and the flavor was not liked by panelists. An addition of less than 0.66% was still less to get the
sensation of flavor and texture from kefir ice cream products. In addition, LAB and yeast in kefir ice cream can
survive for 28 days at — 20°C.
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ABSTRACT

In order to solve the problems of low correlation between variable fertilizer application system and soil nutrient
content detection and insufficient real-time performance, a variable fertilizer application system based on real-
time soil nutrient content detection was developed. This paper describes the structure, working principle and
design of key components of the soil information acquisition and fertilizer application system. It includes the
simulation and analysis of fertilizer application using the discrete element method and the selection of curved
blade fertilizer application discs. The system uses STM32F429IGT6 microcontroller and ROS higher-level
computer for decision making. The device detects soil nutrients in real time, adjusts the fertilizer motor speed
accordingly, and runs autonomously along the planned path. The decision coefficient R?> between the fertilizer
application rate and the speed of the fertilizer application wheel is not less than 0.97, and the relative error
between the actual fertilizer application rate and the theoretical fertilizer application rate is up to 5.91%, with
the maximum value of the coefficient of variation (CV) of 10.18%. The indoor bench test shows that the relative
error between the actual fertilizer application rate and the target fertilizer application rate within a single
operating grid is up to 6.2%, with the maximum value of CV being 6.64%. The field test in the orchard showed
that the maximum relative error between the actual fertilizer application and the target fertilizer application in
a single operation grid was 6.3%, and the maximum value of CV was 12.34%, and the fertilizer application
was completed in the operation grid, which demonstrated that the device was able to realize real-time and
accurate variable fertilizer application according to the soil nutrient information.
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INTRODUCTION

Fertilizer is an indispensable key factor in agricultural production, many orchards in China still use the
traditional manual fertilization, which leads to inaccurate fertilizer application, leakage and the practice of
inadequate and excessive fertilization is pervasive, resulting in environmental contamination and pollution. (Liu
etal., 2019). So, how to achieve automation of precise variable fertilizer application is the current urgent need
to solve the problem (Xu et al., 2023). Researchers at home and abroad have done a lot of research on the
structural design of the fertiliser discharge device, the linkage between soil nutrient information and variable
fertiliser application, and the integration of the control system (Pawase et al., 2024).
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Bo Wang et al. addressed the problems of over-application of fertiliser and poor uniformity of fertiliser
discharge in maize fertiliser planter (Wang et al., 2022). A set of precision sensing and control system for maize
fertiliser planter was studied. In the study of variable rate fertiliser application based on working prescription
charts, the 'SOILECTION' fertiliser system produced by Open Ag-chem Instrumentation Co., Ltd. in the United
States, can be used for dry or liquid fertiliser application. It adjusts the application rates of nitrogen, phosphate
and potash according to the fertiliser prescription chart (Poncet et al., 2018). Bai Qiwei and other research for
the orchard fruit tree fertiliser problem, developed a set of accurate variable automatic target fertiliser
application device and its control system. The volume of the slot of the fertilizer discharge wheel can be
automatically adjusted according to the target fertilization amount of fruit trees and the size of the canopy
diameter, which can meet the requirements of precise and variable automatic fertilization of different sizes of
fruit trees with different fertilizer requirements. (Bai et al., 2021).

Domestic and foreign variable fertilizer application equipment and control technology mainly relies on
external information collection and offline analysis, fertilizer application often adopts the uniform fertilizer
application method, and manual operation reduces the efficiency (Zhang J., Liu G. et al., 2019; Przywara et
al., 2015; Fan et al., 2024). In view of the above problems, this paper explores a series of accurate variable
fertilizer application equipment and control system based on soil nutrient detection. Soil-integrated sensors
are used to detect the nutrient information in the soil grid, and the relationship between the target fertilizer
requirement of plant growth in the grid and the variables such as the speed of the fertilizer wheel, the width of
fertilizer application, the speed of the fertilizer wagon, and the actual fertilizer content in the soil, and the control
rules of the wheel speed, and add the path planning and navigation technology is implemented in the fertilizer
application apparatus, enabling it to traverse, sample, and apply fertilizer along a designated route. This
facilitates a more precise correlation between variable fertilizer application and soil nutrients, while also
enhancing the intelligence of the fertilizer application device.

MATERIALS AND METHODS
Structure of the whole machine

The whole machine structure consists of a medium-size crawler robot chassis equipped with soil
information collecting device, fertilizer discharging device and control system. The soil information collection
device consists of drilling mechanism, coupling, soil collection sensor, electric actuator, fixed frame, etc.; the
fertilizer discharge device consists of fertilizer discharge box, fertilizer discharge wheel, fertilizer discharge
pipe, fertilizer spreading wheel, fertilizer spreading belt, fixed frame, etc.; the control system consists of
STM32F429IGT6 microcontroller, decision making host computer based on the development of ROS (Robot
Operating System) system, VCU of the crawler chassis, motor driver, Hall sensor, GNSS (Global Navigation
Satellite System), etc.. The structure of the whole device is shown in Figure 1.

5

1

Fig. 1 - Structure of variable fertilization device based on soil nutrient detection
1. Soil integrated sensor; 2. Driller; 3. Coupler; 4. Linear actuator; 5. Compost Bin; 6. Fertilizer motor; 7. Hall encoder; 8. Fertilizer pipe;
9. Spinner fertilizer spreader; 10. Protecting band driller; 11. Fertilizer moto; 12. Dual Antenna GNSS-RTK; 13. Mounting;
14. Caterpillar traveling chassis; 15.ROS upper computer; 16. 24V DC power supply; 17. 12V DC power supply; 18. Control box

177



Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

Working Principle

Before the operation of the machine, the GNSS carried by the chassis is first used to locate the sampling
points in the operation area and control the whole machine to move according to the pre-planned path. During
the operation of the machine, the RTK_GNSS receiver will acquire the latitude and longitude information of
the current position of the whole machine in real time, and upload the data to the ROS host computer mounted
on the vehicle through the RS232 serial port. The vehicle speed of the fertilizer application operation of the
device is controlled within the range of 0-2 meters per second, starting from the head of the vineyard rows and
moving forward, while the speed of the fertilizer application vehicle is monitored by the Hall sensor in real time.
The schematic diagram of the control system of this device is shown in Figure 2.

Soil information collection system host computer system |

Front electric actuator drive ¢

Iy
I 1
I
11
: i Drill motor switch <
[ :
| i Rear electric actuator drive |+ ¢ GNSS
: : : STM32IGT6 ROS Upper
| Soil sensors > Microcontroller
| =----z--2------o-zozoozoooooo! ¢ >
Variable fertilizer application system > Crawler
Undercarriage VCU

L
L
! 1
It Row of fertilizer motor drive [«
i
I

Fertilizer spreading motor drive |«

Fig. 2 - Schematic diagram of control system of variable fertilization device based on soil nutrient detection

When the instrument arrives at the specified sampling point, the travel speed is reduced to 0 m/s. At this
time, the host computer sends acquisition instructions to the microcontroller, instructing the soil sampler to
begin acquiring soil information. The size of the sampling grid is set according to the actual soil structure (taking
into account the differences in row spacing of different crops, e.g. row spacing is 3.5-5 m for apples, 1.5-2.5 m
for peaches and 1-2 m for vines) (Walton J.C. et al., 2009).

The soil nutrient detection structure consists of two electric actuators: the front electric actuator fixes the
42GP-775 24V planetary gear motor (torque 28 kg.cm), which is connected to the auger to form a soil loosening
device; the rear electric actuator is connected to the soil synthesis sensor through the sensor fixing piece to
form a collecting device. The structure of the soil sampling device is shown in Figure 3(a). During soil sampling,
the loosening device first loosens the soil, and then the collecting device starts working to collect soil
information. The microcontroller uploads the soil data read by the sensor to the host computer control system
through serial communication, and the control system sends control instructions to the microcontroller
according to the fertilizer requirement of fruit trees, fertilizer truck speed, fertilizer spreading width and soil
nutrient information collected, so as to automatically adjust the rotational speed of the fertilizer discharge motor
(20-60 rpm).

Fertilizer device consists of fertilizer discharging mechanism and fertilizer spreading mechanism, in which
fertilizer discharging mechanism adopts external grooved wheel structure, fertilizer discharging mechanism
consists of fertilizer box and 12V DC motor with deceleration device, which is connected to fan blade spindle
by coupling, with fertilizer brush set in fertilizer outlet slot, and fertilizer discharge pipe connected to outlet of
slot. The fertilizer spreading device consists of a 12V DC motor and a fertilizer spreading disc connected to
the motor rotation axis by a flange. The construction principle of fertilizer spreader is shown in Figure 3(b,c).
By changing the rotational speed of the fertilizer discharge motor, the amount of fertilizer discharged will
change, and the fertilizer will be transported to the fertilizer spreading disc for spreading through the fertilizer
discharge pipe.
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(a) Soil nutrient testing organizations (b) Manure spreader (c) Fertilizer spreader

Fig. 3 Schematic diagram of soil information collection mechanism and fertilizer application mechanism
1. Drill; 2. Soil acquisition sensor; 3. Coupling; 4. Planetary gear reduction motor; 5. Rear electric push rod; 6. Front electric push rod;
7. Fat box; 8. Outer wheel; 9. Manure box; 10. Fertilizer can; 11. Fertilizer discharge motor; 12. Fertilizer fan leaf; 13. Fertilizer brush;
14. protected zone; 15. Manure spreader; 16. Ring flange; 17. Fertilizer motor

Calibration of the effect of fertilizer discharge device and fertilizer spreader

The volume of fertilizer discharged per revolution of the external chute wheel type fertilizer discharger is
the total mass of fertilizer particles in the forced and driven layers, and the theoretical volume of fertilizer
discharged per revolution can be calculated according to formula (1) (.

