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ABSTRACT

The article presents the results of the studies on the peculiarities of the seeds and the quality indices of the
green mass, obtained from the non-traditional crops Amaranthus hypochondriacus, Raphanus sativus var.
olifera, Sinapsis alba, Linum usitatissimum, Sesamum indicum and the hybrid Rumex tianschanicus x Rumex
patientia. The results reflect the values of dimensional parameters, friability, seed structure and quality indices
of the harvested green mass (nutritive value, biochemical potential to obtain biomethane). It has been
demonstrated that the criterion of dimensional proportionality Kqp, used in the present research, shows the real
structure of the seeds. The harvested green mass from non-traditional crops has the optimal content of protein
and carbohydrates for animal feed and biomethane production.

REZUMAT

Sunt prezentate rezultatele studiilor privind particularitatile semintelor si indicilor de calitate a masei vegetale,
obtinute din culturi de plante netraditionale in Republica Moldova: Amaranthus hypochondriacus, Raphanus
sativus, Sinapis alba, Linum usitatissimum, Sesamum indicum, hibridul Rumex patientia. Rezultatele obtinute
reflecta valorile parametrilor dimensionali, de friabilitate, de structurd a semintelor si indicii de calitate a masei
verzi recoltate (valoarea nutritivd, potentialul biochimic de obtinere a biometanului). S-a demonstrat cé criteriul
de proportionalitate dimensionald Kap, utilizat in prezenta lucrare, reda structura reald. Masa recoltatd din
culturi de plante netraditionale investigate are continutul optim de substante proteice si carbohidrati necesari
pentru alimentatia animalelor si producerea biometanului.

INTRODUCTION

According to the information presented by specialized international organizations (U.S. Census Bureau,
2023; U.S. Energy Information Administration, 2023; United Nations, 2023), in 1950, world population reached
2.5 billion people, over fifty years —in 1999 — 5.98 billion (population growth rate in the period 1950-1999: 69.6
million/year). In August 2023, Earth's population is estimated at 7.99 billion (population growth rate in the
period 2000-08.2023: 85.5 million/year). According to the above-mentioned sources, the global population is
expected to keep growing, reaching 8.9+9.55 billion in 2050 (the average expected growth rate in 08.2023-
2050: 48.5 million/year). Simultaneously with population growth, the total energy consumption has also
increased. In 1950-1999, the world population increased 2.4 times, but energy consumption increased 4 times.
At the same time, during the mentioned period, the production of cereals increased 3 times and the indicators
of economic development increased 5 times (International Energy Agency, 2023; United Nations, 2023; FAO,
2016). The analysis of statistical data and the forecast of the development of human society prove that the
world population is constantly rising, requiring urgent measures to maintain the quality of people's lives.

Managing these interdependent trends in the development of human society is possible only by
strengthening food and energy security, as well as by improving the ecological situation. The studies carried
out demonstrate, that the achievement of these complex objectives of vital importance in the development of
human society can be achieved by protecting biodiversity, mobilizing plant genetic resources, making use of
the fodder and energy potential of non-traditional plants and implementing them in the bioeconomic circuit
(FAO, 2016; Bojariu et al., 2021; Cerempei, 2016; Kshnikatkina et al., 2005; Rakhmetov, 2011, 2018; Roman
et al., 2016; Titei, 2015, 2020b, 2023; Titei and Rosca, 2021; Teleuta and Titei, 2016, Von Cossel, 2019).
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In the Republic of Moldova and in other countries, theoretical and practical results have been achieved
on implementing the potential of non-traditional plants of several botanical families, including the following
Asteraceae (Cynara cardunculus, Silphium perfoliatum), Fabaceae (Galega orientalis, Onobrychis arenaria),
Hydrophylaceae (Phacelia tanacetifolia), Malvaceae (Malva crispa, Sida hermaphrodita), Poaceae
(Pennisetum glaucum, Sorghum almum). These results indicate, in particular, the physico-chemical and
technological properties of the seeds and the green mass of these plants (Cerempei et al., 2022, 2023;
Cosman et al., 2017; Cumplido-Marin et al., 2020; Kaliniewicz, et al., 2015; Peni et al., 2020; Rakhmetov,
2011, 2018; Schéfer et al., 2017; Teleutad and Titei, 2016; Von Cossel, 2019; Zarczynski et al., 2021).

The analysis of the situation in the given field of research demonstrates that it is possible, under the soil-
climatic conditions of the Republic of Moldova, to make full use of the potential of a number of non-traditional
plants from the families Amaranthaceae, Brassicaceae, Linaceae, Pedaliaceae, Polygonaceae, which are
studied to a lesser extent by the international scientific community (Abbasi et al., 2018; Alekksha Kudos,
Chandan, 2018; Amorim et al., 2019; Biel et al., 2017; Bhat et al., 2018; Das, 2016; Elleuch et al., 2007;
Gautam et al., 2016; Herrmann et al., 2016; Kshnikatkina et al., 2005; Kukusheva and Stepanov, 2016; Mursec
et al., 2009; Peiretti, 2018; Pdti et al., 2014; Rahnama, Safaeie, 2017; Rakhmetov, 2011, 2018; Rakhmetov
and Rakhmetova, 2006; 2011; Rakhmetov et al., 2004; Seppéald, 2013; Stomka and Wojcik Oliveira, 2021;
Ustak et al., 2011; Uteush, 1990; Von Cossel, 2019) and the one from the Republic of Moldova (Chisnicean
et al., 2011; Teleutd and Titei, 2016; Teleutd et al., 2008; Titei, 2015, 2020, 2023; Titei and Rosca, 2021;
Teleuta and Titei, 2016).

Therefore, the goal of our work has been to contribute to the exploitation of the fodder and energy
biomass potential of the non-traditional plant species from the families Amaranthaceae, Brassicaceae,
Linaceae, Pedaliaceae, Polygonaceae by conducting studies on the seed peculiarities and the quality indices
of the phytomass produced from these species under the conditions of the Republic of Moldova.

MATERIALS AND METHODS

To achieve the goal, the following objectives were set:

1. To measure the physical-mechanical and technological features of seeds;

2. To determine the biochemical composition and the nutritional value of the feed, also the biomethane

potential of phytomass substrates.

Based on the goal and objectives of the research, the following species from the collections "Alexandru
Ciubotaru" National Botanical Garden (Institute) of Moldova State University, Chisinau were studied.
The seeds and the phytomass collected from taxa of the following families served as research objects:

A. Amaranthaceae (Amaranthus sp., prince's-feather Amaranthus hypochondriacus);

B. Brassicaceae (fodder radish Raphanus sativus var. oleifera, white mustard Sinapis alba);

C. Linaceae (flax Linum usitatissimum);

D. Pedaliaceae (sesame Sesamum indicum);

E. Polygonaceae (hybrid sorrel Rumex tianschanicusx Rumex patientia);

F. Fabaceae (alfalfa Medicago sativa — control).

Methods of measuring the physico-mechanical properties of seeds
It is known that the correct selection of parameters for facilities, machines and equipment, as well as
operating regimes of technological processes in the agri-food sector largely depends on the dimensional
characteristics and morphological structure of the seeds (Ene and Mocanu, 2016; Matei and Feher, 2010).
As dimensional parameters, the length L, the width W and the thickness T of seeds were considered,
being measured according to the recommendations ((Mohsenin, 2020) using a mechanical calliper ST-1-125-
0.05 (GOST 166-89) with the error limit £ 0.05 mm. The accuracy of the results was ensured by measuring,
for each plant species, at least 25 grains taken from the average sample, sampled at predetermined intervals
by the four-quarter method.
The determined values of the dimensional parameters (length L, the width W and the thickness T) of
seeds, served as a basis for calculating their geometric parameters:
- geometric mean diameter
Dg= (LWT)™3, [mm] (1)

- sphericity
S= (Dgy/L) x100, [%)] 2)
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Along with the geometrical parameters Dy, S, calculated according to the formulas (1, 2), it was
elaborated and applied, for a more detailed appreciation of the shape of the seeds, the criterion of dimensional
proportionality Kqp, Which was determined based on the ratio of the main dimensions L, W, T:

Kap=(L/T)/(WIT)/(T/T) = (LIT)/(WIT)/1 (3

The morphological structure of the seeds was established based on the objective parameters, taking
into account the calculated values of the Kq, criterion and the requirements of the classification, which divides
the seeds into 5 distinct types, resulting from the relationships of the L, W, T parameters of seeds, which are
specific for each type:

1. Spheroidal, which have almost equal values of seed dimensions

L=W-=T, characteristic of peas, soybeans, etc.;
2. Flattened: seed width is approximately equal to the length, and the thickness index is much smaller
L=W>>T (lentil);
3. Elliptical: the thickness and the width are equal, while the length is bigger L>W =T (legumes);
4. Elongated: all the dimensions differ from each other, with length having the greatest value:
L>>W =T (cereals);

5. Pyramidal: with triangular sides (buckwheat).

The friability (flow capacity) of seeds was evaluated based on a detailed study, which included
measuring the values of the angle of repose a and of the flow angle a1 on surfaces of different materials (steel,
wood, enamel). In order to make sure that the results of measuring seed friability were accurate, the values of
angle a were determined by 2 methods:

1. The general method, which is currently widely used by researchers (Ene and Mocanu, 2016;
Alekksha Kudos and Chandan, 2018; Cerempei et al., 2023). In this case, this method was
implemented by pouring the seeds through a funnel and letting them fall freely on a horizontal
surface, thus forming a conical pile of seeds.

2. The local method was proposed and used in the present work, by applying the digital inclinometer
on the tilted surface of the cone of seeds formed by free flow.

To form a conical seed pile, samples were taken from the majority fractions obtained after sieving. The
volume of samples varied between 200 and 250 ml. The following instruments were used for the
measurements: general method - depth calliper SG 0-250, instrumental ruler 0-400 mm; b) local method -
digital inclinometer 360° with accuracy + 0.2°. The measurement of the angle a« was performed by the local
method, by applying successively the inclinometer on 4 cone generators, in 2 perpendicular planes. To apply
the general method, the parameters of the cone were measured in 2 perpendicular planes — the height h and
the diameter of the base D. The value of the angle of repose was calculated according to the following formula:

tg a = 2h-D1 (4)

The second criterion of seed friability, the flow angle a1, was determined using a table with a vertically
rotating upper surface. On the rotating surface of the table, plates made of steel 10 with low carbon content,
GOST 16 523-97, C10, EN 10083-2:2006, enamelled steel and wood, were fixed successively. The flow angle
a1 was determined by applying the digital inclinometer when the seeds started moving on the inclined surface.
To verify the accuracy of the results of measuring the friability parameters, the measurements were repeated
as follows: when determining the values of the angle a, experiments were repeated 10 times, and for the
angle a1 — 5 times. The obtained results allowed the calculation of statistical parameters: the confidence
interval and the standard deviation.

The detailed description of the methods and materials used in measuring the physical-mechanical and
technological properties of the seeds (dimensional parameters, friability etc.) is given in the paper (Cerempei
et al., 2022). The results of measurements were processed by applying the facilities of the MATHLAB and
Microsoft Office Excel programs.

Methods of evaluation of the biochemical composition, nutritional value of feed and biomethane
production potential

The green mass from non-traditional plant species was harvested in the budding - flowering stage, the
control variant Medicago sativa in second growing seasons from for the first cut. For biochemical analyses,
the harvested whole plants were cut into small pieces and dried in an oven with forced ventilation at a
temperature of 60°C, at the end of the fixation, the biological material was finely ground in a laboratory ball
mill.
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The dry matter (DM) or total solid (TS) content was detected by drying samples up to constant weight
at 105°C, crude protein (CP) — by Kjeldahl method; crude fat (EE) — by Soxhlet method, crude cellulose (CF)
— by Van Soest method; ash — in muffle furnace at 550°C, nitrogen-free extract (NFE) was mathematically
appreciated. The calcium (Ca) concentration of the samples was determined by using atomic absorption
spectrometry method, phosphorus (P) concentration — by spectrophotometric method.

The gross energy (GE), metabolizable energy (ME), net energy for lactation (NEI) were calculated
according to standard procedures:

GE= 23.9 x CP+39.8 x EE+ 20.1 x CF+17.5 x NFE 5)
ME = 14.07 + 0.0206 x EE - 0.0147 x CF - 0.0114 x CP (6)
NEI= 9.10+0.0098 x EE - 0.0109 x CF - 0.073 x CP @)

where: CP is the crude protein, [g/kg];
CF is the crude fibre, [g/kg];
EE is the crude fat, [g/kg];
NFE is the nitrogen-free extract, [g/kg].

The carbon (C) content of the substrates was calculated using an empirical equation indicated by Badger
et al. (1979):
C=0M/1.8 (8)
where OM is the organic matter [g/kg].
The biogas (BP) and the biomethane potential (MP), litre per kg of organic dry matter, were calculated using
the gas forming potential of nutrients according to Baserga (1998), corrected by the nutrient digestibility:
BP = 1250 x DEE +700 x DP+ 790x DCH 9)
MP = 850 x DEE +490 x DP+ 395x DCH (20)
where DEE is the digestible fats, [g/kg];
DP is the digestible protein, [g/kg];
DCH is digestible carbohydrates, [g/kg].

RESULTS

Physico-mechanical properties of seeds. The results of the investigations demonstrate that the
studied seeds have different dimensional characteristics and morphological structure, geometric mean
diameter varying in a limited range: from the minimal value Dy=0.68 mm in Amaranthus seeds, to maximal
values D4=2.59 mm in the seeds of radish Raphanus sativus. The seeds of alfalfa (control crop) from the family
Fabaceae have the following dimensional characteristics (Table 1): LWT=2.17x1.2x1.07 mm (Dy=1.48 mm).
In the case of alfalfa seeds (S=68.2%) the criterion of dimensional proportionality (K4,=2.03/1.12/1) has values
that show convincingly that these seeds belong to the type 3. Elliptical (L>W=T), which is common for legume
crops. The seeds of the Brassicaceae family have the same morphological structure, Elliptical: the white
mustard Sinapis alba with the dimensional characteristics LWT=1.98x1.67%x1.67 mm (Dg=1.77 mm) and radish
Raphanus sativus — LWT= 3.50x2.43%x2.05 mm (Dg=2.59 mm). The seeds of the three species mentioned
above, of the families Fabaceae and Brassicaceae are named in the preceding text with increasing sizes: from
the value Dg=1.48 mm (alfalfa seeds) to Dg=2.59 mm (radish seeds).