6=, +q, = disy (D o(m) (™)
q for the fertilizer discharge per turn of the fertilizer discharge, g/r; g4 is the amount of fertilizer discharged
from the forced layer per revolution of the fertilizer discharger, g; g, for each revolution of the fertilizer
discharger is driven out of the fertilizer, g; d for the diameter of the grooved wheel, cm; [ for the working
length of the grooved wheel, cm; s for the grooved wheel grooves of the end area, cm?; y is the density of
fertilizer, g/cm?; a(n) is the filling coefficient of fertilizer to the groove of the grooved wheel; t is the pitch
between the groove teeth of the grooved wheel, cm; f is the cross-sectional area of the groove of the grooved
wheel, cm?; c(n) is the characteristic coefficient of the driving layer (calculated thickness), cm. The test was
conducted with the three different granular fertilizers with the bulk density of 750 kg/m3 urea, 850 kg/m3 calcium
superphosphate and 880 kg/m? potassium nitrate as test materials, and the density of the granular fertilizers
was calculated by the method of (1). Fertilizers as test materials, by (1) formula were calculated to obtain the
theoretical per-rotation discharge of granular fertilizers urea for 16.56 g, calcium superphosphate for 26.46 g,
potassium nitrate for 12.17 g.

The fertilizer discharger discharges the fertilizer at 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75
r/min discharging speed for 1 minute, the fertilizer collection box collects the discharged fertilizer, and the
electronic scale weighs the mass of the discharged fertilizer. Each fertilizer was subjected to the above
experimental procedure 10 times at different rotational speeds and the average of the 10 discharges was
calculated. The test platform was set up indoors as shown in Fig. 4(a), and the relationship between the
rotational speed of the discharge wheel and the actual amount of fertilizer discharged by the three kinds of
granular fertilizer is shown in Figure 4(b).
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(a) Indoor test platform (b) Fertilizer Displacement versus RPM
Fig. 4 - Fertilizer discharge calibration test
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In Fig. 4(b), with the increase of the rotational speed of the fertilizer discharge wheel, the amount of
fertilizer discharged increases, and the fertilizer discharge amount and the rotational speed of the fertilizer
discharge wheel are subjected to one-way linear regression analysis, resulting in a one-way linear regression
model between the two as (2).

q=kn_+b (2)

Where n; is the rotational speed of the fertiliser wheel, r/min; q is the volume of fertiliser discharged by
the fertiliser discharger, g; k,b are the coefficients and constants of the univariate linear regression model,
respectively, and the values of k, b are different under the conditions of different fertilisers, and the results of
the significance test of each regression model are shown in Table 1.

Table 1
Regression results and significance test
Fertilizer type k b R? P-value
urea (NH2)2CO 0.9685 15.481 0.98 0.0071
calcium
superphosphate 0.9729 16.841 0.98 0.0045
(Ca(OH)2)
potassium nitrate 0.9556 17.668 0.97 0.0069

As can be seen from Table 1, the values of the coefficients of determination R2 of the univariate linear
regression models established for different granular fertilizers in terms of rotational speed and fertilizer
discharge were not less than 0.97, and the P values were all less than 0.01, and the univariate linear regression
equations between the fertilizer discharge volume of the three granular fertilizers and the rotational speed of
the fertilizer discharge wheels were all particularly significant and with high degree of fit, which had practical
significance. In Figure 4(b), the same type of fertilizer from the speed 5-75 r/min, the amount of fertilizer
discharged is a gradient of rising. If the rotational speed of the fertilizer discharge wheel is less than 20 rpm,
the fertilizer discharge mechanism of the outer groove wheel will shake severely and the amount of fertilizer
discharged will be low. When the rotating speed of the fertilizer discharge wheel is higher than 60 r/min, the
rotating speed of the outer groove wheel is too fast, and the fertilizer cannot be filled into the fertilizer cavity by
gravity in time, and the amount of fertilizer discharged is also seriously low, based on the above situation. The
rotational speed of the fertilizer discharge wheel and the amount of fertilizer discharged cannot satisfy the
linear relationship, so the rotational speed of the fertilizer discharge wheel is limited to the range of 20-60 rpm
to meet the needs of different fertilizer discharge amounts in the operation grid area. The rotational speed of
the fertilizer wheel is limited to 20-60 rpm to meet the needs of different fertilizer discharges in the working grid
area. The calibration results of three kinds of fertilizer under each speed are shown in Table 2-4. From Table
2-4, it can be seen that in the range of 20-60 rpm, the relative error between the actual fertilizer discharge and
the theoretical fertilizer discharge is within 6%, and the accuracy of fertilizer discharge meets the requirements,
which can be further used for precise variable fertilization.

Table 2
Fertiliser Discharger Rotation Speed and Fertiliser Discharge of Urea Granular Fertiliser
Motor speed Mean value Theoretical value Relative Error Coefficient of variation
(r/min) /g /g /g | %
20 318.98 331.2 3.69 6.49
30 484.43 496.8 2.49 8.69
40 679.22 662.4 2.54 7.46
50 855.99 828 3.38 6.67
60 946.30 993.6 4.76 7.01
Table 3
Rotational speed of fertiliser discharger and fertiliser discharge of calcium superphosphate granular fertiliser
Motor speed Mean value Theoretical value Relative Error Coefficient of variation
(r/min) /g /g /g 1 %
20 499.19 559.7 5.67 8.21
30 756.09 793.8 4.75 13.78
40 1085.81 1058.4 2.59 10.68
50 1365.60 1323 3.22 9.89
60 1521.87 1587.6 4.14 8.65
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Table 4
Rotational speed of fertiliser discharger and discharge rate of potassium nitrate granular fertiliser
Motor speed Mean value Theoretical value Relative Error Coefficient of variation

(r/min) /g /g /g 1 %

20 229.02 2434 5.91 9.33

30 349.80 365.1 4.19 10.18

40 499.16 486.8 2.54 9.57

50 627.67 608.5 3.15 9.16

60 704.50 730.2 3.52 7.36

Calibration of the spreading effect of fertiliser discs

In this paper, a reasonable balanced fertilisation was carried out according to the law of fertiliser demand
of grapes, taking into account the spreading width of fertilisers, and three kinds of spreading disc rotation
speeds were selected for verification. Firstly, by analysing the movement and force of the fertiliser particles in
the spreading disc and in the air, ignoring the bouncing between the fertilisers and the spreading disc and the
interaction force between the fertilisers, it was found that the speed of the granular fertilisers when they left the
discs was mainly related to the rotational speed of the discs, v, and the calibre R of the discs (Gou Y., Li H. et
al., 2022). The speed of granular fertiliser when leaving the disc is mainly related to the rotational speed v of
the disc and the diameter R of the disc, while the spreading width is mainly related to the spreading height A
under the condition of a certain rotational speed (Liu C. et al., 2017). The force analysis of the granular fertiliser
movement is shown in Figure 5.

Fig. 5 - Motion analysis of granular fertilizer
1. Fertilizer spreading disc; 2. Blade; 3. Fertilizer falling area; 4. Granular fertilizer; 5. r is the radius of the fertilizer falling area;
6. R fertilizer disc radius; 7. v is the speed of the granular fertilizer when it leaves the disc at the moment of t; 8. is the angular speed of
the fertilizer spreading disc rotation; 9. G is the gravitational force of the movement in air; 10. F is the resistance during the movement in
the air; 11. X is the width of the fertilizer spreading width; 12. H is the height of the fertilizer spreading; 13. D the width of fertiliser spreading.

Fertilizer spreading disc is a key component of the fertilizer spreading device, its operational
performance is excellent or not directly affects the accuracy and stability of fertilizer spreading, therefore,
EDEM was used to build the simulation model of the fertilizer spreading disc, analyse the impact of changes
in the parameters of the spreading disc on the accuracy and stability of fertilizer spreading, and select the
optimal spreading structure. Fertilizer contact area of the spreading device model is PLA material and 3D
printed, using SolidWorks in accordance with the ratio of 1:1 to build and import the model into the EDEM
software, combined with the literature to determine the model parameters as shown in Table 5 (Dun et al.,
2016; Xin et al., 2023; Liu et al., 2021).

Table 5
Pre-treatment parameters setting
Items Parameters Numerical value

Poisson's ratio 0.25

Granular Fertilizer modulus of rigidity / Pa 1.1 x 108
Densities / kg/m?3 750
Poisson's ratio 0.42

PLA Consumables modulus of rigidity / Pa 2.6 x 10°
Densities / kg/m?3 1260
Pellet-Pellet Crash factor 0.3
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Items Parameters Numerical value
Static Friction Coefficient 0.34
Dynamic friction factor 0.16
Crash factor 0.324
Pellet-PLA consumables Static Friction Coefficient 0.104
dynamic friction factor 0.01

Considering the structure and mechanism of centrifugal disc fertilizer spreader, the influence of key
parameters such as fertilizer spreading height, blade position angle and fertilizer falling position angle on the
uniformity of centrifugal disc fertilizer spreader is analysed. In this paper, it is found that the uniformity of
fertilizer spreading is better when the number of blades is 8. Based on this, this paper designs three kinds of
fertilizer spreading discs with the number of blades of 8 and the diameter of 170 mm, as shown in Figure 6.

(a) Linear blades (b) Curved blades (c) Wedge-shaped blade
Fig. 6 - Fertilizer Spreading Discs with Different Blades

The vertical height of the fertilizer spreading disc from the ground is 300-500 mm, and the rotational
speed of the fertilizer spreading disc is 200 r/min. The effect of the fertilizer spreading blade on the distribution
of fertilizer spreading is investigated by the discrete element simulation test, as shown in Figure 7, the granular
fertilizers, under the action of centrifugal force of the fertilizer spreading disc, are thrown according to a certain
trajectory of movement, and the three kinds of fertilizer spreading discs are thrown in the same parameter
settings for the simulation, and the results show that the curved-type blade spreads fertilizer in a wider width,
and the fertilizer spreads in a better uniform manner.

F_‘l‘j ' 1||J LJJ 4 I

(a) Straight blade (b) Curved blade (c) Wedge blade (d) Side view trajectory
Fig. 7 - Fertilizer throwing motion trajectory

Granular calcium superphosphate fertilizer was selected as the test object, and three different types of
fertilizer spreading discs were subjected to static tests. In the test, the distance between the falling point of the
fertilizer on the spreading disc and the centre of the disc was 80 mm, the height of the disc from the ground
was 450 mm, the rotation speed was set to 200 r/min, and the disc was rotated counterclockwise for spreading,
and the granular fertilizers were collected and weighed, and the average value was taken after repeating the
test for three times. The collection area was selected as a rectangular area of 1560mm x 2400mm (width x
length), and 96 fertilizer collection boxes with the dimensions of 260mm x 150mm x 50mm were used for
collection. The fertilizer boxes were numbered from 1-96 and the mass of granular fertilizer in each column of
6 fertilizer collection boxes was taken as the concentration of particles in the fertilizer spreading disc in the
spreading area along the width direction (Yang Li et al.,2019). Taking 5 kg of fertilizer in the fertilizer collection
box at a constant speed falling on three different fertilizer spreading discs, after the end of spreading the
fertilizer was collected in each rectangular area and weighed using electronic scales to measure the record,
the test process is shown in Figure 8(a).