The values of the criterion of dimensional proportionality Kqp=1.19/1/1 of white mustard (S=89.4%)
and Kgp=1.71/1.19/1 of fodder radish (S=74.0%) serve as evidence that the seeds of the species of the
Brassicaceae family have an Elliptical structure. It is important that the more the values of the component
elements in the proposed criterion approach the value equal to one (Kgo—1/1/1) the more the values of
sphericity S approach 100%, close to the spherical shape. This phenomenon indicates the fact that the
appropriate Kq, dimensional proportionality criterion reflects the morphological structure of the seeds.

The analysis of the outward appearance of the seeds of the families Fabaceae and Brassicaceae (Fig.
1, a-c) confirms the veracity of the conclusions made based on the dimensional characteristics of LWT, S and
Kgp. The seeds of alfalfa and white mustard have a smooth integument (Fig. 1, a, b), and on the seeds of
fodder radish, longitudinal grooves are observed.

The seeds of the Amaranthaceae family are 1. Spheroidal in shape with the following dimensional
characteristics (Table 1): Amaranthus- LWT=0.68x%0.68x0.68 mm (Dyg=0.68 mm) and white amaranthus —
LWT=1.0x1.0x1.0 mm (Dg=1.0 mm). It is natural that in seeds of both species the criteria of proportionality
and sphericity have equal values: Kgp=1/1/1 and S=100%. The integument of the above-mentioned seeds is
smooth (Fig. 1, d).
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Table 1
The values of the dimensional parameters of the seeds
. . Geometric
. . Dimensional parameters —
Families, species Criterion parameters
L | W | T Kdp Dyg S
[mm] [mm] [%]
Fabaceae
Medicago sativa 2.17+0.10 | 1.2040.06 | 1.07+0.06 | 2.03/1.12/1 1.48 68.2
(control)
Amaranthaceae
Amaranthus sp. 0.68+0.06 | 0.68+0.06 | 0.68 +0.06 1/1/1 0.68 100
Amaranthus 1.00:0.08 | 1.00#0.08 | 1.00£0.08 111 1.00 100
hypochondriacus
Brassicaceae
Raphanus sativus 3.5040.24 | 2.43+021 | 2.05:0.04 | 1.71/1.19/1 2.59 74.0
var. oleifera
Sinapis alba 1.98+0.11 | 1.67+0.03 | 1.67+0.03 1.19/1/1 1.77 89.4
Linaceae
Linum usitatissimum | 4.08+0.07 | 2.0£0.08 | 0.65:0.08 | 6.28/3.08/1 | 174 | 427
Pedaliaceae
Sesamum indicum | 2.97+0.04 | 1.38+0.07 | 0501 [594/276/1 | 127 | 428
Polygonaceae
Rumex tianschanicus 3.1:0.28 | 1.724025 | 1.72+0.26 1.8/1/1 2.09 67.4
x Rumex patientia

The dimensional characteristics of the seeds of the Pedaliaceae and Linaceae families have the
following values (Table 1): sesame — LWT=2.97x1.38x0.5 mm (Dy=1.27 mm) and flax — LWT=4.08%2.0x0.65
mm (Dg=1.74 mm), respectively. Seeds from both families demonstrated similar values of proportionality
criterion and sphericity: sesame — Kgp=5.94/2.76/1, S= 42.8% and flax — Kgp=6.28/3.08/1, S= 42.7%,
respectively.

The analysis of the geometric parameters and the external shape (Fig. 1, e, f) demonstrates that
the sesame and flax seeds belong to type 4. Elongated (L>>W %T) according to their morphological
structure. The integument of these seeds is smooth.

The analysis of the properties of the seeds of the representative of the family Polygonaceae, Rumex
tianschanicus x Rumex patientia, resulted in obtaining the following dimensional characteristics:
LWT=3.1x1.72x1.72mm (D4=2.09mm). The particularity of these seeds consists in the fact that they have the
shape of type 5. Pyramidal, which can be seen from the joint analysis of the values of the proportionality
criterion (Kgp=1.8/1/1) and the external shape of these seeds (Fig.1, g).

In our previous research (Cerempei et al., 2022) it has been established that a range of factors influence
the flow ability of the seeds: a) the particularities of the seeds (size and morphological structure, integument
surface condition, humidity and physical purity); b) the condition of the working surface of the machine on
which the seeds flow (material, roughness).

The highest flow capacity is characteristic of the seeds with a shape close to the spherical one (type 1),
with a smooth surface of the integument, low humidity and with a small number of impurities. The studied
seeds from the six families (Table 2) were conditioned at the initial stage according to humidity U and physical
purity P. Surfaces on which the flow angle a1 was studied were identical for all seeds: steel C10, wood, enamel.

That is why the friability of the seeds (values of the angles a and ai) was studied according to the
morphological structure and the state of the surface of their integument.

As mentioned in the research methodology, the angle of repose a was measured by two methods:
general and local. Because there is a relatively small difference between the values of the angle «,
determined by the general and the local methods (Table 2), in the following will be used the average value
of the angle a to simplify the analysis of the friability of the seeds, and, if necessary, will be used the «a
values obtained by both methods.
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Fig. 1 - The images of the studied seeds
a) Medicago sativa; b) Sinapsis alba; c) Raphanus sativus; d) Amaranthus hypochondriacus;
e) Sesamum indicum; f) Linum usitatissimum; g) Rumex tianschanicus x Rumex patientia.

In the Fabaceae family, alfalfa seeds, the control, had the following values of friability (Table 2): the
angle of repose a=30.9° and flow angle a1=27.3° (on steel), 1=33.6° (on wood), a1=26.7° (on enamelled
surface). The alfalfa seeds were chosen as control in our studies because, in the specialized literature,
there are many sources of information regarding the friability of these seeds. For example, according to
one source (Togo et al., 2018), for alfalfa seeds, the angle of repose varies in the range a=27.05°-33.21°.

The seeds of non-traditional plant species in the Republic of Moldova had, in most cases, higher
flow capacity than alfalfa seeds. The seeds with the highest friability are from the families Linaceae (flax)
and Amaranthaceae (Amaranthus, white amaranthus). As a result of the measurements, the following
parameters were identified for flax seeds (the angle of repose «=21.9° and flow angle: on steel- a1= 19.0°,
on wood- a1= 20.4°, on enamelled surface— @1=19.7°), for Amaranthus seeds (the angle of repose a=22.3°
and flow angle: on steel- 1= 19.7°, on wood- a1= 22.8°, on enamelled surface — @1=20.7°) and white
amaranthus seeds (the angle of repose a=24.6° and flow angle: on steel- a1= 22.9°, on wood- a1= 27.2°,
on enamelled surface — ¢1=26.1°).

The high level of friability of flax seeds (type 4. Elongated) is due to the outer surface that is smooth,
shiny and with little roughness (Fig.1, f), and — of the seeds of the Amaranthaceae family (Amaranthus,
white amaranthus) — due to the morphological structure 1. Spheroidal (Table 1; Fig.1, d). The seeds of
representatives of other three families Brassicaceae (fodder radish, white mustard), Pedaliaceae
(sesame) and Polygonaceae (the hybrid Rumex tianschanicusx R. patientia) had values of the angle of
repose a and flow angle a: in the range of the respective angles for the seeds of alfalfa and the seeds of
the families Linaceae, Amaranthaceae: the angle of repose a=24.15°- 28.2° and flow angle on steel a1=
21.3°- 27.0°, on wood a1= 26.0°- 31.6°, on enamelled surface a1=22.7°- 28.2°. The highest flow capacities
on the studied surfaces (steel, wood, enamel) are characteristic of the fodder radish seeds that have the
3. Elliptical type structure (Fig.1, ¢) and geometric mean diameter with the highest value Dg= 2.59 mm.
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Table 2
Values of seed friability parameters
Families, species Angle of repose a, Flow angle a1,
methods surfaces
general | local | average steel | wood | enamel
[degrees] [degrees]
Fabaceae
Medicago sativa 30.2+0.3 | 31.5x0.4 [ 30.9 273+04 | 336+09 | 26.7+0.2
Amaranthaceae
Amaranthus sp. 20.6+0.5 24.0£1.0 22.3 19.7+0.4 22,8+0,2 20,7+0,3
Amaranthus 24.1+0.1 25.1+0.9 24.6 22.9+0.3 27,2+0,8 26,1+0,1
hypochondriacus
Brassicaceae
Raphanus sativus 27.4+0.4 28.9+£1.6 28.2 21.3+0.3 26.0+0.8 22.7+0.2
var. oleifera
Sinapsis alba 25.3+0.5 29.3+1.3 27.3 22.0+0.6 27.4+1.5 24.7+0.3
Linaceae
Linum usitatissimum | 20.0+045 | 23.8+0.7 | 219 | 19.0+0,1 | 20.4#0,3 | 19.7#0.25
Pedaliaceae
Sesamum indicum | 24003 | 24.3+1.1 | 2415 | 27.0¢08 | 31.6+04 | 28.2£05
Polygonaceae
Rumex tianschanicus x 27.3x1.0 29.0+1.1 28.2 23.0+0,1 31.2+0,8 27.4+0.6
Rumex patientia

The results of the measurements (Table 2) indicate that in the studied seeds, usually, the coefficient of
internal friction between the seeds fi, characterized by angle of repose a, has higher values than the coefficient
of external friction f. between the seeds and the sliding surface, characterized by flow angle ai, that is a>a:.
The exception is mainly the values of the angle a in the case of flow on a wooden surface.

Data on seeds parameters of studied botanical family are presented in other publications (Bhat et al.
2018; Cagatay Selvi et al. 2006; Coskuner and Karababa, 2007; Elleuch et al. 2007; Gautam et al. 2016;
Kaliniewicz et al. 2015; Rakhmetov and Rakhmetova, 2006, 2011; Togo et al. 2018; Tunde-Akintunde and
Akintunde, 2004; Uteush,1990).

Biochemical compaosition, nutritional value of feed and biomethane production potential. The
forage yield and seasonal distribution may be of great importance to the livestock breeders. Sometimes the
balance of nutrients in the forage will have positive or negative effects on animal health and production indices.
The quality indices of the harvested green mass from studied species, is presented in Table 3. It was found
that, in forage dry matter the crude protein varied from 144.3 to 198.1 g/kg, crude fats - from 18.5 to 65.2 g/kg,
crude cellulose — from 254.8 to 324.3 g/kg, nitrogen free extract - from 375.8 to 425.5 g/kg, ash - from 70.1 to
137.4 g/kg, calcium - from 6.3 to 19.0 g/kg, phosphorus - from 2.8 to 5.2 g/kg. We would like to mention that
fodder from Raphanus sativus, hibrid Rumex and Sinapis alba was characterised by a significantly higher
content of proteins, as compared with Medicago sativa. The concentrations of crude fats in fodder from
Sesamum indicum, Sinapsis alba, Raphanus sativus, Linum usitatissimum and Amaranthus hypochondriacus
also were very high. The level of crude cellulose in fodder from studied species is optimal and low as compared
with Medicago sativa. The nitrogen free extract content in Sesamum indicum, Linum usitatissimum,
Amaranthus hypochondriacus and hibrid Rumex fodders reached 40.00-42.55%, which were higher than in
Medicago sativa green mass. The fodder from Brassicaceae species contained a low amount of nitrogen free
extract. The concentrations of ash in fodder from the studied species were higher as compared with Medicago
sativa, except Linum usitatissimum green mass, where this index was lower (7.01%). It was found that the
concentrations of phosphorus in the investigated fodders also were significantly high.

The concentration of nutrients and their digestibility influence the energy value of fodder. It should be
mentioned that the concentrations of metabolizable energy and net energy for lactation were high in fodder
from studied species as compared with Medicago sativa, very higher energy level in fodder from Sesamum
indicum, Amaranthus hypochondriacus and Sinapis alba.
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Several literature sources describe the biochemical composition and nutritional performance of fodder
from investigated species. Also, Medvedev and Smetannikova (1981) mentioned that nutrient content of dry
matter white mustard plants was 19.8% crude protein, 2.3% crude fats, 28.1% crude cellulose, 36.6% nitrogen
free extract and 13.1% ash; oil radish - 15.0-25.9% crude protein, 2.0-4.5% crude fats, 19.0-24.0% crude
cellulose, 35.5-57.0% nitrogen free extract and 14.7-23.6% ash; sorrel-11.9-26.2% crude protein, 0.8-1.8%
crude fats, 14.5-24.5% crude cellulose, 40.8-49.4% nitrogen free extract and 8.1-11.4% ash.

Kshnikatkina et al. (2005) reported that the dry matter from Sinapis alba forage 21.26-22.18% crude
protein, 1.60-3.31% crude fats, 19.45- 34.00% crude cellulose, 14.82-15.80% ash, 0.58-0.90% Ca, 0.06-0.10%
P, but Raphanus sativus -16.0-19.0% crude protein, 19.0-24.0% crude cellulose, 10.0-14.0% ash, 0.8-0.9%
Ca, 0.9-1.1% P. Pdti et al. (2014) reported that the nutritive and energy value of white mustard was 154 g/kg
dry matter, 20.6% crude protein, 2.9% crude fats, 19.4% crude cellulose, 8.9% ash, 48.2% nitrogen free
extract, 629 g/kg TDN, 11.61 MJ/kg DE, 9.52 MJ/kg ME and 5.88 MJ/kg net energy for maintenance, but oil
radish fodder contained, respectively, 135 g/kg dry matter, 14.8% crude protein, 3.1% crude fats, 14.1% crude
cellulose, 13.0% ash, 55.0% nitrogen free extract, 616 g/kg TDN, 11.31 MJ/kg DE, 9.32 MJ/kg ME and 5.70
MJ/kg net energy for maintenance.