33 | 34 |35 |36 | 37 (38|30 |40 |41 | 42 | 43 | 44 | 45 | 46 | 47 | 48

49 | 50 | 51 | 52 | 53 [ 54 | 55 | 56 | 57 | 58 | 59 | 60 | 61 [ 62 | 63 | 64

65 | 66 | 67 | 68 | 69 (70 | 71 |72 |73 |74 |75 |76 (7778 |79 |80

81 | 82 |83 |84 |85 (86|87 |68 |89 |80 | 91| 92|93 (9495|096

0 X

(a)lndoor bench test (b) Sampling area delineation
Fig. 8 - Spreading fertilizer static test
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As shown in Figure 8(b), the y-axis direction is the fertilizer spreading direction, the origin O is the centre
of the fertilizer spreading width, the right side of the fertilizer spreading disc takes the value of the positive
direction of the x-axis as positive, and the negative direction of the x-axis takes the value of the negative
direction, and the collecting area is divided into a single-column fertilizer collecting matrix with a width of 100
mm, and the quality of fertilizer particles of the six fertilizer collecting boxes in the single-column collecting
matrix represents the concentration of the particles of the fertilizers scattered along the spreading width after
the fertilizer spreader passes through the collecting matrix (Liu et al., 2022). The quality of the fertilizer particles
in each single column collection matrix is shown in Figure 9. By comparing the fertilizer spreading results of
three different blade structures with the same parameters, it can be seen that the three-blade fertilizer
spreading discs are more concentrated when they are close to the y-axis, and the quality of granular fertilizer
of the three kinds of blades is obviously asymmetric about the y-axis, and the spreading area of linear and
wedge blades is to the right of the whole with respect to that of curved blades, while the curved blades are
close to the centre of fertilizer spreading. The spreading area of the linear blade and wedge-shaped blade is
to the right of that of the curved blade, while the granular fertilizer quality of the curved blade is more
concentrated near the centre of fertilizer spreading, and the overall change is smoother.

536
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Fertilizer mass/g Fertilizer mass/g
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Fig. 9 - Histogram of fertilizer spreading distribution

Fertiliser application control model and control system design

In this study, the relationship between the nutrient content estimation points x; and the sampling points

x, in the sampling grid area was calculated using the radial basis function method and combined with

statistical laws. From equation (3), the nutrient content values Z(x;) were calculated for the four estimation
points of (4) (Rastgou M. et al., 2022).

S\ o)

Z(x) = we (3)
j=1

where||x; — x,|| is the Euclidean distance between the estimated point x; and the point to be measured x;,

o is the standard deviation of the Gaussian function. w; is the weight of the known point x,.

Z(x1)\ Z(x3)\ Z(x3). Z(x4) (4)

The soil nutrient content values of the four estimation points and one sampling point within the sampling
grid described above, totalling five points, were each assigned a different weight §; in equation (5) to derive
the mean soil nutrient distribution value S,, in the operational grid (Daou L. et al., 2021).

" 7(x)3,
S, =s— (5)
é 8i
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When fertiliser is applied according to a given target fertiliser application rate for fruit trees, common
methods for determining the target fertiliser application rate include the geotechnical zoning (level) allocation
method, the target yield allocation method and the soil effective nutrient correction coefficient method.
Combined with the actual situation, this paper adopts the soil effective nutrient correction coefficient method,
and equation (6) is used to calculate the target fertiliser application rate in the sampling grid.

y = N,T —0.15S, 4, (6)
O
where 0.15 is the soil quick-acting nutrient coefficient, y; is the amount of fertiliser applied, g; N, is the nutrient
uptake per unit of crop yield, g; T is the target yield, g; S, is the soil test value, mg/kg uy is the soil effective
nutrient correction coefficients for N, P and K of 0.65, 0.5 and 0.80 respectively, and «; is the nutrient content
in the fertiliser, % and 7y is the fertiliser utilisation rate, %.

The fertiliser is applied according to the target fertiliser quantity required for the growth of the fruit trees
in the collection grid, and the relationship between the target fertiliser quantity y;, g; the fertiliser application
wheel speed n;, m/s; the fertiliser vehicle speed v, m/s; the fertiliser application width 3, m; and the fertiliser

application rate g, g; in a single collection grid is as follows Formula (7).

10000 qn,

Yi VB (7)
Substituting equation (2) into equation (7) and simplifying yields:
10000kn? +bn, - y,vB =0 (8)

In the orchard fertilization test, the chassis moves forward according to the set speed, and when the
positioning system detects that the fertilization device arrives at the sampling grid, the host computer sends
the acquisition command to the STM32F4291GT6 microcontroller, thus controlling the acquisition device to
perform soil sampling and according to the acquisition of various soil parameters, so as to realize the automatic
and accurate variable fertilization of fruit trees.

Solving for n; in equation (8) gives.

B _b+\lm 9)

ntl -
20000k
—b—«sz 40000ky,V,
n, = + ky| B (10)
20000k

Analysis of (9) (10) formula can be seen, if y; v, B any one of the three values of 0, the device does

not need to apply fertilizer, fertilizer wheel rotation speed is 0, n,; in accordance with the actual situation, n,,
is not 0, the device discharges fertilizer, not in accordance with the actual situation; so to sum up, the formula
(9) will be used as a fertilizer discharge system to obtain the control rules, imported into the device control
system on the fertilizer wheel rotation speed for automatic control.

After the system is turned on and reset, the vehicle travels from the ground at a constant speed
according to the set vehicle travel path, the positioning system detects that the implement arrives at the first
working grid when the implement stops, the STM32F4291GT6 controls the soil information collecting device to
collect soil parameters, the soil integrated sensor uploads the collected information to the ROS host computer
decision system through the serial port, and the decision system quickly derives the rotational speed of the
fertilizer discharger according to equation (9), generates an adjustable duty cycle pulse waveform PWM wave,
and sends the instruction to the STM32F4291GT6 through the serial port, the decision system quickly derives
the rotational speed of the fertilizer discharging device, generates an adjustable duty cycle pulse waveform
PWM wave, and sends the instruction to STM32F429IGT6 through the serial port, and the microcontroller
controls the rotation of the fertilizer discharging motor, which drives the fertilizer discharging wheels to apply
the fertilizer, and before the device performs the operation, the rotational speed of the universal spreading
device spreads the fertilizer according to the actual required fertilizer spreading width set in the decision system.
During the fertilizer application period, the traveling machine moves forward at a speed of 1 m/s until it reaches
the next working area, and during the soil information sampling period, the fertilizer spreading motor stops
rotating and no fertilizer is applied. The hardware wiring diagram is shown in Figure 10.
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The control system of this fertilizer device uses STM32F4291GT6 type microcontroller as the core of the
lower computer control, and the upper computer developed by ROS system is responsible for deciding the
target fertilizer discharge. According to the established fertilizer control model, the variable fertilizer control
program based on soil parameter information is written in C language, and its main process is shown in Fig.11.
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Fig. 11 - Flow chart of variable fertilization control based on soil nutrient content detection
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Test condition

In order to verify whether the range of fertilizer application rate of the experimental device and the control
system meets the requirements of fruit trees for different granular fertilizers in different growth periods, as well
as the match between the width of fertilizer application and the width of fruit trees between rows, indoor
experiments and field tests for soil information acquisition and variable fertilization, respectively, were
conducted using grapevines as an example.

Grapes in China are mainly grown on the plains in areas with fertile soil and good irrigation conditions.
Cultivation methods in vineyards mainly include hedgerow and trellis cultivation. The row spacing of grapes
varies according to the cultivar and environment, usually ranging from 0.6 m to 1.5 m and 2.5 m to 3.5 m.
Fertilization is usually a combination of organic and chemical fertilizers. Depending on the stage of growth of
the fruit trees, grapes need to be fertilized several times during the year. Fertilizers are applied according to
the nutrient content of the soil and the nutritional needs of the fruit trees. Indoor simulated variable fertilization
trials are usually conducted in vineyards with row spacing of 1.5 m x 1.5 m, while variable fertilization trials
based on soil nutrient content detection are conducted in mature vineyards with row spacing of approximately
1.5mx2m.

Indoor simulated variable fertilization trials

This system uses an STM32F4291GT6 type microcontroller to control the fertilizer application motor and
fertilizer spreading motor. The simulated collected nutrient content of the raster soil was input to the ROS
higher-level computer decision system, and the ROS higher-level computer quickly calculated the required
rotational speed of the fertilizer discharge wheel according to equation (9) and sent commands to the
STM32F429IGT6, which then controlled the rotational speeds of the fertilizer discharge motor and the fertilizer
spreading motor. The indoor simulated variable fertilizer application test is shown in Figure 5(a) and Figure
9(a).

In the experiment, the planting distance was set at 1.5mx1.5m row spacing, and the selected test soil
grid was 1.5mx0.5m. 6,800 plants could be planted per hectare, and the selected nitrogen content of urea was
46.6%, the phosphorus content of calcium superphosphate was 45.59%, and the potassium content of
potassium nitrate was 38.6%. 100 kg of calcium superphosphate and 50 kg of potassium nitrate were applied
per 667 square meters. The fertilizer requirement of each vine is different at each stage of the growing period,
and the nitrogen requirement of a single fruit tree throughout the year is 200-600 g, phosphorus is 150-300 g
and potassium is 200-400 g. Setting the target fertilizer application in the fertilizer grid is 50, 100, 150, 200,
300 g granular urea, 100, 200, 300 g granular calcium superphosphate and 400, 500 g granular potassium
nitrate. 80, 120, 180, 250, 300 g of granular potassium nitrate were applied, and the fertilization test was carried
out sequentially. According to the size of the fertilizer grid and the target speed of fertilizer application, the
maximum driving speed of the simulated fertilizer truck was controlled to be from 1 m/s to 1.5 m/s. For the
same target fertilizer application, the operation was repeated three times, and the mass of fertilizer after
application was weighed by an electronic scale to obtain the actual amount of fertilizer applied, and the average
value of the three trials and the coefficient of variation of the amount of fertilizer applied were calculated.