Heuze et al. (2015), reported the average dry matter content and feed value of Linum usitatissimum
aerial part was: 219 g/kg dry matter, 13.6% crude protein, 3.6% crude fats, 57.0% NDF, 46.7% ADF, 12.1%
lignin, 6.6% ash, 65.9% DOM, 18.7 MJ/kg GE. Leukebandara et al. (2015) mentioned that the Amaranthus
hypochondriacus plants harvested the mid-bloom stage contained 132.0 g/kg dry matter, 18.43 crude protein,
3.17% crude fats, 24.50% crude cellulose, 16.83% ash. Titei and Teleutd (2015) found that depending on cut
period the dry matter content and biochemical composition of fodder from the hybrid Rumex was 107.5-206.7
g/kg dry matter, 9.71-24.88% crude protein, 1.03-2.86% crude fats, 15.03-44.43% crude cellulose, 6.28-
15.62% ash and 36.82-41.56% nitrogen free extract, but Medicago sativa fodder first cut - 243.0 g/kg dry
matter, 16.66% crude protein, 1.88% crude fats, 34.24% crude cellulose, 10.0% ash and 37.22% nitrogen free
extract. Biel et al. (2017) mentioned that biochemical composition and nutritive value of Amaranthus
hypochondriacus aerial part was 101 g/kg crude protein, 17.6 g/kg crude fats, 240 g/kg crude cellulose, 440
o/kg NDF, 332 g/kg ADF, 63.1 g/kg lignin, 269 g/kg Cel, 109 g/kg HC, 144 g/kg ash, 13.7 g/kg Ca and 6.8 g/kg
P, 63.8% DMD, 10.8 MJ/kg DE and 8.7 MJ/kg ME.

Rahnama and Safaeie (2017) revealed that Amaranthus hypochondriacus can produce 75.86-90.30 t/ha
fresh forage or 11.0-13.05 t/ha dry matter with 11.5-12.00% crude protein, 2.1-2.4% crude fats, 67.4-69.1%
DMD, RFV= 157.1-171.5, RFQ =158-174.6. Abbasi et al. (2018) reported that harvested amaranth forage
contained 233 g/kg dry matter with 18.7% crude protein, 42.0 %NDFom, 27.5 %ADFom, 4.46 %ADL, 5.7 %EE,
6.25 %WSC, 14.5 %ash, 1.11% Ca, 0.66 % P and 8.4 MJ/kg ME.

Rolinec et al. (2018) reported that hybrid sorrel Rumex OK 2 depends on growth phase contained 74.2-
169.1 g/kg dry matter with 10.09-26.17% crude protein, 1.16-2.23% crude fats, 14.48-39.48% crude cellulose,
43.82-55.38% nitrogen free extract, 1.36-6.46% ash, 21.6-51.1% NDF, 17.2-45.2% ADF, 1.84-11.5% ADL,
4.4-6.0% HC, 15.3-33.7%Cel.

Amorim et al. (2018) remarked the dry matter content and chemical composition of forage from
Sesamum indicum plans was: 233 g/kg dry matter with 11.7% crude protein, 10.54% crude fats, 6.08% ash,
56.24% NDF, 36.29% ADF, 3.14% ADL, 19.25% HC, 33.85%Cel and 56.41% TDN.

Titei (2020a, 2022) found that biochemical composition and nutritive value of Amaranthus
hypochondriacus whole plant was 17.2 % crude protein, 33.0 % ADF, 46.2 %NDF, 5.5 %ADL, 6.8 %TSS, 8.8
% ash, RFV = 127, 12.44 MJ/kg DE, 10.22 MJ/kg ME and 6.23 MJ/kg NEI and Sinapis alba whole plant
respectively 18.3-22.9% crude protein, 9.2-10.9% ash, 43.9-51.8% NDF, 28.3-34.7% ADF, 4.8-5.6% ADL,
23.5-29.1 % Cel, 15.6- 17.1 % HC, 6.3-8.7% TSS, 63.3-75.9% DMD, 57.3-66.1% DOM, RFV=111-142, 12.22-
13.08 MJ/kg DE, 10.03-10.74 MJ/kg ME and 6.04- 6.77 MJ/kg NEI.

Table 3
Biochemical composition and fodder value of the green mass from studied species
Species
Medicago | Amaran- | Raphanus .
; . . . . Linum
Indices sativa thus sativus Sinapsis e Sesamum
usitatissi- | . . Rumex
hypocho | var. alba indicum
. ) mum
ndriacus | oleifera
Crude protein, [% DM] 16.28 16.08 19.81 18.94 14.62 14.43 19.22
Crude fats, [% DM] 2.75 4.09 5.03 5.54 4.54 6.52 1.85

18




Vol. 71, No. 3 / 2023

INMATEH - Agricultural Engineering

Species
Medicago | Amaran- | Raphanus Linum
Indices sativa thus sativus Sinapsis | Ssesamum
usitatissi- | . . Rumex
hypocho | var. alba indicum
. ) mum
ndriacus | oleifera
Crude cellulose, [% DM] 33.25 26.04 27.89 27.93 32.43 25.48 26.02
Nitrogen free extract, 39.50 40.05 38.98 37.58 41.40 42.55 40.00
[% DM]
Ash, [% DM] 8.22 13.74 12.40 10.01 7.01 11.02 13.00
Gross energy, [ MJ/kg] 18.56 19.71 19.39 18.92 19.06 18.61 17.56
Metabolizable energy, 8.26 9.67 9.14 9.34 8.95 10.46 8.82
[MJ/kg]
Net energy for lactation, 457 5.50 5.11 5.22 4,94 5.91 5.04
[MJ/kg]
Calcium, [g/kg DM] 14.3 19.0 14.9 15.9 6.3 104 14.4
Phosphorus, [g/kg DM] 2.2 4.0 3.6 2.9 3.9 4.3 5.2

Phytomass is an important source for renewable energy production. The production of biomethane gas

via anaerobic digestion using lignocellulosic phytomass as a renewable energy source is both sustainable and
environmentally friendly. The stability and the productivity of biogas digesters are mostly influenced by nutrient
concentration and rhythm biodegradability, ratio of carbon and nitrogen (C/N) of substrate. It is known the
optimal C/N ratio in substrate should range from 10 to 30, which does not affect the development of bacteria
involved in anaerobic digestion. The quality indices of the substrate and its biochemical methane potential from
the investigated species are shown in Table 4.

Table 4
The biochemical biomethane production potential of the green mass substrates from the studied species
Species
] Medicago | Amaran- Raphanus Linum
Indices sativa thus sativus Sinapsis L Sesamum
usitatissi- | .. Rumex
hypochon | var. alba mum indicum
driacus oleifera
Digestible protein, 122.1 119.0 170.4 153.4 108.2 106.8 148.0
g/kg DM
Digestible fats, 12.7 24.1 28.2 42.1 26.8 25.1 10.0
g/kg DM
Digestible 446.1 439.9 557.8 405.4 483.5 449.0 430.3
carbohydrates,
g/kg DM
Nitrogen, g/kg DM 26.0 25.7 31.7 30.3 23.4 23.1 30.8
Carbon, g/kg DM 509.8 479.2 486.7 500.0 516.6 494.3 483.3
Carbon/ Nitrogen 19.6 18.6 15.4 16.5 221 21.4 15.7
Biogas, I’/kg ODM 453 457 591 480 507 461 456
Biomethane, I/lkg ODM | 246 251 328 271 267 251 251
Methane content, % 54.4 54.8 55.5 56.5 52.6 54.4 55.0

It should be mentioned that in the investigated substrates from non-traditional crops, the carbon and

nitrogen ratio varied from 15.4 to 22.1, but in Medicago sativa substrates C/N = 19.6. The calculated
biochemical biomethane potential of the non-traditional crops substrates varied from 251 I/kg to 328 I/kg, but
Medicago sativa green mass substrates reached 246 I/kg. The best biomethane potential was achieved in
Brassicaceae plants Raphanus sativus and Sinapis alba.

Several publications have documented the biomethane potential of substrates from studied species.
Also, Zubr (1986) reported the methane potential of Sinapis alba was 300 I/kg VS. Murphy et al. (2011) reported
that methane yield in Raphanus sativus var. oleifera substrate achieved 240-340 m3/t VS.

Ust'ak et al. (2011, 2021) remarked that the specific methane yield of hybrid Rumex green mass
substrate was 362 | /kg DM, but in ensiled substrate 284 I/kg DM, the total methane yield varied from 2500 to
3600 m?/ha.
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Molinuevo-Salces et al. (2013), reported that the methane potential of white mustard substrates ranged
between 251 and 379 I/kg VS and from fodder radish 356- 474 I/kg VS. Seppala (2013) found that under boreal
conditions the methane yield from amaranth biomass reached 290 I/kg VS or 2 700 m3 /ha.

Eberl et al., (2014), reported that the specific methane yield of amaranth substrate was 270 I/kg
compared to maize substrate 350 I/kg. Ahlberg & Nilsson (2015) found that the specific methane yield for the
intermediate crops after 30 days BMP tests ranged from 278 to 290 I/kg VS in the Sinapis alba and 297-304
I’kg VS in Raphanus sativus substrates.

Herrmann et al., (2016), reported that the tested amaranth substrate had C/N = 27, and biochemical
methane potential 278.4 I/kg VS; the Raphanus sativus substrate had C/N=17 and biochemical methane
potential 291.0 I/kg VS, but alfalfa grass mixtures silage: C/N=18 and biochemical methane potential 280.0 I/kg
VS.

According to Von Cossel, (2019), the specific methane yield of Amaranthus hypochondriacus substrate
was on average 266 I/kg VS, which was negatively affected by the high contents of ash (13.6%), lignin (6.5%)
and cellulose (32.9%). Stomka and Wojcik Oliveira, (2021), mentioned that in the white mustard substrate
C/N=15.5-19.9, whereas its biogas potential amounted to 350—-440 m3 /t DM. Titei, (2020a, 2022), found that
Amaranthus hypochondriacus green mass substrate had C/N = 18.4 and biochemical methane potential 278
I’lkg VS; the Sinapis alba green mass substrates have C/N=13.5-17.2 and biochemical methane potential 281-
2950 I/kg VS, but the Medicago sativa green mass substrate C/N = 18.4 and biochemical methane potential
270 I/kg VS.

CONCLUSIONS

The obtained results indicate the fact that the criterion of dimensional proportionality Kgp, chosen and
used in our research, has values that correlate with those of the sphericity S of seeds, objectively reflecting
their morphological structure. Therefore, the following types of seeds have been identified: 1. Spheroidal
(L=W =T, the seeds of Amaranthaceae species); 3. Elliptical (L>W=T, alfalfa, family Fabaceae; white mustard
and fodder radish, family Brassicaceae); 4. Elongated (L>>W =T, sesame, family Pedaliaceae, and flax, family
Linaceae); 5. Pyramidal (with triangular sides, the seeds of hybrid Rumex tianschanicus x R. patientia, family
Polygonaceae). Besides, a correlation between the values of the criterion Kqp and sphericity S was identified.

The seeds of the non-traditional plant species, included in this study, have high friability in
comparison with the seeds of alfalfa, the traditional control crop: angle of repose a< 28.2° and flow angle-
a1< 27.8° (on steel), a1< 31.6° (on wood), a1< 28.2° (on enamelled surface). These features are due to the
appropriate morphological structure and the low roughness of the seed coat. The dimensional
characteristics of seeds from non-traditional plant species are characterized by relatively small sizes, the
geometric mean diameter value varying within the range Dg= 0.68- 2.59 mm.

The analysis of the physico-mechanical and technological properties of the studied seeds confirms
that it is possible to use the facilities and technical means, available in the agro-food sector, to transport,
process and store these seeds, which is a great advantage in making good use of the biological potential
of these crops with minimal expenses.

The harvested green mass from non-traditional crops has the optimal content of nutrients: protein 14.43-
19.81 % crude protein, 25.48-32.43 % crude cellulose, 37.58-42.55 % nitrogen free extract, 0.63-1.9% Ca,
0.28 -0.52% P with nutritive energy values 8.82-9.67 MJ/kg ME and 4.94-5.91 MJ/kg NEI.

The biochemical methane potential of the studied green mass substrates from studied non-traditional
crops reaches 251-328 I/kg VS. The studied non-traditional crops can be used as a source of nutrients in
livestock nutrition, or as a source of biomass for biomethane production.
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ABSTRACT

In order to solve the problems of unstable seeding quantity and poor applicability of traditional lightweight
simplification mechanical seed-metering device, a combined cavity-type rice precision hole-drop seed-
metering was developed. According to the material characteristics of rice seed and the requirements of seeding
guantity, the innovative metering hole structure achieves the purpose of accurate filling of rice seed. In order
to adapt to the demands of different rice seeds and improve the accuracy and convenience of the adjustment
of the seeding quantity, the number of cavities involved in seeding operation was simply adjusted. Bench tests
are carried out on the effects of the seed-inlet width, the metering hole slope angle, and the cavity outer angle
on the precision seeding performance of the seed-metering device. The test results show that when the outer
and middle seed-inlets width both are 3.8 mm, the innermost seed-inlet width is 5.4 mm, and the metering hole
slope angle is 35 °, and the cavity outer angle is 85 °, the performance of the three kinds of rice was better.
Opening outermost seed-inlet to seeding super hybrid rice, the qualified rate is 90.67%, the miss-seeding rate
is 3.77%. Opening outer and middle seed-inlets to seeding hybrid rice, the qualified rate is 90.80%, the miss-
seeding rate is 3.73%. Opening all three seed-inlets to seeding conventional rice, the qualified rate is 90.67%,
the miss-seeding rate is 3.53%. The field test shows the seed-metering device can also meet the requires of
these kinds of rice seeding.

S

HERIEGKEE TR EBIREMLZE. 1EFHETEE, SHBFEHMENEE, T T —FHA
BB B . RIEFEAHIRIIFERABEEELK, CIFAEEA B E e EZ IR,
1 H BT TS SHFENHIEE 1 B P H s TS, XEN T m KRR CEE I ER, 12
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. BB MBI IR . BIF TINES P E A O F RS2 3.8mm . A E A O R
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PAEFAOHFHE RGN, HEEY 3.71%, B15FEK 90.61%, A IHAFIOHFHFRER, HEEAY 3.73%,
BF5F 5 90.80%, = NHAFOAFE A AR 3.53%, F15K%90.67%. H/aitk 7 J7H fha E8.E K
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INTRODUCTION

Rice holds the status of being China's primary food crop. Its yield per area exceeds that of wheat by
22.4% and corn by 13.1% (China Statistics Press, 2022). Thus, the promotion of rice cultivation plays a critical
role in ensuring the nutritional security of the populace in the region (Tian et al., 2022; Jat et al., 2022).
Mechanized transplantation and direct seeding are the two primary modes of rice planting in the region.
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Among these, precision cavity direct seeding of rice through seed-metering device offers the benefits of
time and labor savings, as well as accuracy and efficiency. (Yamauchi, 2017; Zhang et al., 2018; Farooq et
al., 2011).

The critical component in the rice precision hole direct seeding technology is the seed-metering device.
The component structure and working principle of rice precision hole direct seeding device were studied (Van
et al., 2020). The seed-meter device is mainly mechanical and robust. The mechanical type is highly adaptable
to seed shape and can withstand field vibration, dust, and high humidity. Its structure is simple and easy to
repair. However, it requires stable gas and a gas source are prone to clogging of pores. It is a primary method
to achieve lightweight simplification of rice mechanization equipment for seed-meter device (Zhang et al., 2015;
Li et al., 2021; Cheamuangphan et al., 2018).

There are three types of rice: super hybrid, hybrid, and conventional. Their diligence capabilities have
decreased in that order. Therefore, direct seeding of rice at essential points must consider the growth
characteristics of each rice category (Liu et al., 2016). Typically, super hybrid rice, hybrid rice, and conventional
rice are sown with 1-3 seeds, 2-5 seeds, and 5-10 seeds, respectively (Xing et al., 2022; Zeng, 2013). Due to
the difference requirements of seeding quantity between the conventional and hybrid rice, the seeding quantity
is difficult to be controlled accurately for the seed-metering device. Wang, Z. et al. designed a rice precision
metering device with seeding quantity stepless adjusting. The precision metering device has advantages of
wide adjustment range, good adaptation, simple and quick stepless adjustment show that this device is
practical. Nonetheless, this device is only able to respond to the seeding demands of hybrid and conventional
rice (Wang et al., 2018). Li Hanging and his team have designed a rice seed-metering device that by the
variable capacity roller-wheel managed to adjust the quantity of hole seeding. Because the direct seed-
metering device for rice cannot continuously adjust the quantity of seeding, it has a small adjustment range
and low accuracy. They designed and verified variable capacity roller-wheel. The variable capacity method
achieves a stepless adjustment of the seeding quantity, and results in high accuracy (Li et al., 2022). Tang H
and others designed the multi-grain cluster air suction type rice hole direct seed metering device. A multi grain
cluster air suction type rice hole direct seed metering device was developed to solve the problem of high
reseeding rates and miss-seeding rates in the rice multi-grain hole direct seeding process (Tang et al., 2022).
Rajaiah et al. designed a precision planter for paddy rice direct seeding, its seeding plate can only hold 1-2
rice seeds in each groove and the hole seeding rate cannot be adjusted (Rajaiah et al., 2020). Hensh et al.
designed a precision hole drop seed metering mechanism of rice, the opening time of its outlet is precisely
controlled by an inductive proximity sensor. However, it is not easy for the device to adjust the seeding quantity
(Hensh et al., 2022). Because of the lack of the light and simple mechanical direct seed-metering device that
can be used for the three major types of rice, the utilization rate of precision direct seeding equipment for rice
is reduced and the application of precision direct seeding technology is hindered.

In response to the issue of accurate regulation of seeding quantity stability and precision regulation of
the traditional rice mechanical precision hole-drop seed-metering device, this article proposes the combined
cavity-type rice precision hole-drop seed-metering device which can adjust the seeding quantity. This
innovative design offers a simplified mechanical structure and allows for accurate adjustment of the measuring
instrument's quantity, providing a new avenue for experimentation and advancement.

MATERIALS AND METHODS

Configuration and Working Principle

The combined cavity-type rice precision hole-drop seed-metering device is mainly composed of shells,
discharge plate, as shown in Fig. 1, seeding quantity adjustment disk, seeding shafts, bolts, etc. The seeding
guantity adjustment disk is embedded in the grooves installed in the discharge plate, and the two form the
discharge plate. There are multiple cavities in the discharge plate, and each group of cavities consist of 3
cavities. A single cavity is composed of the metering hole part and the curve transfusion cavity. The metering
hole include metering hole slope, seed-limiting plate, inner and outer side of the cavity and other side of the
cavity, as shown in Fig. 3(f). The three cavities have a variety seed-inlet each, and meet at the same outlet.
The seeding quantity adjustment disk can rotate relative to the discharge plate. By adjusting the relative
position of the seeding quantity adjustment disk and the discharge plate, the number of opened seed-inlet is
controlled. When the seeding quantity adjustment disk covers the innermost and the middle seed-inlet of the
discharge plate, the seed-metering device opens the outermost seed-inlet of the discharge plate and it is used
for the seeding of each hole (1-3) with the super hybrid rice.
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The seeding quantity adjustment disk only covers the innermost seed-inlet, the seed-metering device
opens two seed-inlets, and it is used for the seeding of each hole (2-5) with the hybrid rice.

When the seeding quantity adjustment disk does not cover the seed-inlet of the discharge plate, the
seed-metering device opens all three seed-inlets and it is used for the seeding of each hole (5-10) with the
conventional rice.

1 2 3 4 5 6

Fig. 1 - Display diagram of the seed-metering device
1. Left shell; 2. The discharge plate; 3. Shaft; 4. The seeding quantity adjustment disk; 5. Bolts; 6. Right shell.

The seeding process of the seeder is mainly formed by the three links of filling, carrying, and dropping, as
shown in Fig. 2.

Seed Ca“yi‘,“,g i :

Fig. 2 - The diagram of working zone

Before the seeding, according to the requirements of the quantity of rice varieties, rotate the seeding
guantity adjustment disk to adjust the number of openings of each group of cavities into the variety. After the
discharge plate is rotated, the rice seeds are charged into the metering hole through the influence of their own
gravity and population side pressure.

When the sector is transferred to the filling zone, the rice seeds in the metering hole will be under the
constraints of its own gravity and the bottom plate and the top plate, lying on the metering hole, and under the
blockage of the limit rice species board, the bottom rice is stranded in the metering hole, and the upper excess
rice will drop out from holes under their own gravity, and return to the filling zone. As the discharge plate
continues to rotate, the rice in the metering holes declines along the transfusion curve cavity and converges
at the exit. When the outlet which is equipped with rice seeds arrive at the dropping zone, rice is discharged.
The seedlings of multiple metering holes in a group of cavities do not interfere with each other. Before the
outlets move to the dropping zone, the rice seeds in multiple curves gather at the outlet, as shown in Fig.3 (a).
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Fig. 3 - The diagram of seeding process.
(a) The seeding process; (b) The diagram of metering hole slope angle; (c) The status chart of cavity outer plane pick up rice seed;
(d) The status chart of metering hole slope and seed-limiting plate pick up rice seed;
(e) The sectional schematic diagram of transfusion curve cavity; (f)The diagram of the cavity composition.

The shape and size of seed-inlets

The shape and size of rice seeds are the main basis of the design parameters of the seed-inlets. The
shape of rice seeds is similar with the spindle body. It is commonly used in three axial sizes of length, width,
and thickness. The average three-axis size of the familiar rice species were counted, as shown in Fig. 4.
B Conventional rice

xn\""J—!y;l;)rid rice
A Superrice

3.0
2.87
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2.4
2.2
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1.8

W SSIUNINY) IBRIIAY

Fig. 4 - Familiar rice species three-axis size distribution map
It can be seen from the Fig. 4 that the average three-axis size distribution of super hybrid rice, hybrid rice

and conventional rice does not have a significant distinction, as it is intertwined. However, regardless of variety,
the length of the rice species is large, mainly distributed between 6.5-11.5 mm.
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The range of the width size and thickness size is relatively concentrated, and the range of distribution is
2-3.5 mm and 1.5-3.1 mm, respectively. The three-axis size of common rice species is shown in Table 1. The
rice seeds have obvious length and width structural characteristics. Therefore, the distribution way of rice
seeds in the filling zone is also an important reference for the shape of seed-inlets.

Table 1
Three axis size of the frequent rice species
Three axis median value Maximum | Maximum Minimum
(Length x width x thickness) length width thickness
Size / mm 8.75%2.69x2.07 11.29 3.52 1.50

Studies have shown that rice seeds are distributed in the same consistent way in the direction of their
long shafts and the rotation lines in the seed filling zone (Zhang et al., 2023). Therefore, the shape of seed-
inlets is designed as round waist shape, and the horizontal direction of the seed-inlet is distributed in the
direction of the discharge plates’ cut line, as shown in Fig. 5. The structure size of the seed-inlets are mainly
length and width size. Based on super hybrid rice, hybrid rice and conventional rice, the appropriate quantity
of hole seeding, the regulation of the adjusting hole seeding quantity and the distribution posture of rice seeds
in the filling zone, the width size of each seed-inlets of the combination cavity can be adjusted to adapt to the
guantity of hole seeding of different rice varieties, and the length size of each seed-inlet should be consistent

(Rajaiah et al., 2015), and should meet the formula (1).
L>a,, +I’ (1)

where:
amax is the maximum length size of rice seeds, (mm);
[’ is the bud length of rice seeds, (mm).

When the seed-metering device is opened only on the outermost side of the seed to adapt to the super
hybrid rice requirement for the (1-3) grains per hole, the seed-inlet width B should meet the formula (2):

b, <B<4c. ()

where:
bmax is the maximum width size of rice seeds, (mm);
Cmin IS the minimum thickness size of rice seeds, (mm), as shown in Fig. 5.

When the discharge plate is opened for two seed-inlets of the outer side to adapt to the hybrid rice
requirement for the (2-5) grains per hole, the width size of the middle seed-inlet should be consistent with the
outer seed-inlet. When the discharge plate is opened for three seed-inlets to adapt to the conventional rice
requirement for the (5-10) grains per hole, the width size of the inner seed-inlet should be appropriately
enlarged, and it also needs to be determined through the later seeding performance test.

Fig. 5 - The diagram of the seed-inlet size

In order to avoid the entanglement of rice germination and affect normal seeding, the rice buds are
generally not more than 2 mm after the rice is soaked in germination. Based on formula (1) and formula (2),
combined with Table 1, the length size L of the seed-inlet should be larger than 13.29 mm, and this article
takes 14 mm. The width size of the seed-inlet should be between 3.52-6 mm.
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The metering hole slope angle

According to the working principle of the seed dispenser, the metering hole is an important part that
determines the number of seed particles filled in a single cavity. The metering hole slope angle affects the
successfully cleared excess rice seeds on the upper layer within the cavity. Therefore, the metering hole slope
angle a should satisfy formula (3).

a > arctan u )

where:
U represents the sliding friction coefficient between rice seeds, which is taken as 0.55 (Jiang, 2021);
ais the metering hole slope angle, (°).

It is not advisable for the metering hole slope angle to be too large, as it may result in a small angle
between the metering hole inclined plane and the seed-limiting plate, causing the rice seeds to get stuck. This
means that the rice seeds cannot successfully detach from the metering hole and slide into the transfusion
curve cavity. If the rice seeds get stuck in the metering hole, there will be deformation due to the compression
between the metering hole inclined plane and the seed-limiting plate. Therefore, the maximum value of the
metering hole slope angle can be determined by considering the critical state where the rice seeds are in
contact with the metering hole inclined plane but not subjected to compression. The spindle-shaped rice seeds
were simplified into homogeneous and regular ellipsoids, and the force analysis was carried out, as shown in
Figure 3(d).

Establish the force balance formula for rice seed, that is:
> F,=0 F, —F cosa—F sina=0

>F, =0 F, +F sina—F, cosa—mg=0 @)
d>M=0 F.d+Fd,-Fd-Fd,=0
F, = uF
f, = HMy, 5)
I:f2 ::UFN2

where: Fn1 is the supporting force of rice seed for seed-limiting plate, (N);
Fn2 is the supporting force of the rice seed for metering hole slope, (N);
F. is the friction force of rice seed for seed-limiting plate, (N);
Fr, is the friction force of rice seed for metering hole slope, (N);
G is the gravity of rice seed, (N);
d; is the supporting force lever, (m);
d; is the friction force lever, (m);
L is the friction coefficient of the discharge plate and the rice seed, which is 0.46 in this article;

From formula (4) formula (5), it can be seen that: (6)
(R, -Fy )d+(F, —F, )d, =0

After sorting out the formula:

(FNZ_FN1)+(d1+/ud2)=0 0
FNl = FN2 =F, @®
Ffl = Ff2 = uFy

By substituting in formula (4), it can be obtained:
HUCOSa +Sina=1 ©)
Fy (4+psina—cosa)-mg =0

It can be seen from the formula that if the rice seed is in the equilibrium state at this position and the
gravity of the rice seed is constant, the supporting force on the slope decreases with the increase of the
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metering hole slope angle; when the metering hole slope angle increases to a certain value, the equilibrium
state breaks with the operation of the seed-metering device, and the resultant force along the vertical direction
refers to the metering hole inclined plane, and the rice seed is clamped by metering hole, and the metering
hole slope angle is the pinch angle.

Also know that: (20)
sina+cos’a=1
By substituting in formula (9) can be calculated
a:arccos( 2H j (11)
1+ 1
Diameter calculation a=40.60°. Therefore, the value range of the inclination angle of the metering hole
should be 28.81° < a<40.60°.

The height of seed-limiting plate

In order to ensure that the metering hole can "pocket" the bottom rice seeds, it is necessary to design a
suitable height seed-limiting plate. Since the bottom rice seeds lie on it under the guidance of the metering
hole inclined plane, the geometric relationship model between any single lying rice seed and the seed-limiting
plate was established, as shown in Fig. 3(b). The cartesian coordinate system xoy was established by taking
the centroid of rice seed as the coordinate origin.

Let (Xo, Yo) represent the coordinates of the intersection point A between the rice seeds and the seed-
limiting plate. According to Fig. 3(b), the geometric expression for the height of the seed-limiting plate is:

he—Yo ,_C (1)

CoOSa 2C0Sca
where: C is the average thickness of rice seed, (mm);

In the coordinate system X0y, the slope equation for seed-limiting plate projection is:

2
C™ X
k=——= (13)
ay,
where:
a is the average length of rice seed, (mm);
It can also be expressed by metering hole slope angle a: (14)

k=tan(90°-a)
By substituting in formula (12) and (13) can be calculated:
_a’y,tan(90°-a)

0 c2 (15)
Because tangent point A satisfies the elliptic equation:
2 2
axy 4y, 1 (16)
2 T2 T
a C

Substituting equations (14) and (15) into equation (11) and rearranging, is obtained

h= c? C (17)

+
2c0sar/c? +a’cotlq  2C0S

Substituting the average length and thickness dimensions of the rice seed from Table 1 into the equation,
the relationship curve between the seed-limiting plate height h and the metering hole slope angle a, can be
plotted as shown in Fig. 6. The seed-limiting plate height h increases with the increase in the metering hole
slope angle a. When the metering hole slope angle a is determined, the value of the seed-limiting plate height
h is also determined.