Field trials

The soil sampling device and fertilizer application device were mounted on an unmanned sports chassis,
and the experiment was conducted at the foot of 1,000 mu vineyard in Huantai County, Zibo City, Shandong
Province (N37.07420°, E117.91777°). The ambient temperature at that time was 19°C to 27°C and the relative
humidity was 13%, and the exact location is shown in Figure 12.

eyard field scenes

(a)Vineyard Map (b) Vln
Fig. 12 - Test site
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According to the actual nutrient content of the soil in the fertilization area and the target fertilizer
requirement for grape growth, the developed soil information collection and fertilization device and control
system were used to fertilize a 50mx1.5m orchard area. Granular fertilizer urea 30, 60, 90 g, calcium
superphosphate 130, 160, 200 g, potassium nitrate 40, 70, 100 g were applied, and nine fertilizer spreading
grids of 1.5mx0.5m each were selected for the sampling and fertilization test. In the test process, according to
the actual collection of soil nutrient content and fruit tree growth fertilizer requirement, the fertilizer application
vehicle speed is set to 1 m/s, and the soil sampling device automatically collects soil data for on-demand
fertilization. For the same target fertilizer application amount, 3 trials were conducted, the collection box was
placed in the fertilizer spreading area, and the mass of fertilizer in the collection box was weighed to determine
the actual amount of fertilizer discharged and to evaluate the uniformity of fertilizer spreading width. Finally,
the average of the 3 trials and the coefficient of variation of the fertilizer application rate were calculated.

RESULTS AND ANALYSIS
The results of the indoor simulated variable fertilization test are shown in Table 6; the results of the
orchard variable fertilization test are shown in Table 7.

Table 6
Results of indoor simulated variable fertilization experiment
. Soil Target _
Type of Vehicle Element nutrient fertiliser Ave.r.age Relative Coefficient
I speed .. fertiliser of
fertiliser (mis) Type content application application/(g) error/(%) variation/(%)
(mg/kg) rate/(g)

15 50 53.1 6.20 5.21
16 100 102.7 2.70 6.34
urea (NH2)2CO 1m/s N 17 150 145.6 2.93 5.98
18 200 194.9 2.55 2.21
20 300 290.2 3.27 3.41
16 100 103.1 3.10 4.23
calcium 18 200 193.4 3.30 5.45
superphosphate 1.5m/s P 20 300 296.5 1.17 6.64
(Ca(OH)2) 22 400 390.7 2.33 2.27
24 500 489.8 2.04 5.65
54 80 78.3 213 3.36
potassium 56 120 124.4 3.67 2.39
nitrate 1m/s K 59 180 188.1 4.50 1.83
51 250 259.0 3.60 5.82
50 300 311.3 3.77 5.52

The indoor simulation experiments in Table 6 show that the maximum relative error between the actual
amount of urea fertiliser applied to the grapes in the grid and the target amount of fertiliser is 6.2%, the
maximum relative error in the amount of calcium superphosphate applied is 3.3%, the maximum relative error
in the amount of potassium nitrate applied is 4.5%, and the maximum value of the coefficient of variation of
the amount of fertiliser applied is 10.52%.

187



Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

The width of the spread from the edge of the fertiliser grid is the maximum distance of -0.17 m, and the
locations of the fertiliser drops are all within the area of the fertiliser grid. The locations were all within the range
of the fertiliser grid.

Table 7
Table 7 Precision variable fertilization in orchard field
. Soil Target -
Type of Vehicle Element nutrient fertiliser Ave.r.age Relative Coefficient
i speed o fertiliser o of
fertiliser type content application .. error/% L.
m/s application/g variation/%
mgl/kg rate/g
9 30 31.8 6 10.83
urea (NH2)2CO 1m/s N 10 60 63.8 6.3 11.26
11 90 87.2 3.1 9.32
calcium 13 130 133.9 3 7.41
superphosphate 1m/s P 14 160 154.7 3.3 12.34
(Ca(OH)2) 16 200 209.3 4.6 10.43
otassium 50 40 38.6 3.5 7.33
P e 1mis K 52 70 74.3 6.5 8.2
54 100 105.0 5 9.61

The coefficient of variation within a single fertilizer grid in the vineyard test was generally higher than
that in the indoor simulation experiment, mainly due to the fact that the rotational speed of the fertilizer wheels
was not stable enough when the fertilizer applicator was operating in the orchard, especially in the rough
conditions along the roadside. However, based on the target fertilizer application rate of the vines in the grid,
the actual soil nutrient content, the fertilizer application width, and the vehicle speed of the fertilizer application
device, the system could automatically adjust the rotational speed of the fertilizer discharge wheel, which
resulted in the relative error of the fertilizer application rate of a single vine being less than 6.5%, with a
maximum coefficient of variation of 12.34%. Through the real-time detection of the actual soil nutrient content
in the fertilizer grid based on the built-in soil nutrient sensor, it ensures that the fertilizer drop locations are all
within the fertilizer grid. Therefore, the fertilizer application device combines the collection device and the
control system to realize the precise variable fertilization of different fruit trees in the grid for different granular
fertilizer needs.

In addition, the orchard validation experiments of this device and control system were conducted in
vineyards with the same ridge spacing and the same selected grape variety. However, the ridge spacing of
different grape varieties varies greatly, so when sampling and fertilizing a large area in vineyards with different
planting densities, it is necessary to improve the structure of the soil nutrient detection device again to improve
the detection efficiency and accuracy. In addition, the device was mainly tested for three kinds of granular
fertilizers, namely urea, calcium superphosphate and potassium nitrate, and further experimental studies are
needed to investigate the application effects of powder and liquid fertilizers.

CONCLUSIONS

(1) Using unmanned technology, the relationship between the target fertiliser application rate and the
rotational speed of the fertiliser spreading wheel, the speed of the fertiliser spreading vehicle, the width of the
fertiliser spreading width and the actual nutrient content of the soil, as well as the control rules of the rotational
speed of the fertiliser spreading wheel were established according to the actual content of soil nutrients in the
fertiliser spreading grid and the target fertiliser application rate of different fruit tree varieties.

(2) Through the comparative analyses of simulation test, indoor test and orchard test on three kinds of
fertiliser spreading blades, the results showed that the curved blades were more uniform in spreading effect.

(3) The results of the indoor simulation test showed that when applying urea granular fertiliser, the
maximum error of fertiliser application in a single grid was 6.2%, the maximum error of calcium superphosphate
fertiliser application amount was 3.30% and the maximum error of potassium nitrate fertiliser application
amount was 4.5%.

(4) The field test in the orchard showed that the integrated soil nutrient sensor could accurately detect
the nutrient content in different farm grids and could meet the requirement of precise variable fertiliser
application for fruit tree growth in the farm grids. The maximum relative error of fertiliser application within a
single spacing was 6.5% and the maximum coefficient of variation was 12.43%.
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ABSTRACT

Low productivity and high electricity consumption are considered problems of the hammer mill, which is widely
used in current feed production. In this paper, a folded V-shaped hammer was designed to improve the
performance of the hammer mill. To determine the optimal design parameters of the new hammer, the single -
factor test and orthogonal tests were carried out with the inclination angle of hammer, the angle of hammer
head, and the distance of hammer head as the influencing factors, and the productivity and output per kwh as
evaluation indexes. The order of the influence on the productivity and output per kWh were the inclination
angle of hammer>the angle of hammer head> the distance of hammer head. The parameters were optimized
based on the orthogonal tests with the following results: the angle of hammer head was 160°, inclination angle
of hammer was 110°, and the inclination distance of hammer head was 24 mm. The static analysis and modal
analysis were carried out on the optimized hammer by using ANSYS software. The results showed that the
new hammer satisfies the strength and stiffness requirements during working, does not resonate, and has
good dynamic characteristics. The new hammer can effectively improve the performance of the hammer mill,
and the research results can provide theoretical basis for the optimization design of the hammer mill.
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LA T HIEE 1T 7 0 RIS T, 25 R 8 LIRS YR fERIEZER, 2 KAEIEIR, B
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INTRODUCTION

Feed grinding can increase the surface area of feed and improve its palatability and digestibility for
livestock. Therefore, a large amount of feed needs to be ground every year (Mugabi et al.,2017; Wang et
al., 2020; Barnwal et al., 2015). The hammer mill is a widely used grinding equipment in feed processing,
and it has the advantages of low price, simple structure and easy operation (Chen et al.,2017; Qian,2021).
However, there are still some problems, such as low productivity and high electricity consumption with
the hammer mill (Li et al., 2019; Cao et al., 2016; Wang et al., 2020).

The material is ground by the hammer in the grinding chamber. The hammer is key part that affect the
productivity and electricity consumption of the hammer mill (Li et al., 2019; Qian, 2021). In recent years,
researches on the hammer of the hammer mill in China and abroad have mainly focused on the arrangement,
manufacturing process and numbers of the hammer, etc.
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Xu Wei et al., (2021), took the minimum deformation of the traditional hammer as the optimization
objective and used the response surface method and genetic algorithm to optimize the structure parameters
of the hammer. Bochat et al., (2015), designed a new hammer and performed comparative experiments. The
results showed that the new hammer was more efficient than the traditional hammer. Su Congyi et al., (2016),
designed a new hammer and performed comparative experiments. The results showed that the new hammer
reduced the centrifugal inertia force of the material and the density of the material ring, the efficiency of the
hammer mill was improved by 25% to 28%. Ma Qian et al., (2016), studied the influence of the hammer
inclination angle on the grinding performance by using computational fluid dynamics methods. Simulation
results showed that the hammer with an inclination angle could improve the flow field characteristics of the
grinding chamber and the efficiency of the hammer mill. CPS-420 hammer mill was taken as the experimental
prototype, Li Xiuqing, (2021), designed an edged hammer and an angled hammer, discrete element simulation
and grinding performance tests were carried out. The results showed that both the edged hammer and the
angled hammer could improve the grinding performance. The angled hammer could change the flight trajectory
of materials, reduce movement speed of materials, and the angled hammer was beneficial to sieve. The
hammer mill with an inclined hammer was beneficial for reducing electricity consumption. The edged hammer
could break more material bonding keys, improve the production efficiency of the hammer mill.

In this work, a hammer mill CPS-420 produced by machinery factory of Inner Mongolia Agricultural
University in China was taken as the prototype. Considering the existing problems with the hammer mill, the
grinding process of materials in the grinding chamber was analysed, a folded V-shaped hammer was designed
to improve the performance of the hammer mill, and the key structural parameters of the new hammer affecting
the performance of the hammer mill were determined. The orthogonal tests were used to optimize the structural
parameters of the hammer, and the optimal combined parameters were determined. The research results can
provide a reference for the optimal design of the hammer mill.

MATERIALS AND METHODS

e Overall structure and working principle

The hammer mill used in this study is mainly composed of an outlet, a frame, a motor, a feeding hopper,
a sieve, and a hammer. The structure diagram of the hammer mill is shown in Figure 1. When the hammer mill
is working, the feed materials enter the grinding chamber through the feeding hopper. It is first ground by the
hammer and then further ground by the impact between the feed and sieve. When the feed particle size is
smaller than the sieve hole diameter, the feed is discharged from the outlet.

Fig. 1 - Structure diagram of the hammer mill
1-Frame; 2-Outlet; 3-Sieve frame and sieve; 4- Hammer; 5-Air inlet of feeding mouth; 6-Feeding hopper;

7-Cover plate of grinding chamber; 8. Hammer frame; 9-Grinding chamber; 10-Motor

Table 1
Specification of hammer mill
Specification Value
Size (LengthxWidthxHeight) 650x380%930 mm
Motor power 3 kW
Rotational speed of rotor 4 400 r/min
Number of hammers 24
Sieve width 170 mm
sieve hole diameter 3 mm
Productivity 900~950 kg/h
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e Principle analysis of material grinding

When the hammer mill is working, the materials in the grinding chamber are mainly ground by the
combined action of the hammer, the sieve, and material particles. The schematic diagram of movement of
material particles in the grinding chamber is shown in Figure 2. The linear speed of the hammer is v. Assuming
that the impact between the hammer and the material is a frontal impact, the speed of the material after the
impact is vi, which is the same as v. Energy transfer is completed at the moment of impact, the kinetic energy
of the high-speed rotating hammer is transferred to the material particles. After impact, the material particles
move in the direction of vi and impact with the sieve in the grinding chamber. The kinetic energy of the material
particles decreases, and the lost energy during the impact process is used to destroy the cohesive force of the
material particles themselves, causing the material to quickly grind.

Fig. 2 - Schematic diagram of movement of material particles

e Design of V-shaped hammer for the hammer mill

According to Figure 2, the material particles enter the grinding chamber from the feeding hopper and
mainly impact with the side surface of the hammer end. Without considering the influence of factors such as
air flow resistance and friction on the hammer, the following equation can be obtained from the impulse
momentum theorem (Qian, 2021).

PAt =m (v —v,) (1)
where: P is the impact force between the hammer and the material, N; mz is the mass of hammer, kg; At is the
impact time between hammer and material, s; v is the speed of the hammer before impact, m/s; vz is the speed
of the hammer after impact, m/s.

According to Eq. (1), if the speed of hammer and the speed of material are constant, the impact of the
hammer on the material is increased with the increases of mi, accelerating the grinding efficiency of large
particle materials into small particles, thereby improving the grinding performance of the hammer mill.

In addition, it found that the impact angle of particles thrown onto the sieve after being impacted by the
hammer affects the sieving effect of the material. The impact of the hammer on the material particles in the
grinding chamber is shown in Figure 3.

o\
Fig. 3 - Schematic diagram of material particles impacting screen plate

It can be seen from Figure 3 that after the traditional hammer impacts with material particles, its ejection
angle is @, point A is the impact point between the material and the sieve, « is the impact angle, y is the angle
between the centre line of the hammer and the radial centre line of point A on the sieve, F, is the combined
force of the material particles under the impact of the hammer, F, and F, are the positive and side impact force,
they are the two components of F;,. The following equations can be obtained (Du, 2015):

a=¢+y )
F, = F;sina 3)
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An analysis of Eq. (2) and Eq. (3) show that the larger the impact angle, the greater the positive impact
force, which is more conducive to the grinding and sieving effect of the material. The optimized hammer should
increase the impact angle of the material on the sieve, so that the ground material can be quickly sieved out
and achieve efficient grinding of the material.

During the working process of the hammer mill, the material is mainly ground by the impact between the
end of the hammer and the material. Based on the above theory and referring to the picking mechanism of the
straw baler (Qian, 2021), a new design scheme of a folded hammer structure was proposed. The end of the
hammer was designed as a V-shaped structure with a fold line, which can improve the quality of the hammer
appropriately. On the other hand, it increases the impact probability between the hammer and the material,
thereby improving the grinding efficiency of the hammer mill. The schematic diagram and physical picture of
the new hammer structure are shown in Figure 4.

a

Rl

a) structure diagram of V-shaped hammer b) physical picture of V-shaped hammer

Fig. 4 - Parameters of V-shaped hammer
Note: In Fig.4a: a- Inclination angle of hammer; b-Angle of hammer head; c-Inclination distance of hammer head

e Design of hammer thickness
The overall thickness of the hammer has a significant impact on the grinding performance of the hammer

mill. If the hammer is too thin, it will cause its wear resistance to deteriorate and require frequent replacement,
which not only increases the labour intensity of maintenance workers but also increases the cost of material
grinding. The hammer is too thick, although it increases the probability of the material being hit, the load on
the rotor of the hammer mill will increase, resulting in huge electricity consumption.

Therefore, based on the structural parameters of the grinding chamber of the CPS-420 hammer mill, the
thickness of the hammer was designed by the following equation:

Z =K,B/é 4)
where: Z is the thickness of hammer; K, is the density coefficient of hammer configuration. Generally, K, is
taken as 0.2~0.42; B is the width of grinding chamber, B=170 mm; J is the total count of hammer, 0=24.

Based on the analysis of the density of the prototype hammer in this study, it was found that K, is 0.42.
According to Eq. (4), the thickness of the new hammer was calculated to be 2.98 mm, for processing
convenience, Z was taken as 3 mm.

In addition, the effective impact area between the traditional rectangular hammer of the hammer mill
and the material is determined by the following equation:

S1 =B XP )
where: S, is the effective impact area of the traditional hammer, mm?; B, is the thickness of the traditional
hammer, mm; P, is the length of the traditional hammer, mm.

Bringing B; and P, into Eq. (5), it can be obtained S; = 2.5 x 101 = 252.5(mm?).

The optimized hammer end is a double-sided structure, and the effective impact area of the hammer is:

S; =B, x (P, +P;3) (6)
where: S, is the effective impact area of the optimized hammer, mm?; B, is the thickness of the optimized
hammer, mm; P, and P; are the lengths of the optimized hammer and its head, respectively, mm.

Bringing B, , P,and P, into Eq. (6), it can be obtained S, = 3 x (105 + 11) = 348(mm?)

According to the analysis of Eq. (5) and Eq. (6), it can be seen that the effective impact area of the
optimized hammer is about 1.4 times greater than that of the traditional hammer, thereby increasing the
probability of impact between the material and the hammer.

e Design of hammer length
The length of the hammer affects the gap between the hammer and sieve. When the hammer mill is

working, there is a material circulation layer between the end of the hammer and the sieve that rotates with
the hammer. When the distance between the end of the hammer and the sieve is too large, the small particle
materials have been ground near the end of the hammer are not easy to be sieved out. If the distance is too
small, the velocity of the circulation layer increases, the particle size of the material is low, and it increases the
electricity consumption.
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It was found that the distance between the end of the hammer and the sieve is generally between 7 mm
to 10 mm (Qian et al., 2020). In this paper, the distance is 9 mm.

The length of the hammer is determined by the following equation:

n=R,—AR-L; )

where: 1y is the distance from the centre of the pin shaft installation hole to the end of the hammer, mm; R, is
the radius of the sieve, R,=195 mm; AR s the distance between the end of the hammer and the sieve, AR =9
mm; L; is the distance from the centre of the rotor to the centre of the pin shaft installation hole, L;=92 mm.

Bringing R;, AR and L; into Eq. (7), it can be obtained r; = 94 mm.

e Parameter design of hammer experiment
The design of the new hammer structure of the hammer mill should not only satisfy the hammer

installation size, but also consider the distance between the end of the hammer and the sieve. The angle of
hammer head of the new hammer directly affects the grinding characteristics of the hammer. Considering the
motion characteristics of the ground material in the grinding chamber and the structural parameters of the
hammer mill, the ranges of hammer head were set to 90° to 150°; considering the wear angle and position of
the end of the hammer, the inclination distances of hammer head were set to 15 mm to 30 mm. In addition,
the circulation area between the end of the hammer and the sieve in the grinding chamber has a significant
impact on the sieving and grinding of the material. The airflow characteristics in the circulation area are closely
related to the inclination angle of hammer. According to Qian et al., (2021), it was found that when the
inclination angle of hammer changes from 140° to 165°, the material can achieve better sieving performance.
Therefore, the inclination angles of hammer were set to 140° to 165°.

e Experimental design
In order to study the influence of the structural parameters of the new hammer on the grinding

performance of the hammer mill, and determine the optimal hammer structure parameters. The experiment of
grinding performance was carried out based on the inclination angle of hammer, the angle of hammer head,
and the inclination distance of hammer head.

e Experimental materials and equipment
Corn grain was selected as the test material. The average moisture content of corn grain was 13.2%.

The variety of corn used was JINSHAN-126, with a moisture content of 13.20% and bulk density of 723 kg/m?.
The test equipment included a TCS-150 type electronic scale (accuracy of 0.01 kg), a BT223S type electronic
balance (accuracy of 0.001 g), an electric energy meter, a stopwatch and a drying box, etc.

e Evaluation indexes
In order to objectively and accurately evaluate the grinding performance of the hammer mill, according
to the Chinese national standard (GB/T 6971-2007) (China National Standardization Committee, 2007), the
productivity and electricity consumption per ton were taken as the performance evaluation indexes.
The calculation equations are given by Eq. (8) and Eq. (9) (China National Standardization Committee,
2007).
E =m/t. 8)
Y=2/Q )
where:
E is the productivity, t/h; m is the material mass, t; tc is the material grinding time, h.

Y is the output per kWh, t/kwWh; Q is the electricity consumption, kWh; Z is the output, t.

e Test procedures
The new hammers with different structural parameters were installed on the hammer mill to carry out

the grinding performance tests. The test procedures were as follows:

(1) The hammer mill ran no-load firstly, and after the no-load power stabilizes, the spindle speed was
measured to verify whether the speed meets the requirements of the hammer mill.