31



Vol. 71, No. 3 / 2023 INMATEH - Agricultural Engineering

@
=
;

N
)
:

N
e
.

N
2
:

N
th
:

b
=
:

N
w

The height of the seed-limiting plate 2/mm
)
—

30 32 34 36 38 40 42
The metering hole slope angle a/°

(54
=]

Fig. 6 - The diagram of h and a relationship

The cavity outer angle

Due to the small width of the seed-inlet of the metering hole, in order to ensure that the rice seed filling
into the metering hole can move smoothly in the curved cavity, the section of the cavity is designed as a
trapezoid expanded from one side of the seed-inlet, as shown in Fig. 3(c). The cavity outer angle is composed
of the inner side, the outer and the bottom side of the cavity, which is divided into the outer angle and the inner
angle. In order to ensure that the rice seeds filling into the metering hole do not get stuck into the cavity outer
plane, ensure the smooth transportation of rice seed and the subsequent filling into the metering hole, and
perform a force analysis on the rice seed at the cavity outer plane when they reach the top during motion.

The force equilibrium equation of rice seed being clamped in the cavity outer plane is:

D> F, =0 F, cosf+F sing—-F, =0

. 18
SF,=0 F+F, +F, cos6,—F, sing-G=0 (18)
>M=0 F,d,+Fd,-F.d,—Fd, =0
Ff3 = :UFN3 (19)
I:f‘, = IUFN4
where:
Fns is the supporting force of rice seed for cavity plane, (N);
Fna is the supporting force of the rice seed for cavity outer plane, (N);
F is the friction force of rice seed for cavity plane, (N);
F is the friction force of rice seed for cavity outer plane, (N);
61 is the cavity outer angle, (°);
- is the cavity inner angle, (°);
ds is the supporting force lever, (m);
dq is the friction force lever, (m).
From formula (18) and formula (19) can be obtained
FN3 = FN4 =F,
F, =F, =uF, (20)
cosé, + using, =1
By substituting in formula (20) can be calculated
. 2
g,=arcsin| —£ > (21)
1+ u

After calculation, 6. is found to be 49.40°, which means that the angle between the inner and outer sides
of the curved cavity should not be less than 49.40° in order to avoid the rice seed clamping by the plane of
cavity.
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The depth of the cavity
According to Fig. 3(e), in order to ensure that the rice seed do not get stuck in the cavity, the depth of
the cavity D should satisfy formula (22):

D>a +I'+b., (22)

Based on Table 1, the depth of the curved cavity D is 16 mm.
The expression for the width K of the curved cavity bottom is as follows:

K >a . + bmax + bmax (23)

tang, tand,
When both the inner and outer angles are taken as the minimum value, the width range of curved cavity
bottom is K > 14.31 mm, and it is set to 16 mm.

There exists the following geometric relationship between the cavity inner angle 6, and the depth of
cavity D, the width of curved cavity bottom K, the width of seed-inlet B, cavity outer angle, as shown in Fig.
3(e). After other parameters are determined, the cavity inner angle &, can be determined.

D2
cot’ (24)

K-8 ( D j
tan &,

The equation of the transfusion curve cavities

When multiple cavities are involved in the seeding operation at the same time, the rice seeds in each
cavity need to quickly gather at the seed outlet in the seed carrying link (Kulaev et al., 2020; Laryushin et al.,
2021). Therefore, the trajectory of the transfusion cavities is designed as a brachistochrone curve in order to
achieve the precision seeding of rice seeds, as shown in Fig. 3(a).

The curve equation is as follows:

D%+

6, =arctan

X, =et—esin(t)—ze + f

y; =—ecos(t)-g,
where: i =1, 2, 3, 1 represents the outermost cavity of the discharge plate, €1 is 12.88, 2 represents the middle
cavity, e, is 10.30, 3 represents the innermost cavity, ez is 7.92, f, gi respectively are the horizontal and vertical
deviation distance between the starting point of the brachistochrone curve and the center of the discharge
plate. Based on the principle of distributing the combined cavities as much as possible on the discharge plate,
comprehensively referring to the diameter of the discharge plate and the length of the rice seeds, set f as 7mm,
g1 as 112.88mm, g as 92.88 mm, gz as 71.88 mm.

(25)

RESULTS AND ANALYSIS

The performance testing of the seeding system on the test stand
The experimental apparatus and materials

The experimental apparatus for performance testing of the seeding system on the test bench is shown
in Fig. 7.

The seed-metering device is driven by a three-phase asynchronous motor. A high-speed video camera
(i-Speed 3, Olympus) is used to record the number of rice seeds discharged per hole during the seeding
performance testing. The camera has a capture rate of 240 (f/s) and a resolution of 1280x1024 pixels.

The testing rice seeds include Wan Dao 153, Hybrid Rice Il You 346, and Conventional Rice Te Sanai.
Before the experiment, all rice seeds were under soaking and germination treatment to break the seed

dormancy (Hensh et al., 2022). They were then placed in a cool and well-ventilated area to air-dry until the
population became loose and free of clumps. This ensured the optimal conditions for mechanical direct
seeding.
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Fig. 7 - The diagram of seeding performance testing bench
1. The three-phase asynchronous motor; 2. The discharge plate; 3. The high-speed video camera;

The experimental method
According to the reference national standard GB-T25418-2022 (Rice direct seeder), the number of
grains from 250 rice seed holes is continuously counted during stable seeding of the seed dispenser in each
experimental group. For a set of experimental groups, the experiment is repeated three times, and the average
value is obtained. The experimental evaluation indicators is given by calculation formula (26).
nM
M, = —Lx100%
N
Ny
Q= W‘xloo%
(26)

J

nR
R. =—-x100%
N

p="e . 100%
M

In the formula, M represents the miss-seeding rate, (%); Q represents the qualified rate, (%); R
represents the replay rate, (%); and N represents the total number of seed holes in a set of experimental
groups. And, j=1, 2, and 3 respectively represent the number of openings of the seed-inlet for the discharge
plate of each curved cavities set. When only one seed-inlet works, j=1, in this case, nw1 is the total number of
holes which dropped out less than 1 seed, ng: is the total number of holes which dropped 1-3 seeds, and nr1
is the total number of holes which dropped out more than 3 seeds. When there are two seed-inlets opening on
the outer side of the discharge plate, j=2, at this time, nu2 is the total number of holes which dropped out less
than 2 seeds, Nq: is the total number of holes which dropped 2-5 seeds, and ngr. is the total number of holes
which dropped out more than 5 seeds. When all three seed-inlets opening simultaneously, j=3, at this time,
Nmsz is the total number of holes which dropped out less than 5 seeds, Ngz is the total number of holes which
dropped 5-10 seeds, Ngs is the total number of holes which dropped out more than 10 seeds. P represents the
seed breakage rate in percentage (%). My represents the weight of seeds discharged during stable seeding
for 1 minute, (kg). mp represents the weight of damaged seeds among the discharged seeds, (kg). During the
experiment, the speed of the discharge is set according to formula (27) (Zha et al., 2020).

e 60v,
ks(1-q) 27)

where: Vq is the advance speed of the direct seeding machine, m/s, and 0.75 m/s is taken according to the
general advance speed of the paddy field direct seeding machine;

K represents the number of curved cavities in the discharge plate, and in this case, the discharge plate
has 11 groups.

S is seeding hole distance, mm,

g is the slip coefficient (Here, choose as 0.05).
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Due to the difference in suitable seeding hole distance between super hybrid rice, hybrid rice and
conventional rice, the distance is 180 mm, 150 mm and 140 mm respectively (Zhang et al., 2020). Therefore,
the corresponding seeding speeds are 23.9 r/min, 28.7 r/min, and 30.8 r/min

The experimental design

Based on the previous theoretical analysis, the main parameters of metering hole structure which affect
the performance of seeding device are the seed-inlet width B, the metering hole slope angle a, and curved
cavity outer angle 6:. To clarify the impact of the above structural parameters on seeding performance, a
single-factor experiment will be conducted using Super Hybrid Rice Wan Dao 153 as the test crop, and the
miss-seeding rate, qualified rate, and replay rate as the evaluation indicators. Test experimental factors and

level setting refer to the results of the previous theoretical analysis, as shown in Table 2.

Table 2
Single factor test factors and levels
Test number i i Factors
No. Seed-/TnI;t width Metering hole slope angle /% Curved cavity outer angle /%
1 3.6 30 55.0
2 3.8 32 62.5
3 4.0 34 70.0
4 4.2 36 77.5
5 4.4 38 85.0
6 - - 92.5

In order to determine the optimal combination of metering hole structure parameters, a full-factor test
refer to the single factor test results, with the miss-seeding rate, qualified rate, and replay rate as the evaluation
indicators. The test level was set as shown in Table 3.

Table 3
Factors and levels in experiments
Test number Factors
No. Seed-inlet width / mm Metering hole slope angle / °
1 3.6 32
2 3.8 34
3 4.0 36

Based on the results of the single-factor and full-factor experiments, as well as the relationship between
the results of seeding performance test of three types of rice—super hybrid rice, hybrid rice, and conventional
rice—a variety compatibility experiment is performed by seeding different rice varieties with different numbers
of seed-inlets on the discharge plate to ascertain the appropriate hole size for seeding super hybrid rice and
conventional rice.

The experimental results and analysis
The effect of seed-inlet width on seeding performance

During the single factor test of seed-inlet width, the metering hole slope angle a and the cavity outer
angle 61 were respectively maintained at 34° and 77.5°, the experimental results are as shown in Fig. 8.

According to Fig. 8, it can be observed that as the seed-inlet width increases, the miss-seeding rate of
the seed-metering device decreases significantly at first and then gradually decreases, the replay rate
increases slowly at first and then rapidly increases, and the qualified rate initially increases and then decreases.
When the seed-inlet width is relatively small, it becomes difficult for the seeds to filling into the seed-inlet,
resulting in a higher miss-seeding rate and a lower replay rate. As the seed-inlet width increases, the rice seed
can fill into the seed-inlet smoothly, resulting in a significant decrease in miss-seeding rate, a slight increase
in replay rate, and an overall increase in the qualified rate. When the seed-inlet width is too large, an excessive
guantity of rice seeds is filled into the seed-inlet, resulting in a significant increase in replay rate and a gradual
decrease in miss-seeding rate. As a result of the increased replay rate, the overall qualified rate decreases
noticeably. It can be observed that the suitable seed-inlet width for the discharge plate should be in the range
of 3.6-4.0 mm. At this range, the seed-metering device achieves a qualified rate of 85% or higher.
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Fig. 8 - Test results of seed-inlet width

The effect of metering hole slope angle on seeding performance

In the single-factor experiment of the metering hole slope angle, the seed-inlet width B and the curved
cavity outer angle 61 were respectively maintained at 3.8 mm and 77.5°. The experimental results as shown in
Fig. 9.
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Fig. 9 - Test results of metering hole slope angle

From Fig. 9, it can be observed that as the metering hole slope angle increases, the miss-seeding rate
of the seed-metering device decreases slowly, the replay rate decreases significantly at first and then
increases significantly, and the qualified rate first increases and then decreases. When the metering hole slope
angle is smaller, the height of seed-limiting plate is lower. As the angle increases, the height of seed-limiting
plate increases, which lead to the metering hole inclined plane gradually becomes steeper. When the metering
hole slope angle is small, the metering hole inclined plane is gentle, and the height of seed-limiting plate has
a lesser impact on seeding performance. However, as the metering hole slope angle increases, the height of
seed-limiting plate also increases, resulting in a phenomenon where the miss-seeding rate remains basically
unchanged while the replay rate decreases significantly. In the later stage, when the metering hole inclined
plane is steeper, the height of seed-limiting plate has a significant impact on the seeding performance. As the
metering hole slope angle increases, the height of seed-limiting plate also increases. In this case, it is difficult

for the seed-metering device to clear the superfluous seeds, resulting in a decrease in miss-seeding rate and
an increase in replay rate.

The effect of cavity outer angle on seeding performance

In the single-factor experiment of the cavity outer angle, the seed-inlet width B and the metering hole slope
angle a were respectively maintained at 3.8 mm and 34°. The experimental results as shown in Fig.10.
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Fig. 10 — Test results of cavity outer angle

According to Fig. 10, it can be observed that as the cavity outer angle increases, the miss-seeding rate
remains basically unchanged, while the qualified rate initially increases and then stabilizes. On the other hand,
the replay rate initially decreases and then stabilizes. When the cavity outer angle is smaller, the cavity outer
plane is steeper, making it easier for the rice seed to enter the seed-inlet. Additionally, it can accommodate
more rice seeds and is not easily cleared out. This results in a higher replay rate. As the cavity outer angle
increases, the cavity outer plane becomes flatter, which improves the phenomenon of overfilling with rice seed.
And, the superfluous seeds are easily cleared out from the seed-inlet. As a result, the replay rate significantly
decreases, and the qualified rate increases. When the cavity outer angle increases to 70° or above, the cavity
outer plane becomes flatter. This prevents excessive accumulation of rice seeds at the cavity outer angle, it
becomes easier to clear out superfluous seeds, resulting in all the evaluation indicators stabilizing and
maintaining at a good level of seeding performance. The qualified rate consistently floats above 90%, and the
miss-seeding rate remains below 5%.

The full factor experiment
The results of the full factor experiment are shown in Fig. 11.
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Fig. 11 - Test results of the full factor experiment

In order to analyze the impact of various experimental factors on the evaluation indicators, a two-
dimensional contour plot depicting the influence of experimental factors on the evaluation indicators can be
constructed based on the data of the full factor experiment. According to Fig. 11, it can be observed that the
color distribution in the plot shows distinct levels of change with the variation in the seed-inlet width. This
indicates that the evaluation indicators exhibit significant variations with the changing in the seed-inlet width.
Within the range of the experiment for the metering hole slope angle, it can be observed that the results of
experiment for intermediate horizontal experimental factors are better than the two sides' horizontal
experimental factors, with lower incidences of missing and replay rates. Therefore, it can be concluded that
the seed-inlet width has a more significant impact on the seeding performance. As the seed-inlet width
increases, the miss-seeding rate decreases while the replay rate increases, and the qualified rate initially
remains stable, but later decreases. As the metering hole slope angle increases, the miss-seeding rate remains
unchanged at first and then decreases, the replay rate initially decreases and then increases, and the qualified
rate initially increases and then decreases. The results of the full factor experiment are consistent with those
of the single-factor experiment.

37



Vol. 71, No. 3 / 2023 INMATEH - Agricultural Engineering

Minitab 21 software was used for regression analysis of the test results, and regression equations (28)
were established between each evaluation indicators of seeding performance and the seed-inlet width and the
metering hole slope angle. The results of the analysis of variance are shown in Table 4.

M =1.57-2.095 A+0.0914 B +0.2712 A* ~0.000775 B* —0.00081 A-B

Q=-30.30 + 7.22 A + 0.639 B— 0.972 A’ - 0.00572 B* - 0.0001 A:B (28)
R=29.72 — 5.11A — 0.731B + 0.700 A’ + 0.00650 B* + 0.00081 A-B
Table 4
The table of analysis of variance
M Q R
R? 99.46% 98.27% 99.09%
S 0.0018 0.0082 0.0075
Source of | e | gg F P |[DF| ss | F P |DF| ss | F P
variance
Model 5 |0.0018 | 111.22| ** 5 |0.0115 34.13| ** 5 |0.0183 | 65.38 | **
A 1 |0.0002 | 58.82 o 1 ]0.0023|33.73| ** 1 |0.0011 {20.30| **
B 1 |0.0000| 6.20 * 1 |0.0010 |14.63 * 1 |0.0013 [22.95| **
A*A 1 |0.0002| 72.44 o 1 |0.0030|44.95| ** 1 |0.0016 | 27.96 | **
B*B 1 |0.0000| 5.91 * 1 |0.0011 |15.57 * 1 |0.0017 {2411 | **
A*B 1 |0.0000| 0.13 | 0.742 | 1 |0.0000 |0.000| 0.996 | 1 |0.0000 |0.010 *
Error 3 | 0.0000 3 |0.0002 3 ]0.0002
Total 8 |0.0018 8 |0.0117 8 |0.0185

(* is significant effects, P <0.05; ** is extremely significant effects, P <0.01)

According to Table 4, the regression models for the miss-seeding rate, qualified rate, and replay rate of
the seed-metering device are all extremely significant. The correlation coefficients R? for each regression
models respectively are 99.46%, 98.27%, and 99.09% for the miss-seeding rate, qualified rate, and replay
rate, which are very close to 100%. The standard error of regression S is less than 0.01, which indicates that
the equation of quadratic regression models fit very well with the actual situation. It can accurately reflect the
relationship between the performance of the seed discharge and the seed-inlet width and the metering hole
slope angle, and can better predict the test results.

In addition, seed-inlet width has significant effects on the miss-seeding, qualified and replay rate of seed-
metering device. The metering hole slope angle has significant effects on the qualified rate and replay rate,
but not on the miss-seeding rate. The reason may be that the metering hole inclined plane gradually becomes
steeper and the height of seed-limiting plate is higher within the range of the parameter for the metering hole
slope angle, so the seeds which filled into the metering hole is difficult to clear. Therefore, with the increase of
metering hole slope angle, the miss-seeding rate does not change much, only decreases slightly. As a result,
the influence of metering hole slope angle on the miss-seeding rate of seed-metering device is not significant.

In order to clarify the optimal combination of the seed-inlet width and the metering hole slope angle, a
multi-objective optimization model is established based on the regression models of each evaluation indicators
of seeding.
min M
max Q
min R (29)
3.6<A<40
32<B<36

The response optimizer in Minitab 21 software was used to solve the optimization model. The optimal
combination of structural parameter predicted that seed-inlet width was 3.79 mm and metering hole slope
angle was 35.07°. In the predictor, the miss-seeding rate was 3.88%, the qualified rate was 90.39%, and the
replay rate was 5.73%.
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To verify the reliability of the optimization results, the seed-inlet width and the metering hole slope angle
were respectively set to 3.80 mm and 35°. And the discharge plate was processed to carry out seeding
validation experiments, the experimental results are shown in Table 5. From Table 5, it can be observed that
the results of the optimization model are consistent with the results of seeding validation experiments, which
indicates that the optimization results are reliable. The results indicated that the appropriate seed-inlet width
is 3.80 mm and the metering hole slope angle is 35° for super hybrid rice.

Table 5
Results of validation experiment
Test number Test results
No. Miss-seeding Rate/% Qualified Rate/% Replay Rate/%
1 4.00 90.80 5.20
2 3.60 90.80 5.60
3 4.00 90.40 5.60
Average 3.87 90.67 5.46

The hybrid rice seeding experiment

Based on the appropriate structure parameters of metering hole for super hybrid rice and the required
hole-seeding quantity what have multiplied relationship between super hybrid rice and hybrid rice, the hole-
seeding quantity of hybrid rice is approximately double that of super hybrid rice. Therefore, the structure of
metering hole for seed-inlet width of 3.8 mm and metering hole slope angle of 35° were adopted. Two rows of
inlets were opened on the outer circumference of the discharge plate to conduct hybrid rice seeding
experiments, repeated three times, with the experimental results shown in Table 6.

Table 6
Results of seeding experiment of hybrid rice
Test number Test results
No. Miss-seeding Rate / % Qualified Rate / % Replay Rate / %
1 3.60 91.20 5.20
2 3.60 90.40 6.00
3 4.00 90.80 5.20
Average 3.73 90.80 5.47

As shown in Table 6, when the dimensions of the two rows of metering holes on the outer circumference
of the discharge plate are the same (seed-inlet width of 3.8 mm and metering hole slope angle of 35°), the
results of the experiments was miss-seeding rate of 3.73%, qualified rate of 90.80%, and replay rate of 5.47%.
This meets the agronomic requirements for precise hole-seeding of hybrid rice.

The conventional rice seeding experiment

Based on the two-factor full factorial experiment results of the seed-inlet width and the metering hole
slope angle, there was a significant impact of the seed-inlet width on the miss-seeding rate, qualified rate, and
replay rate, while the metering hole slope angle had no significant impact on the miss-seeding rate. Based on
the principle of "prefer to be replay rather than missing" in direct seeding of rice, where the metering hole slope
angle can be maintained, the quantity of seeding can be adjusted only by changing the seed-inlet width. Strive
for a higher qualified rate while maintaining a low miss-seeding rate. Based on the experimental results of
hybrid rice and the relationship between the required hole-seeding quantity conventional rice and hybrid rice,
it is observed that the required hole-seeding quantity for conventional rice is approximately twice that of hybrid
rice. To meet the planting requirements of 5-10 seeds per hole for conventional rice, three seed-inlet must be
opened of the combined cavity. In addition, the outer two circles of the seed-inlet should maintain suitable
dimensions for hybrid rice seeding. This means that the seed-inlet width is 3.8 mm and the metering hole slope
angle is 35°. An experiment for the innermost seed-inlet width can be conducted. Due to the stacking shape
of the rice seeds inside the seed-metering device, the filling area of the inner-side inlet is smaller than the two
outer-side inlets. This leads to a difference in the optimal seeding width between the outer-side inlets and the
inner-side inlet when using the same structural parameters. Based on the reference dimensions for suitable
seed-inlet width for super hybrid rice and hybrid rice, three different levels can be set for the innermost seed-
inlet width: 5.2 mm, 5.4 mm and 5.6 mm. The experimental results are shown in Fig. 12.
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Fig. 12 — Test results of the conventional rice seeding experiment

According to Fig. 12, it can be observed that as the innermost seed-inlet width for the discharge plate
increases, the miss-seeding rate decreases significantly at first and then decreases slightly. Meanwhile, the
replay rate increases slightly at first and then increases significantly. The qualified rate initially increases and
then decreases. These patterns of change are consistent with the results of the single-factor experiment on
seed-inlet width. Based on the analysis, it can be concluded that when the innermost seed-inlet width for the
discharge plate is set to 5.4 mm, the seeding performance is optimal.

At this width, the miss-seeding rate is 3.53%, the qualified rate is 90.67%, and the replay rate is 5.80%.
It can meet the required hole-seeding quantity of conventional rice precision hole. If the seed-inlet width is too
small, the miss-seeding rate will increase sharply. If it is too large, the replay rate will increase sharply, and
the miss-seeding rate does not change much. Therefore, the optimal for the innermost seed-inlet width of
conventional rice planting is determined to be 5.4 mm.

The seed breakage rate experiment

According to the reference national standard GB-T25418-2022 (Rice direct seeder), experiments were
conducted with suitable seed-metering device apparatus structural parameters for three types of rice. The
experiments focused on the seed breakage rate during rice seeding, and were repeated 5 times. The results
of the experiments are shown in Table 7.

Table 7
Results of seed breakage rate
Test number Test results of seed breakage rate
No. Wan Dao 153/% IT You 346/% | Te Sanai /%
1 0.20 0.14 0.32
2 0.20 0.24 0.49
3 0.17 0.34 0.47
4 0.18 0.28 0.38
5 0.20 0.22 0.44
Average 0.19 0.24 0.42

From Table 7, it can be observed that the seed breakage rates for all three types of rice which are used
by the seed-metering device are less than 0.5%. These are all below the standard requirement of 0.8% for
seed breakage rate. This indicates that the design of the seed-metering device is reasonable and meets the
planting agronomic requirements for precise hole-seeding.

The field validation test

In order to test the field seeding performance of the combined cavity-type rice precision hole-drop seed-
metering device, a field seeding experiment was carried out in June 2023.

Before experiment, a rotary tiller was used to plough the experimental field, then irrigate and bubble the
field, ensuring a smooth surface without crop residues and weeds. Taking filed experiment after the field was
allowed to static precipitation for 2 days, and there was no standing water on the surface.
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Install the seed-metering device on the rice direct seeding machine. The seed-metering device is driven
by the ride-on chassis of the direct seeding machine. Adjust the discharge plate to the required state for
seeding the rice seeds. The seeding operation is shown in Fig. 13.
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Fig. 13 - The diagram of the seed-meterin
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During the experiment, the speed of the direct seeding machine was kept stable at 0.75 m/s, and the
discharge plate speed was adjusted to match the required speed for the rice seeds. Every 250 holes were
regarded as a group, the number of hole seeding, the hole diameter, and the hole distance were counted.

Each variety was repeated three times for experimentation and the average values were obtained. The
experimental results are shown in Table 8.

Table 8
Results of field validation test
Test results of field validation test
Species Mlss:a(:dmg Qualified Rate Replay Rate Hole diameter | Hole distance
% % % mm mm

Wan Dao 153 2.67 86.33 11.00 19.82 175.77

IT You 346 2.53 86.34 11.13 25.43 146.87

Te Sanai 2.33 90.33 7.34 33.3 140.91

As shown in Table 8, for seeding super rice Wan Dao 153 using outermost seed-inlets, the miss-seeding
rate is 2.67%, the qualified rate (1-3 grains per hole) is 86.33%, average hole diameter is 19.82 mm, average
hole distance is 175.77 mm, the requirement of hole distance is 180 mm. For seeding hybrid rice 1l You 346
using outer two seed-inlets, the miss-seeding rate is 2.53%, the qualified rate (2-5 grains per hole) is 86.34%,
average hole diameter is 25.43 mm, average hole distance is 146.87 mm, the requirement of hole distance is
150 mm. For seeding conventional rice Te Sanai using all three seed-inlets, the miss-seeding rate is 2.33%,
the qualified rate (5-10 grains per hole) is 90.33%, average hole diameter is 33.31 mm, average hole distance
is 140.91 mm, the requirement of hole distance is 140 mm. The seeding requirements are met for the three
varieties of rice seeds. Compared with bench test, field test had lower miss-seeding rate, higher replay rate
and slightly lower qualified rate. The reason is that in the field test, due to the vibration of the machine, the
number of seeds filling into the seed-metering device increases, resulting in a higher replay rate and a lower
miss-seeding rate.

CONCLUSIONS

() In order to meet the different seeding requirement quantity of super rice, hybrid rice, and
conventional rice, a seeding quantities selectable combined cavity-type precision hole-drop seed-metering
device was designed which used an innovative combined seeding method. By adjusting the number of
metering holes involved in seeding, it could realize the adjustment of the seeding quantity. This design shows
promising practical prospect.

(2) Single factor and full factor bench seeding tests were carried out on the structural parameters of
the seed-inlet width, the metering hole slope angle, and cavity outer angle, which affected the seeding
performance of the seed-metering device. Under the appropriate structural parameters, that is, when the width
of outer and middle seed-inlets is 3.8 mm, the innermost seed-inlet width is 5.4 mm, the metering hole slope
angle is 35°, the cavity outer angle is 85°, the precision filling function can adapt to different seeding quantity
of different varieties of rice, and has been verified by bench and field seeding tests.
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ABSTRACT

Due to the complex environment of pig farms and the diversity of pig behaviors, the existing methods based
on deep learning cannot meet the requirements of high accuracy and real-time detection of pig eating behavior.
In this paper, a SE-YOLOX model for detecting pig diet and drinking behaviors was designed. In this model, a
Squeeze-and-Excitation (SE) attention module is introduced between the neck layer and the prediction layer
of YOLOX, and the input feature map is compressed into a vector through global average pooling operation,
and then mapped to a smaller vector through a fully connected layer. A sigmoid function is also used to
compress each element in this vector to between 0 and 1 and multiply it with the original input feature map to
get the weighted feature map. Through SE attention mechanism, the model can learn the importance of each
channel adaptively, thus improving the detection accuracy. The experimental results show that the mean
Average Prediction (mAP) of the SE-YOLOX model is 88.03%, which is higher than 13.11% of the original
YOLOX model. SE-YOLOX can ensure real-time performance, it also can effectively improve the accuracy of
pig diet and drinking water behavior detection.
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INTRODUCTION

The eating behavior of pigs can often reflect the health and emotional problems of pigs and is an
important basis for judging the health of pigs. Through monitoring, the dietary behavior rules of pigs can be
extracted, and feed amount, water consumption, and other resources can be allocated rationally according to
different times and seasons. Artificial monitoring of pigs' dietary behavior requires a large amount of manpower
and is difficult to achieve long-term and sustained observation. Meanwhile, errors in judgment will inevitably
occur. Automatic monitoring of pig-eating behavior has become a hot topic in recent years. It not only improves
the level of automatic pig breeding but also has great significance to master the health status of pigs and
improve their growth welfare (Chen et al., 2022; Statham et al., 2020; Shen et al., 2014).