(2) The hammer mill ran with load, and it ran smoothly for 1 to 2 minutes, after confirming that there are
no abnormal phenomena, the grinding performance test was carried out according to the test scheme.

(3) In order to increase the accuracy of experimental data, each group of tests was repeated three times.
The average values were taken as the test results.
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RESULTS
e Single-factor test results and analysis

Results and analysis of the inclination angle of hammer
The values 140°, 145°, 150°, 155°, 160°, and 165° were selected as the inclination angle of hammer,
productivity and output per kW+h tests were carried out. The test results are shown in Table 2.

Table 2
Grinding performance of the inclination angle of hammer
Inclination angle of hammer Productivity Output per kWh
[] [t/h] [t/kWh]
140 0.89 5.12
145 0.94 4.93
150 1.02 4.80
155 1.07 4.72
160 0.98 4.82
165 0.92 5.13

It can be seen from Table 2 that with the inclination angle of hammer increases, the productivity first
increases and then decreases, and the output per kWh first decreases and then increases. When the
inclination angles of hammer were 155°, the productivity was highest and the output per kWh per ton of
material was lowest; from the trend of changes in productivity and output per kWh, it can be seen that the
better inclination angle ranges of the hammer were 150° to 160°.

Results and analysis of the angle of hammer head

90°, 100°, 110°, 120°, 130°, and 140° were selected as the angle of hammer head, productivity and
output per kW+h tests were carried out. The test results are shown in Table 3.

Table 3
Grinding performance of the angle of hammer head
Angle of hammer head Productivity Output per kWh

[°] [t/h] [t/kwWh]
90 0.96 5.03
100 0.99 4.87
110 1.04 4.82
120 1.02 4.90
130 0.93 5.12
140 0.89 5.08

It can be seen from Table 3 that with the angle of hammer head increases, the productivity first
increases and then decreases, the output per kWh shows a waveform trend. When the angle of hammer
head was 110°, the productivity was highest and the output per kwWh was lowest. From the trend of changes in
productivity and output per kWh, it can be seen that the better angles of hammer head were 100° to 120°.

Results and analysis of the inclination distance of hammer head

The values 15 mm, 18 mm, 21 mm, 24 mm, 27 mm and 30 mm were selected as the inclination
distance of hammer head, productivity and output per kWh per ton of material tests were carried out.

The test results are shown in Table 4.

Table 4
Grinding performance of inclination distance
lnc“;:;()r:e(:litea;dce of Productivity Output per kWh
[mm] [t/h] [t/kwh]
15 0.97 5.01
18 0.90 4.92
21 0.95 4.83
24 1.03 4.84
27 1.01 4.81
30 0.98 4.92

It can be seen from Table 4 that with the inclination distance of hammer head increases, the
productivity first decreases and then increases, and then decreases again.
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The output per kWh first increases and then decreases. When the inclination distance of hammer
head was 24 mm, the productivity was the highest; when the inclination distance of hammer head was 27
mm, the output per kWh was the lowest; from the trend of changes in productivity and output per kWh, it
can be seen that the better inclination distances of hammer head were 24 mm to 30 mm.

e Orthogonal tests results and analysis

In order to obtain the optimal working parameters combination of the hammer, three -factor, and three
level orthogonal tests were carried out. According to the single-factor test results, the level of each factor
was determined as shown in Table 5.

Table 5
Levels of factors for orthogonal tests

Inclination angle of hammer|Angle of hammer head | Inclination distance of hammer head
Level of A B c
factor [ ] [mm]
1 150 100 24
2 155 110 27
3 160 120 30

The results of the orthogonal tests are shown in Table 6. It can be seen from Table 6 that the range
of factor B in productivity test and output per kWh test was 0.1 and 0.2 respectively, both of which were the
maximum values, indicating that the factor B had the greatest impact on productivity and output per kWh.
The range of factor A was 0.06 and 0.08 respectively, both of which were greater than factor C, indicating
that the factor A had a secondary impact on the productivity and output per kWh; The range of factor C was
0.05 and 0.06 respectively, both of which were the smallest, indicating that the factor C had the smallest
impact on productivity and output per kWh. Using the range analysis method, the rankings of the three
factors according to the importance to the productivity and output per kWh were obtained, successively,
they were factor B > factor A > factor C. The combined optimal parameters of productivity were as follows:
B2A1Ci1. The combined optimal parameters of output per kWh were as follows: B2AsCi.

The Bz level of factor B was selected twice, so B2 was the optimal level for factor B. The Ci level of
factor C was selected twice, so Ci1 was the optimal level for factor C. The As level and Az level of factor A
were selected once each, therefore, the optimal level of factor A was between Az and Ai. It can be seen
from Table 6 that the E_ki plus Y_kiwas less than E_ks plus Y_ks, so the As was the optimal level for factor
A. The final combined optimal parameters were as follows: B2AsCa.

Table 6
Results of orthogonal tests
Inclination angle Angle of Inclination distance | Empt .
Factor test of hammerg hamrr?er head of hammer head colu?n% Prodcht|V|ty Output eer kWeh
number A B C D
[°] [°] [mm] \ [t/h] [t/kWh]
1 1 1 1 1 0.97 4.84
2 1 2 2 2 1.03 4.87
3 1 3 3 3 0.98 4.86
4 2 1 2 3 0.92 4.97
5 2 2 3 1 0.96 5.04
6 2 3 1 2 0.93 4.81
7 3 1 3 2 0.87 4.78
8 3 2 1 3 1.08 5.20
9 3 3 2 1 0.94 4.85
E_ki 0.99 0.92 0.99 0.96
E_k2 0.93 1.02 0.96 0.94
E_ks 0.96 0.95 0.94 0.99
E Range R 0.06 0.1 0.05 0.03
E_Importance ranking affected by the three factors B>A>C
E Optimal parameter B2A1C1
Y ki 4.86 4.86 4.95 4.91
Y ke 4.9 5.04 4.90 4.82
Y ks 4.94 4.84 4.89 5.01
Y_Range R 0.08 0.2 0.06 1.78
Y _Importance ranking affected by the three factors B>A>C
Y_Optimal parameter B2A3C1

Note: E_k;, E_k;, and E_k; represented the average value of the sum of the three evaluation indicators of productivity for the same
parameter at the same level, t/h;Y_k;, Y_k;, and Y_k; represented the average value of the sum of the three evaluation indicators of
output per kWe=h for the same parameter at the same level, t/kWh.

197



Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

e Static results and analysis of the hammer

The hammer is the key component of the hammer mill. Static analysis of the optimized hammer will be
carried out, which can identify dangerous cross-sectional areas in the design, and improve the shortcomings
in the design. In this work, static analysis on the optimized hammer was carried out by ANSYS software. The
mesh is shown in Figure 5.

Fig. 5 - Hammer mesh

Due to the high-speed rotation of the hammer in the grinding chamber, compared to the unloaded
situation, the load on the hammer under loading is relatively large, so only the loading situation was analysed
and calculated.

According to the momentum theorem, the impact force between the material and the hammer is as
follows:

PAt, =mAv (10)
where: At, is the contact time between the material and the hammer, s; Av is the variable of velocity of
hammer after contact with the material, m/s; m: is the mass of hammer, kg; P is the impact force between
the material and the hammer, N.

0.00493 X(85.2—45.6) __

Bringing At,, m1 and Av into Eq.(10), it can be obtained P = ———————— = 195.2(N).

0.001
The impact force, the rated speed, the constraints, etc. of the material and hammer were added to

the hammer, and the static calculation and solution on the hammer were carried out. The equivalent stress
cloud map and deformation cloud map of the hammer are shown in Figure 6.

oy ——

1.0638e-5
7.092e-6
3.546e-6
0Min

a) stress cloud map b) total deformation cloud map

Fig. 6 - Static analysis simulation cloud chart of new hammer

It can be seen from Figure 6a that the stress of the hammer was mainly concentrated at the circular
hole that matched with the pin shaft, the stress variation range was 0.0145 MPa to 26.37 MPa. The stress
of the hammer was mainly between 0.01445 MPa to 14.7 MPa. The material of the hammer was 45# steel,
its yield strength was 355 MPa, which was much greater than the maximum stress of the hammer. From the
stress analysis, the hammer satisfies the strength and stiffness requirements during working.

It can be seen from Figure 6b that the maximum deformation in the X direction was 7.41 ym. The
maximum deformation in the Y direction was 4.35 ym. The maximum deformation in the Z direction was
7.42 um. The total deformation was 31.9 um. Therefore, the deformation of the hammer was very small, and
there will be no structural damage during working.

e Modal results and analysis of the hammer

Objects with different structures have different natural frequencies. When the external excitation
frequency is consistent with the natural frequency, the object will resonate. Therefore, modal analysis of key
components is crucial. Modal results of the new hammer are shown in Figure 7. According to the working
principle of the hammer, the maximum excitation frequency of the hammer during working is the excitation
frequency generated by the rotor rotating at the rated speed. The maximum speed of the rotor was 4400
r/min, so the maximum excitation frequency of the hammer was 73.33 Hz. The first-order to sixth order
natural frequencies of the hammer were 7.556 Hz, 8.377 Hz, 9.563 Hz, 10.450Hz, 11.880 Hz and 11.109
Hz, respectively, the maximum excitation frequency of the hammer was much greater than the natural
frequency. Therefore, resonance was effectively avoided and the dynamic characteristics are good.
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Fig. 7 - Modal results and analysis of the new hammer

The previous studies mainly focused on the structure of the hammer mill and the shape of the grinding
chamber, with the goal of improving the efficiency and reducing energy consumption of the hammer mill, a
series of studies were carried out. Hammer is a key component for crushing materials, some scholars have
studied the material and wear resistance of hammer, but have not studied the structure and shape of hammer.
Therefore, this article focuses on optimizing the design of hammer, a folded V-shaped hammer was designed.
The hammer mill installed the V-shaped hammer, which not only improved production efficiency but also
reduced energy consumption. The research results can provide theoretical basis for the optimization design of
the hammer mill.

CONCLUSIONS

1. Taking the hammer of CPS-420 hammer mill as the studied object, the grinding process of materials in
the grinding chamber was analysed. It was found that changing the shape of the hammer reasonably could
increase the probability of material being hit. Combined with the dynamic characteristics of material grinding,
a design scheme of a folded V-shaped hammer was proposed, the folded V-shaped hammer effectively
increased the contact area with the material, thereby it effectively improved the grinding performance of the
hammer mill.

2. Taking the inclination angle of hammer, the angle of hammer head, and the inclination distance of
hammer head as the influencing factors, and the productivity and output per kWh as evaluation indexes, the
grinding performance of the hammer mill was experimentally studied through single factor test and orthogonal
tests. The results of the single factor test showed that the optimal parameter range for the inclination angle of
hammer was 150° t0160°, the optimal parameter range for the angle of hammer head was 100° to 120°, and
the optimal parameter range for the inclination distance of hammer head was 24 mm to 30 mm. The orthogonal
tests results showed that the rankings of the three factors according to the importance to the productivity and
output per kwWh were obtained, successively, they were the angle of hammer head, the inclination angle of
hammer and the inclination distance of hammer head. The final combined optimal parameters of the hammer
are as follows: 160° the angle of hammer head, 110° the inclination angle of hammer and 24 mm the inclination
distance of hammer head.

3. The static analysis and modal analysis were carried out on the optimized hammer by using ANSYS
software. The static analysis results showed that the stress variation range of the new hammer was 0.0145
MPa to 26.37 MPa. The stress of the hammer was mainly concentrated at the circular hole that matched with
the pin shaft. The total deformation was 31.9 um, the hammer satisfies the strength and stiffness requirements
during working. The modal analysis results showed that the first-order to sixth order natural frequencies of the
hammer were 7.556 Hz, 8.377 Hz, 9.563 Hz, 10.450Hz, 11.880 Hz and 11.109 Hz, respectively, the maximum
excitation frequency of the hammer was 73.33 Hz, which was much greater than the natural frequency,
resonance was effectively avoided and the dynamic characteristics were good.
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ABSTRACT

In order to make the tractor better meet the needs of users under the premise of satisfying the use of functions,
the Kano - AHP model is used to design the appearance of the tractor. Firstly, the emotional needs of users
are collected, and the tractor modeling is designed according to the requirements combined with the Kano
model. The design scheme is displayed through Rhino in the form of three-dimensional modeling. According
to the design requirement index was summarized by Kano model, the tractor modeling hierarchical structure
model was established by using analytic hierarchy process, the weights of each index were obtained, and the
best design scheme was selected according to the weights. Finally, the selected best scheme was imported
into Jack ergonomics simulation software for stress analysis and comfort analysis of the lower back, and the
analysis results were used to check whether the scheme met the man-machine physiological standards.
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INTRODUCTION

With the development of The Times, the innovation of agricultural machinery is also urgent, more
agricultural personnel put forward higher requirements for tractors, not only to meet the needs of functional
use, the appearance should also be more in line with the user's aesthetic, which puts forward higher
requirements for designers. According to the research literature, such as Wu, (2019), in order to enhance the
market competitiveness of tractor enterprises and improve economic benefits, the tractor’s practical value and
aesthetic needs are combined, so that the user is the center. Li et al. (2023) combined the analytic hierarchy
process and fuzzy comprehensive evaluation method to evaluate the three tractor modeling schemes and
screened out the best scheme. In the application of the analytic hierarchy process, the tractor modeling
features are disassembled into different levels and elements, which are used to calculate the weight value of
each design element. Hridoy et al., (2020), combined Analytic Hierarchy Process (AHP), Kano and Quality
Function Deployment (QFD) to design the tractor seat. Based on the existing problems of the seat, the
requirements were determined, and then the weights were calculated to guide the design. Zhou et al., (2023),
combined the analytic hierarchy process with the analysis network process, obtained the humanistic design
elements of the intelligent pension products, and put forward a new design model so that the humanistic design
factors can be reasonably applied in the design. Zhang et al., (2023), used the man-machine simulation and
analysis software Jack to improve the tractor cab, the overall comfort of the tractor cab was improved. Shi et
al., (2023), combined the analysis of controllability, visibility, and working posture comfort in Jack, summarized
the design defects of the driver's cab of an electric monorail crane, and put forward optimization strategies.
Wang et al., (2018), carried out an ergonomic analysis of agricultural machinery cabs through Jack, including
driving comfort point, back stress critical value, seat, control device, etc., to improve the comfort and safety of
agricultural machinery cabs.

201



Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

The above literature has achieved good results in identifying innovation needs and providing innovative
methods, reducing the limitations of a single method, but in many cases, it still cannot solve practical problems.
For example, the combination of Kano and AHP cannot verify whether the designed product meets the man-
machine requirements; only Jack is used for man-machine inspection of existing products, but Kano and AHP
cannot obtain and analyze user requirements.

To sum up, in this paper, a variety of methods will be used to combine the way of tractor modeling
design. The first part is the combination of Kano model and analytic hierarchy process. In this part, the needs
of target users, namely design elements, are obtained, arranged, and compared, and the needs with high
priority are met first. According to the design elements, the hierarchical structure model is constructed to select
the best solution. Finally, the selected scheme is imported into Jack for simulation analysis to verify whether it
is reasonable in terms of ergonomics, so as to provide method support for the innovation of tractor modeling
design.

Jack is a very classic man-machine simulation analysis software (Li et al., 2013), but the research on
how to apply it in tractor modeling and combine it with Kano and AHP to complete the design is still blank. The
combination of Jack and the first two methods enables the man-machine aspect of tractor design to be further
tested, thus improving the design efficiency and accuracy, which is also the main innovation point of this paper.

MATERIALS AND METHODS

Kano model is the overall data prioritization of user needs by obtaining user satisfaction with product
shape and function. By using the Kano model, the product development team can comprehensively classify
the user needs, and formulate corresponding product strategies according to the importance of each demand
attribute, so as to improve user satisfaction and market competitiveness. This is shown in Figure 1. The X-axis
coordinate is the degree of fulfillment of the user's needs and the Y-coordinate is the user satisfaction. Kano
model proposes five demand attributes: Attractive attribute(A); One-dimensional attribute(O); Indifference
attribute(l); Must-be attribute(M); Reverse attribute(R) (Kano et al., 1984).

Satisfaction

One-dimensional
attribute

Indifference
attribute

rd
~

>
Degree.of
posSession

Reverse
attnnbute

Fig. 1 - Kano model

The interpretation of each demand is as follows: Attractive demand (charm attribute): a
function/service that exceeds the user's expectation, with a high degree of perfection of the
function/service, the user's satisfaction will increase significantly, but without the function/service, the
user's satisfaction will not decrease significantly; One-dimensional demand (One-dimensional attribute):
a certain function/service will improve the satisfaction, without which the satisfaction will decrease;
Indifference demand (Indifference attribute): the presence or absence of a function/service does not affect
satisfaction; Must-be demand (Must-be attribute): the presence of a function/service does not increase
satisfaction, but the absence of it decreases satisfaction; Reverse demand (reverse attribute): the
absence of a feature/service leads to higher satisfaction (Akao et al., 1994).

202



Vol. 73, No. 2 / 2024 INMATEH - Agricultural Engineering

Table 1 shows the mapping between the questionnaire options and each requirement.
Table 1
Demand attributes

Reverse problem
Functional Requirements

Put up Doesn't Rightly

Dislike with matter so Like
Dislike Q R R R R
Put up
with M | | | R
Positive Doesn't M I I | R
questions matter
Rightly M | | | R
so
Like o) A A A Q

By investigating the user intention, the demand type of the tractor design is obtained.

According to the Kano model, the questionnaire is designed and investigated. Each index
attribute in the questionnaire contains forward questions and reverse questions so that the average
satisfaction score of users on the functional index can be calculated. By classifying the subsequently
obtained data, users' demand types for product functions can be obtained (Cohen et al., 1996).

Better-Worse coefficient analysis is a demand satisfaction analysis method based on the Kano
model that is used to determine the importance and priority of product features. This method determines
which functions are of the greatest concern and priority to users through the comparison of different
features.

The Better coefficient, the satisfaction coefficient, is:

Better=(A+O)/(A+ O +M+1) (1)
The Worse coefficient, i.e. the dissatisfaction coefficient, is:
Worse = —(0O +M)/(A+ 0O+ M+1) (2)

The absolute value of the Better-Worse coefficient is generally between 0 and 1, which
represents the user's satisfaction with the existence of the function. According to the value of the
coefficient, a four-quadrant distribution diagram of the demand attributes can be obtained.

The value of the Better coefficient is the vertical coordinate, the absolute value of the Worse
coefficient is the horizontal coordinate, the average of the value of the Better coefficient and the absolute
value of the Worse coefficient is the quadrantal dividing line, and the four-quadrant diagram of the better-
worse coefficient is drawn. The first quadrant is the expected attribute; the function of this quadrant should
be satisfied first. The second quadrant is the charm attribute; the function of this quadrant should be
satisfied first. The third quadrant is the indifference attribute; the function of this quadrant is not usually
provided. The fourth quadrant is the necessary attribute; the function of this quadrant must be satisfied
(Song et al., 2023).

The Analytic Hierarchy Process (AHP) (Saaty et al., 1989) is a multi-criteria decision analysis
method designed to help decision makers deal with the complex relationship between multiple criteria and
multiple alternatives. The core idea of this method is to hierarchize the decision problem, decompose the
complex problem into several relatively simple sub-problems, and get the final decision result by
comparing and judging each sub-problem.

According to the analysis of questionnaire data obtained by Kano model and the analytic
hierarchy process, the hierarchical structure model of tractor modeling factor evaluation can be obtained.

According to the design elements, the 9-level scale method can be used to construct the
judgment matrix (Guo et al., 2023). The judgment matrix is a pairwise comparison between the indicators
of the same layer, that is, the criterion layer and the sub-criterion layer are compared respectively, and
the value is assigned according to the relative scale of 1-9, and the importance of the design elements is
expressed according to the value. The scale table of the judgment matrix is shown in Table 2.
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Table 2
Scale table of judgment matrix

Relative importance

Degree assignment (i/j) Implication Scale specification

Indicator i is as important as

1 Equally important - i
quafy imp indicator j
. . Indicator i is slightly more
lightly importan . . .
3 Slightly important important than indicator |
. . Indicator i is obviously more
5 Obvious importance . : _y .
important than indicator j
- Stronaly important Indicator i is more important
gy imp than indicator j
. Indicator i is extremely important
9 Extremely important yimp

compared to indicator j
The degree of importance is
2, 4,6 8 Use when you compromise determined according to the
adjacent scale

According to the constructed judgment matrix, the weight of each element can be obtained by
using the arithmetic average method.