At present, the commonly used methods to detect pig eating behavior include radio frequency
identification technology and machine vision technology. RFID technology is mainly used to identify the eating
behavior of pigs by wearing electronic ear tag sensors. In addition, RFID receivers are installed next to drinking
water and eating utensils. When pigs are close to drinking and eating utensils, the receiver reads the
corresponding information, thereby recording pig eating behavior and pig health problems (Maselyne et al.,
2014; Li et al., 2021; Wang, 2021). Although RFID technology has high accuracy and can complete real-time
monitoring of pigs' dietary behavior, each pig needs to wear ear tags, which leads to increased costs. At the
same time, the sensor is damaged or lost due to abnormal behavior such as ear biting.
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Nowadays, Machine vision technology based on deep learning can not only accurately identify pig
behavior, but also has the advantages of convenience and low cost, and has been widely used in the current
pig-raising process (Qin et al., 2021). Yang Qiumei achieved pig detection through image segmentation, and
the accuracy rate of pig drinking behavior recognition reached 92.11% (Yang et al., 2018). Wu Shihai used
convolutional neural networks to extract the depth features of pig images, and the accuracy of pig behavior
recognition in sequence images reached 94% (Wu et al., 2020). The above target detection model mainly
adopts the setting of a priori frame, which cannot well solve the influence of factors such as the size of the
target in the image and the mutual occlusion of the target on the detection result during model detection.

In order to ensure the real-time detection of the pig dietary behavior detection model, the detection
accuracy is improved as much as possible. In this paper, a targeted method for pig diet behavior detection
based on the SE-YOLOX model is proposed. This model ensures the accuracy of real-time detection and can
be ported to various devices, which can be applied to various aquaculture farms.

MATERIALS AND METHODS
Data Acquisition and Preprocessing

The experimental data in this paper were collected from the pig breeding base in Fenxi County, Linfen
City, Shanxi Province. In order to obtain the diet images of pigs in different environments, four adult pigs were
selected and placed in a captive environment of 3.0mx3.0mx2.0m from July 2, 2020. 3h videos were filmed in
the morning, afternoon, and night for 7 consecutive days. The total video length is 63h. Allied Vision
Technologies' Manta G-282C camera was used. In order to clearly check the eating and drinking situation of
pigs during the day, a stationary camera is one meter high from the ground and forms a 35° angle to the wall
which is mounted on the wall to the right of the pig feed trough. In order to prevent unsupervised shooting at
night and reduce the difficulty of shooting, another camera with a height of 3 meters and forms a 45° angle to
the wall was placed on the roof of the piggery for night shooting.

KMPlayer software was used for video interception of the collected data, and JPG images were
extracted according to 1F/s for the captured video, and then the obtained images were screened. In order to
enrich the training data of the model, the selected samples included samples of different time periods, different
lighting intensities and different shooting angles, and finally 1615 images were selected as the training and
test sample data. The sample size was uniformly adjusted to 640 *640 pixels to improve the training speed of
the model.

After selecting appropriate samples, Labellmg image labeling tool was used to label the eating behavior
of pigs, as shown in Fig. 1.

Fig. 1 - Data annotation

SE-YOLOX algorithm
YOLOX is a new high-performance detector based on YOLOv3, which improved the Anchor free

mechanism, the Decoupled Head, and the label distribution strategy SimOTA. It achieved significant
performance improvements while still maintaining the efficient reasoning characteristics of the YOLO series.
Its network structure is shown in Fig. 2.
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Fig. 2 - YOLOX network structure

The backbone network of YOLOX network structure is Darknet53, in which neck layer and prediction
layer are updated and strengthened. YOLOX adopts Mosaic and MixUp data enhancement methods on the
input side. For neck layer, YOLOX still adopts the structure of Feature Parymid Network (FPN) for fusion, and
transmits and fuses the feature information of high level through up-sampling from top to bottom, so as to
obtain the feature graph for prediction. YOLOX achieves a better balance in terms of speed and accuracy than
any other model of YOLO series.

In order to obtain more detailed information about the target of attention from different sources and
suppress other useless information, the Squeeze and Excitation (SE) Networks attention mechanism was
introduced. SE attention mechanism is a channel type of attention mechanism. It's main content is squeeze
and excitation. Through automatic learning, another new neural network is used to obtain the importance of
each channel of the feature map and then use this importance to assign a weight value to each feature, so
that the neural network can focus on certain feature channels. Promote the feature graph channels that are
useful to the current task, and suppress the feature channels that are not useful to the current task. The main
innovation of the network is that the model can automatically learn the importance of different channel features
by focusing on the relationship between channels. The SE attention mechanism mainly includes operations
through squeezes and excitation. The squeeze operation uses global averaging pooling to encode the entire
spatial features on the channel as local features.

The calculation method is shown in (1) :

1 w ..
Z. = H xW Z :112 j=Ue (I, J) (1)

In this formula, the second two-dimensional matrix in the convolution 3d matrix represents the result of
the squeeze operation, and the subscript represents the number of channels. After the squeeze operation gets
the channel information, use two full connection layers to form the gate mechanism and activate it with Sigmoid
function. The calculation method is shown in (2) :

s=F,(zW)=0(g(zW))=0c(W,5(W,z)) @)
Where:
¢ is ReLU activation function, ¢ is Sigmoid function, W1 and W; are the weights used by the two fully

. . . . C C .
connected layers to reduce and increase dimensions, respectively equal to TXC andeC, and r is the

scaling parameter to limit model complexity and improve model capability. S represents the weight set of
feature graphs obtained through the fully connected layer and nonlinear layer. Finally, the weight of the output
is assigned to the original feature. The calculation formula is shown in (3):
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X, =S, XU, ©)
where, X_ is the feature graph of the feature channel of x, S_is the weight, and U, is a two-dimensional
matrix. As shown in Figure 3:
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Fig. 3 - The structure of SE attention mechanism

This example inserts SE attention mechanism in the YOLOX. The network structure name is defined as
SE-YOLOX. The SE-YOLOX network structure is shown in Fig.4.
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Fig. 4 - SE-YOLOX network structure

Evaluation indexes of the model

In this paper, commonly used evaluation indexes in target detection field include IoU, Precision, Recall,
P-R curve, AP value and mAP value.

When evaluating the target detection model, loU is used to quantify the degree of fitting, that is, to judge
the quality of detection from the degree of fitting between the prediction frame and the real frame. The
calculation formula is shown in (4) :

_SyNS
S,uS;

where S, represents the collection of pixels in the prediction frame area, Sy represents the collection of

loU (4)

pixels in the real frame area.

Precision and Recall are used to evaluate the quality of an information retrieval system. Precision stands
for detection prediction, representing the proportion of targets detected by the model to be real target objects.
Recall stands for detection recall rate, representing the proportion of all real targets effectively detected by the
model. Precision and Recall formulas are shown in (5) and (6) :

.. TP
Precision = —— (5)
TP+ FP
Recall = L (6)
TP+ FN

TP (True Positive) refers to the number of samples whose loU is greater than the threshold and whose
category label is consistent with the actual label. FP (False Positive) represents the number of samples
predicted by the model as individual boxes of pigs and whose category label is inconsistent with the actual
label. FN (False Negative) indicates the number of samples for which no individual pig is detected.
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The Average Precision (AP) of the model detection target is the area under the P-R curve, and the
average precision can be used to evaluate the overall performance of the model for target detection and
classification. The mean of average accuracy represents the average of the average accuracy of all classes.
Compared with the mean of average accuracy, the mean of average accuracy can more accurately reflect the
overall performance of the model to detect various targets. AP is the measure of the area formed by P-R curve
and coordinate axis and is given as Formula (7):

1
AP = jo p(r)dr )
where p is the abbreviation of Precision and r is the abbreviation of Recall.
The mAP value can be calculated by

> AP
MAP = S (®)

where N is the number of images in the test set. The mAP represents the mean average precision of the
model. It can evaluate the overall detection effect of the model on the test set.

Considering that the selection of different loU thresholds directly affects TP and FP values and thus
causes the fluctuation of mAP index values, in this paper, three loU thresholds of 0.5, 0.75, and 0.5:0.05:0.95
(where 0.05 represents the growth step) were denoted as mAPq 5, MAPq 75, and mAPq 5-0.95 respectively to
measure the model detection under different conditions. At the same time, considering the accurate detection
performance of the model, the median and maximum of mAP under 10 thresholds with loU of 0.5~0.95 are

MAP 5:0.95-medium and MAP( 5:0.95-Jarge-
Model Parameters

In this experiment, PyTorch deep learning framework was adopted, the operating system was Windows
10, and THE GPU was RTX2080Ti. The data set of eating and drinking images involved in this paper includes
1615 images. The collected 1615 image data sets were divided into training sets and test sets according to
the ratio of 8:2, including 884 training sets and 221 test sets.

In this experiment, eight target detection models of SE-YOLOX, YOLOX (Ge et al., 2021), YOLOv4
(Bochkovskiy et al., 2020), RetinaNet (Lin et al., 2017), EfficientDet (Tan et al., 2019), Faster R-CNN (Ren et
al., 2017), CenterNet (Duan et al., 2019) and SSD (Liu et al., 2016) were used to detect the dietary behavior
of pigs on the same training set. Relevant parameters need to be set before the training of the model. In this
paper, the epoch is set to 200, momentum is 0.9, and regularization coefficient for weight decay is 0.005. The
experiment adopts a learning rate decay mechanism, and the initial learning rate is 0.0001. Once learning
stagnates, the model learning rate usually decays at a rate of 2-10 times, and the attenuation times are set as
80% and 90% of the maximum number of iterations.

Results and analysis

In order to better evaluate the performance of the eight models involved in this paper, the same
experimental data training set and test set were used for training and testing, and the results were compared
and analyzed. The specific results are as follows.

TP and FP values were calculated for eight models to identify pig eating and drinking behavior. The higher
the TP value, the better the model. The lower the FP value, the better the model. The results for the 8 models
are presented in bar graphs, as shown in Figure 5.
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Fig. 5 - TP and FP values predicted by eight models
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The experimental results show that:

1) As shown in Figure 5a, for the drinking behavior of pigs, the TP value of the SE-YOLOX model was
significantly higher than that of the other seven models. For FP values, SE-YOLOX model detected FP values
significantly lower than the other seven models. The order of FP values of the eight models was SE-YOLOX
< YOLOX < YOLOV4 < CenterNet < Faster RCNN < EfficientDet < RetinaNet < SSD. The FP values of SE-
YOLOX were 8 less than those of YOLOX, and 19-199 less than those of other models of the same type.

2) Figure 5b shows that for TP value, SE-YOLOX model is significantly higher than that of the other seven
models. The predicted FP values of SE-YOLOX model were lower than those of the other seven models, and
the order of the predicted FP values of the eight models was SE-YOLOX < YOLOX < YOLOv4 < SSD <
RetinaNet < Faster RCNN < EfficientDet < CenterNet. The FP values of SE-YOLOX decreased by 8 compared
with YOLOX, and significantly decreased by 13-96 compared with other models of the same type.

In conclusion, under the same experimental conditions, SE-YOLOX model is superior to other seven
models in terms of TP and FP performance. Compared with the increase of TP index value, the increase of
FP is much higher than that of TP, so FP is preferred in overall prediction performance to reduce the loss of
detection performance caused by the large increase of FP value. It can also be seen that the improved anchor-
free mode and label allocation strategy of SE-YOLOX model significantly reduced its FP value compared with
other models. Therefore, SE-YOLOX model is more suitable for the detection of TP and FP values of pigs'
eating and drinking behavior.

The P-R curves of the seven models for pig eating and drinking behavior recognition are shown in Figure
1. The area below the P-R curve is the AP value of the corresponding model in the eating and drinking behavior
of pigs. The closer the curve is to the upper right corner, the better the model effect is. Where the black line
represents the SE-YOLOX model, the dark blue line represents YOLOX model, the green line represents
YOLOv4 model, the yellow line represents RetinaNet model, the orange line represents EfficientDet model,
the blue line represents Faster RCNN model, the light blue line represents CenterNet model and the red line
represents SSD model.
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Fig. 6 - P-R curve

The experimental results show that:

In the P-R curve prediction of pigs' drinking behavior, the P-R curve of SE-YOLOX model was always at
the top, and the prediction accuracy of the model remained between 0.9 and 1.0 with the increase of Recall.
The Precision of SSD model decreases rapidly when Recall is between 0.5-0.6, and the Precision of RetinaNet
model decreases rapidly when Recall is between 0.6-0.7. YOLOv4, EfficientDet, Faster RCNN and CenterNet
models gradually decreased with Recall of 0.8-0.9.

In the prediction of P-R curve of pig-eating behavior, the P-R curve of SE-YOLOX model was also always
above other models, and the Precision value remained 1.0 between Recall and 0.8, and remained between
0.95 and 1.0 even though it decreased slightly after that. The P-R curve of SSD model decreased the fastest,
and the Precision decreased rapidly when Recall was 0.4-0.5, while the Precision of the other five models
decreased gradually when Recall was 0.7-0.9.

In conclusion, compared with the other six models, the P-R curves of eating and drinking of SE-YOLOX
model are always at the top with stable changes, which is better than the other six models. The results indicated
that the SE-YOLOX model had better stability and better detection performance for pigs' eating and drinking
behaviors.
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In order to explore the detection effects of different models on the eating and drinking behaviors of pigs,
this paper compared the detection effects of eight models on the eating behaviors of pigs by calculating the
MAP of each model. Table 1 shows the comparison of mAP of the eight models.