1. Each column of the judgment matrix is normalized, that is:
xl-j

Eij = W (i:1,2,3,...,n) 3)
i=1"Y
2. Sum the processed matrices by row, that is:
61' =Z7i/l=1§ij (l = 1,2,3,...,71) (4)
3. The weight vector can be obtained by processing the result of the sum:
wiZ(T)i/n (5)

After the relative weight of each design element is obtained, it is necessary to carry out a consistency
test. First, it is necessary to obtain the maximum feature root of the judgment matrix according to the weight,
and then obtain the consistency test value Cl. Then, the test coefficient of the judgment matrix can be obtained
according to the standard value of Rl in Table 3.

1. Find the maximum eigenroot of the judgment matrix (where the weight is multiplied by the matrix,

n represents the order of the matrix, and represents the weight of each row in the matrix):

Amax: ?:1(2—221 (6)
2. Find the consistency test value of each indicator:
Cl = tmext (7)
n—-1
3.Calculate the test coefficient of the judgment matrix:
cl
CR=— (8)
Table 3
RI standard values
Rank 1 2 3 4 5 6 7 8 9
Rl value 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46

Through the weight of analytic hierarchy process, the index that has a greater weight in the tractor
modeling design can be obtained, but the evaluation and scoring of experts are more subjective, and it is
impossible to know whether the best scheme meets the man-machine standard. Therefore, Jack (Badler
etal., 1992) was used to analyze the stress and comfort of the lower back while holding the steering wheel.
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RESULTS

According to the results of the questionnaire to obtain the user intention, two types of tractor design
requirements are obtained, namely functional requirements and comfort requirements. Each requirement
contains its specific indicators, i.e., six items each of functional requirements and comfort requirements,
as shown in Table 4.

Table 4
Demand index of tractor modeling design
Type of demand Number Demand items Instructions
nl Water heater Provision of hot drinking water
n2 Cab ceiling Shelter from rain and sun
_ Sound insulation
Functional n3 and noise reduction Effectively prevent transmission noise
Requirements device
n n4 Air conditioner Optional cooling or heating
n5 Windshield wiper Clean the windshield
n6 Floodlight Work area lighting
ml Instrument panel Display driving information
m2 Driver's seat Stress on the lower back
Comfort m3 Hand control device Gear hanging comfort
Requirements
m m4 Control panel layout Operation control panel comfort
m5 Steering wheel Comfort on the steering wheel
m6 Foot control device Pedal comfort

Use questionnaires to collect data, so as to obtain the initial needs of users. A total of 150
gquestionnaires were issued and 135 valid questionnaires were collected.

According to formulas (1) and (2), attribute statistics are carried out on the questionnaire data,
and the results are shown in Table 5, and the demand attribute quadrant diagram is shown in Figure 2.

Table 5
Statistics of tractor design requirements
No. Number of selections Bef[te.r Wo.rs.e Better-Worse
A o M | R Q coefficient coefficient classification
nl 72 35 20 8 0 0 0.793 -0.407
n2 65 38 21 7 4 0 0.786 -0.450
n3 16 11 50 56 2 0 0.203 -0.459 |
n4 16 23 25 65 4 2 0.302 -0.372 |
nS 10 18 90 13 3 1 0.214 -0.824 M
n6 25 66 36 5 3 0 0.689 -0.772 (0]
ml 34 70 7 13 11 0 0.839 -0.621 (0]
m2 6 46 54 25 4 0 0.397 -0.763 M
m3 26 31 25 45 7 1 0.449 -0.441 |
m4 14 19 22 67 13 0 0.270 -0.336 |
m5 21 72 15 9 17 1 0.795 -0.744 O
m6 8 6 17 26 75 3 0.246 -0.404 |
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Fig. 2 - Quadrantal distribution of demand attributes

The results show that the following 7 requirements need to be met in the tractor design: the attractive
demands are water heater nl1 and cab ceiling n2; the One-dimensional demand is lighting function n6,
instrument panel m1 and steering wheel m5; the Must-be demands are the wiper n5 and the driver's seat m2.

In the design of tractor modeling, the basic needs of users must be met, in addition to the need to try
to meet the expectations of the needs and the excitement of the needs. According to this, the preliminary
design of the tractor modeling is carried out, and the scheme is modeled with Rhino 7 (McNeel et al., 2023).
The design of the modeling scheme is shown in Figure 3.

(Option 1) (Option 2)
Fig. 3 - Tractor modeling scheme

The obtained hierarchical structure model of tractor modeling factor evaluation is shown in Table 6.

Table 6
Hierarchical structure model of tractor modeling factor

Target layer Criterion layer Subcriterion layer

Water heater N11
Cab ceiling N1z

Feature N1 Floodlight Ni3
Tractor modeling Windshield wiper N1
Instrument panel N21
Comfort N2 Steering wheel N22

Driver's seat N23
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Questionnaires were sent to 5 experts to evaluate and score each element according to the 9-level
scale rule. According to the scoring results given by experts, a judgment matrix is constructed, in which:

The judgment matrix of the tractor modeling factor is:

M N1
N1 1
N2 1/2

The judgment matrix among indicators in the functional criterion layer is:

N1 N1 Ni2 Nis Naig
N11 1 1/7 1/3 1/2
P 7 1 3 4
N3 3 1/3 1 2
Ni4 2 1/4 1/2 1
The judgment matrix among indexes of the comfort criterion layer is as follows:
N2 N2z N2z
N21 1 1/7
N2z 1/2
N3 7 1

Based on formula (3) - Formula (8), the weights of each evaluation index of tractor modeling design

can be obtained, as shown in Table 7.

Table 7
Index weights of tractor modeling design evaluation system
L Criterion Subcriterio .
Crllatle(relron layer Subcriterion layer n layer Com\s)vr:ihﬁ?swe Amax CR
Y weight weights 9
Water heater N11 0.074 0.049
Cab ceiling N12 0.568 0.379
<
Feature N1 0.667 Floodlight N1 0.225 0.150 4.021 0.008<0.1
Windshield wiper 0.134 0.089
N1
Instrument panel 0.076 0.025
N21
Comfort N2 0.333 Steering wheel N2z 0.334 0.111 3016 0.015<0.1
Driver's seat Nz3 0.591 0.197

If CR values in the table are all less than 0.1, the judgment matrix passes the consistency test, and the

data are valid data.

In order to obtain the best scheme, it is necessary to compare the two schemes, construct a judgment
matrix, and combine formula (3) - formula (5) to obtain the specific index weights of each scheme layer, as

shown in Table 8.

Weights of specific indicators at the solution layer

Table 8

Index N11 N1 Ni3 N14 No1 N23
Option 1 0.333 0.250 0.667 0.333 0.667 0.143
Option 2 0.667 0.750 0.333 0.667 0.333 0.833 0.857

By the weight of each specific index, the total weight of the two schemes can be calculated: the weight

of each index in the scheme is multiplied by the corresponding comprehensive weight, and then the result
is added (Su et al., 2018). The total weight of scheme 1 is 0.304; the total weight of scheme 2 is 0.696.
According to the weight results, scheme 2 is the best scheme. Since the judgment matrices of the scheme
layer are consistent matrices, no consistency test is needed and the data is valid.
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The combination of the above two methods has been able to obtain a specific tractor design scheme,
but from the actual effect, it may not be able to pass the man—machine inspection; if not verified, it is easy
for users to use the tractor faster driving fatigue phenomenon.

According to the above methods and results, the conclusion was drawn that the steering wheel and
driving seat have a large weight in the tractor modeling design, indicating that these two indicators are more
important, so in order to exclude contingency, Jack should be used to carry out man-machine simulation
analysis of the scheme to increase its objectivity.

The Rhino model of the best scheme was converted into .wrl format and imported into Jack(9.0), and
the Chinese adult male virtual character model in the 50th percentile was constructed according to GB/T
10000-1988 (zhu et al., 2022), and its posture was changed to driving state, as shown in Figure 4 and Figure
5 respectively. Figure 4 shows the specific data of the virtual human model, and Figure 5 shows the posture
display of the virtual human driving state.

& Acthropometric Scalin

Human: human =

Stature Weight
167.8 | em — 590 | kg —
Input
Database: | CHINESE —

Stature Weight

() Custom () Custom

(O Regress from Weight (O Regress from Stature
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O 95th (O 95th

@) Percentile @ 50th @ Percentile @ 50th

O 05th QO 05th

QO olst Q 01st

Waist to Hip Ratio

0.8700

Anchor: | Heel —i Apply Dismiss

Fig. 4 - Human data model

Fig. 5 - The virtual person driving state

The comfort level of the seat is the most easily addressed, which is directly related to the stress on
the lower back when holding the steering wheel. Only when the stress is within the appropriate range can
the driver operate the tractor stably and comfortably. Therefore, the stress analysis on the lower back is one
of the important analysis items in Jack's simulation analysis (Liu et al., 2013).

When analyzing the stress on the lower back, the stress on the fourth and fifth lumbar vertebrae of
the lower lumbar vertebrae of the driver was mainly analyzed, through which it could be checked whether
the stress situation of the driver met the NIOSH standard (Sun et al., 2022). The specific simulation analysis
interface is shown in Figure 6.
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The low back compression force of 450 is below the NIOSH Back Compression Action Limit
of 3400 N, representing a nominal risk of low back injury for most healthy workers.
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Fig. 6 - Stress analysis diagram of lower back

As can be seen from Figure 6, when the virtual driver is driving, the force on the fourth and fifth lumbar
vertebrae of the lower back is 450N, while the pressure limit stipulated in the NIOSH standard is 3400N, so

the driver is in a safe state.

The Comfort Assessment in Jack was used to analyze the driver's comfort (Liu et al., 2022). The
comfort value range given by Porter's data source is —60 to 60, within which the driver's operating comfort
is considered acceptable. The green bar chart indicates the difference between the actual measured value
and the standard value; if the yellow bar chart appears, it indicates that the joint is beyond the comfort range
of the human body and causes physical discomfort.

Figure 7 is the analysis diagram of joint comfort, from which it can be seen that the driver's joints are
all within the range of human comfort in the driving state.
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