Table 1
Comparison of mAP values of eight models

Model MAPos mMAPo7s MAPos09s MAPo0s5:095medium  MAP0.5:0.95-1arge
SE-YOLOX  99.86% 98.36% 88.03% 98.36% 99.86%
YOLOX 99.95% 90.01% 74.92% 92.10% 99.95%
YOLOv4 99.88% 81.64% 68.51% 87.85% 99.88%
CenterNet 97.33% 71.99% 61.10% 76.87% 97.33%
Faster RCNN 98.71% 76.08% 63.40% 81.49% 98.71%
EfficientDet  98.79% 73.47% 61.89% 78.81% 98.79%
RetinaNet 95.50% 59.18% 54.20% 67.53% 95.50%
SSD 80.78% 45.54% 45.89% 52.63% 80.78%

The experimental results show that:

1) Different models have different detection effects on eating and drinking behavior of pigs. As can be
seen from the Table 1, the detection results of SE-YOLOX model are always higher than other models and
remain in the best state. mMAPo.5:0.95-1arge IS 99.86%, which is only 0.09% higher than the maximum value and
1.07%-19.08% higher than other models. The mAPos:0.95 of SE-YOLOX model was 13.11% higher than that of
YOLOX model, 19.52% higher than that of YOLOv4 model, and higher than CenterNet and Faster RCNN,
EfficientDet, RetinaNet and SSD models were 26.93%, 24.63%, 26.14%, 33.83% and 42.14%. The
MAPO0.5:0.95-medium of SE-YOLOX model is 98.36%, only 1.50% different from the mAPos.0.95.1arge, While the
difference between the mAPos:0.95-medium Of Other models and the mAPo.5:0.95-1arge IS 7.85% ~ 28.85%.

2) Because the same model has different detection accuracy under different thresholds. Therefore, in the
process of increasing the IoU threshold from 0.5 to 0.95, the mAP values of the eight models gradually
decreased. However, the mAP value of SE-YOLOX model when loU threshold is 0.75 is only 1.50% lower
than that when loU threshold is 0.5. YOLOX, YOLOv4, CenterNet, Faster RCNN, EfficientDet, RetinaNet and
SSD models decreased 9.94%, 18.24%, 25.34%, 22.43%, 25.32%, 36.32%, 35.24%. Thus, YOLOX model is
more stable in detecting the eating behavior of pigs.

In summary, it can be seen that the SE-YOLOX model has a faster convergence rate and better effect
after improving the decoupling head, which not only greatly improves the detection accuracy of the experiment
but also makes it more stable than other models. It can accurately predict the eating and drinking behavior of
pigs at a faster speed. Therefore, SE-YOLOX model is more suitable for the detection of eating and drinking
behavior of pigs.

To better evaluate the performance of the detection model, this study visualizes the results of eight
detections, as shown in Figure 7. Figure 7a shows the detection results of eating behavior of pigs from a side
view angle under sufficient light. Figure 7b shows the test results of drinking behavior of pigs from a side view
angle under sufficient light. Figure 7c shows the detection results of the simultaneous eating and drinking
behaviors of pigs from a vertical angle under the condition of insufficient light. Figure 7d shows the detection
results of eating and drinking behaviors of pigs in the condition of overlooking angle adhesion under insufficient
light. Part of the test results are shown in Figure 7, with the green box representing eating behavior and the
red box representing drinking behavior.
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Fig. 7 - Some forecast results

Through the tests of all models, it can be seen from Fig. 7a and 7b that the eight models can detect the
eating and drinking behaviors of pigs correctly under sufficient light. Among the detection results of pig eating
behavior, SE-YOLOX model had the highest confidence.

Fig.7c shows that CenterNet model and RetinaNet model have errors in the detection of eating status
and SSD model has errors in the detection of eating status and drinking status in the condition of insufficient
light and simultaneous eating and drinking behavior. The SE-YOLOX, YOLOX, YOLOv4, Faster RCNN and
EfficientDet models were all able to correctly detect drinking behavior and eating behavior, and the SE-YOLOX
model had the highest confidence.

Fig.7d shows that SE-YOLOX, YOLOX, YOLOv4 and Faster RCNN models can correctly detect the
eating and drinking behaviors of pigs in the sticky state under insufficient light. CenterNet, EfficientDet and
RetinaNet models failed to detect the eating behavior of the pigs under the condition of adhesion, while SSD
model failed to detect the eating and drinking behavior of the pigs under the condition of adhesion.

In conclusion, the SE-YOLOX model can accurately detect the eating and drinking behaviors of pigs
under any circumstances, and the confidence degree is always the best compared with other models. The
results showed that the SE-YOLOX model improved the input data enhancement and label allocation, and
maintained the best stable state while improving the detection rate. Compared with other models, the SE-
YOLOX model was more suitable for dietary detection of pigs.

CONCLUSIONS

This paper integrates the SE attention module into the YOLOX model, improves the YOLOX model, and
establishes the detection model SE-YOLOX, which is used to detect the drinking and eating behavior of pigs
in the pig house environment. The main conclusions are as follows:

1) Compared with the other seven deep learning detection models, the YOLOX model has better
detection performance of pig drinking and eating behavior, and the model detection accuracy is improved after
adding the SE attention mechanism.

2) The SE-YOLOX model outperforms the other seven models on various indicators of mAP. It indicated
that the SE-YOLOX model had better stability in the detection of pigs' eating drinking behavior.

3) The SE-YOLOX model can effectively detect the eating behavior of pigs under the condition of side
view, top view, adhesion state and insufficient light in real-time. While efficiently and accurately detecting the
eating and drinking behavior of pigs, it does not affect the normal living order of pigs and is more easily
accepted by farms. It is of great significance to the management of pig farms and the improvement of breeding
welfare.
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ABSTRACT

As an important plant protection machinery for spraying and fertilizing crops, high clearance self-propelled
sprayer is of great significance to promote food security production and stable development of agriculture.
Aiming at the complex operating conditions and unique operating requirements of large high clearance self-
propelled sprayer, this paper analyzes and determines the main components of the sprayer suspension,
such as elastic components, guiding devices, buffer devices, damping components, etc., and designs a
stand-alone vertical shaft air suspension system structure suitable for high clearance sprayers. The stress of
the sprayer chassis under different extreme conditions such as side slip, emergency braking and uneven road
driving is analyzed, and the vertical shaft is designed and checked in detail. Based on the stress analysis results
of the sprayer chassis, the finite element analysis software HyperMesh 10.0 was used to analyze the statics of the
key components of the suspension, such as the vertical shaft, the motor protection shell, the steering arm, and the
spring top support. According to the results of force analysis and finite element analysis, combined with the
requirements of process production, the suspension structure in the design scheme is improved, and the final
suspension form and the whole structure scheme of the sprayer are obtained. Through this study, it provides a
basis for the design and development of large high clearance self-propelled sprayer.
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INTRODUCTION

High clearance self-propelled sprayer is a kind of large and high-end agricultural equipment
(Sanchez-Hermosilla J. et al., 2022; Hu Y. et al., 2022), which is characterized by high intelligence, wide
operation width, high ground clearance and fast driving speed (Li W. et al., 2022). At present, the maximum
speed of sprayer has reached 60 km/h. The large ground clearance and high driving speed make it
necessary to be equipped with a special suspension system to buffer the vibration. On the one hand, the ride
comfort of the driver is improved by vibration reduction. On the other hand, the vibration, swing and rotation
of the boom are prevented and reduced, so that it is kept at a constant height, so that the spraying is more
uniform, and the drift is reduced. During the operation of the sprayer, the sprung mass changes with the
change of the amount of Chinese medicine in the medicine box, which requires the suspension to have a
wide adaptability. At the same time, due to the complex and changeable field working environment, the
suspension also needs to ensure the balance of the frame and the traction of the whole vehicle. In the
process of driving on the road, the speed is high, and the suspension is needed to improve the ride comfort
and handling stability of the sprayer. Mainstream agricultural machinery enterprises in the world have
developed a variety of sprayer chassis suspensions, and formed the following two characteristics in structure
and function:
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(1) The suspension with helical spring as elastic element has been applied in sprayer (Press R.U.,
2012; Buschena J., 2012). For example, the four-wheel independent damping system installed on the Patriot
series sprayer produced by Case New Holland and the shock absorber and spiral spring damping system
installed on the 3WZG-3000 sprayer produced by modern agricultural equipment. The advantage of this
suspension form is that the structure is simple, and the semi-active control of the suspension is realized by
using the adjustable damping shock absorber. However, because the spiral spring and the shock absorber
are mostly in parallel, it is not convenient to realize the body height stability and load balance control of the
sprayer due to the small spring stroke and weak load capacity adjustability.

(2) Independent nonlinear spring suspension, especially air suspension has become the mainstream
(Hung T.M., 2022; Jiang X. et al., 2022; Zhou Y. et al., 2022). The air spring is widely used in foreign
sprayers because of its good nonlinear elastic characteristics, large suspension stroke and adjustable load
capacity. Sprayer companies such as John Deere (Carlson B.C. et al., 2011; Wubben T.M. et al., 2007),
AGCO (Slawson J., 2013; Steffensen C, et al., 2012), HAGIE (Schaffer J.A., 2002; Schaffer J.A., 2002), and
AgriFac (Blaauw D., 1999; Ehlen V. et al., 2011) have applied for patents on air suspensions, and their new
generation sprayers are also equipped with air suspension systems. For example, the Miller sprayer uses an
air suspension system with a vibration reduction stroke of up to 20 inches. The multi-link guiding device
ensures that the air spring is only subjected to vertical force. The John Deere 4000 series sprayer and the
sprayer independently developed by our team adopt a four-wheel independent vertical air suspension
system (Chen Yu et al., 2021; Yu Chen et al., 2020). There is a vertical shaft between the hub and the
bottom of the airbag. The top of the airbag is fixed on the sleeve connected to the frame through the gantry.
When the sprayer passes through the uneven road surface, the wheel squeezes and stretches the air spring
to cushion the vibration. The sprayer equipped with independent vertical shaft air suspension has simple
structure, high ground clearance, large vibration reduction range, easy track adjustment and four-wheel
steering. It has been widely used in the products of well-known sprayer manufacturers such as HAGIE,
AGCO and AGRIFAC. However, the independent sprayer chassis air suspension system is not equipped
with a damper due to structural and space constraints, and only relies on the tire and spring self-damping
and mechanical structure friction damping to attenuate vibration. When the sprayer is running at a higher
speed or on poor road conditions, the vibration reduction effect will be affected.

(3) The research of active and semi-active chassis suspension system has been paid more and
more attention. In order to better adapt to the complex working conditions of the sprayer, some
manufacturers began to actively develop active and semi-active suspension systems (Chen, Y et al., 2020;
Li, W et al., 2018). For example, John Deere and HAGIE equipped the mechanical body height adjustment
system on their R40 series and STS series sprayer suspensions, respectively. The system ensures that the
chassis of the sprayer is always stable in a certain height range when the charge ratio of the tank changes,
thus ensuring the vibration reduction performance of the suspension and the stability of the body. AGCO is
equipped with a hydro-pneumatic suspension system that integrates ground clearance adjustment and
wheelbase adjustment on its Challenger RG600 series sprayers (Hiddema J., 2013; Zatrieb J. et al., 2012). A
variable orifice is connected between the accumulator and the hydraulic cylinder, and the system damping
can be adjusted by changing the size of the orifice. One end of the double-acting hydraulic cylinder in the
hydro-pneumatic suspension is connected to the motor shell, and the other end is connected to the frame.
Through the expansion of the hydraulic cylinder, the sprayer 's ground clearance can be changed steplessly
between 75 cm and 120 cm. At the same time, there are two four-way solenoid valves between the inlet and
outlet of the oil cylinder of the left and right hydro-pneumatic suspensions. During normal driving, the
solenoid valve is in the left position, the left and right cylinders are not connected, and the hydro-pneumatic
suspension is independently supported and damped; when the sprayer rolls seriously, the solenoid valve is
in the right position, and the rodless cavity of the left cylinder is connected with rod cavity of the right cylinder.
At this time, the roll stiffness increases, which can effectively reduce the roll of the whole machine.

In summary, world-renowned agricultural equipment companies such as AGCO, John Deere, HAGIE,
AgriFac, etc. have designed and developed a series of suspension systems with air springs as elastic
elements for the operation characteristics of high-clearance sprayers. However, due to structural and space
constraints, fewer suspensions are equipped with dampers, and most sprayers rely only on tires and spring
damping to attenuate vibration. When the sprayer is running at a higher speed or on poor road conditions,
the vibration reduction effect will be greatly affected. Therefore, how to design a large high clearance self-
propelled sprayer suspension system that can meet the requirements of high ground clearance, large
vibration reduction stroke, convenient four-wheel steering and wheel track adjustment is a problem to be
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solved on the basis of combining the existing suspension system according to the characteristics of large
high clearance self-propelled sprayer, such as fast driving speed, high working efficiency, and the change of
sprung mass with the change of liquid volume (Wei Z. et al., 2023; Han J. et al., 2022; Rondelli V. et al.,
2022). Based on this, aiming at the complex operating conditions and unique operating characteristics of
large high clearance self-propelled sprayer, this paper designs a stand-alone vertical shaft air suspension
system suitable for high-clearance sprayers, and selects and analyzes the main components. Through this
study, it provides a basis for the design and development of large high clearance self-propelled sprayer.

MATERIALS AND METHODS
Structural element selection and analysis

According to the design condition requirements of the chassis suspension system of the spray, the
main components of the suspension such as elastic elements, guiding devices, buffer devices, damping
elements and the structural form of the suspension system of the spray are analyzed and determined.

® Elastic elements

The air spring is selected as the elastic element of the suspension system of the spray, which can
meet the design requirements of the suspension system such as simple structure, large damping travel,
automatic height stability, load balancing capacity, sufficient strength and life (Chen Y. et al., 2020; Chen Y.
et al., 2021).

Membrane air springs have a small effective area change rate, a compact structure and smaller
stiffness under the same load carrying capacity, and are widely used in trucks, buses, and agricultural
vehicles. When selecting an air spring, ensuring that its design height is within the recommended range can
achieve the best service life and vibration damping performance. The pressure pio, stiffness ko, and bias
frequency fo of the membrane air spring at the load Wi and design height can be calculated from Equations
(1) to (3).

— M, Py

Po =" 1)
dA, Ao’
I(o = plOE_Fn( Py + pa) Vz (2)
1 [k
f=— |2 3
0= oA 3

According to the overall design requirements of the high clearance sprayer, the vehicle is fully loaded
with a sprung mass of 12,000 kg, that is, the load distributed on each spring is 3,000 kg. Therefore, the
selected air spring needs to be able to output no less than 29.4 KN at the design height and within the
pressure range of 4~6 bar. Based on the above requirements, the 1T19L-7 diaphragm air spring produced
by Firestone is selected. Its design height is 380 mm, and the static data curve of the spring is shown in Fig.1.
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Fig. 1 — Offering of 1T19L-7 reversible sleeve style air spring static data curve by Firestone
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By fitting the displacement-load curve and displacement-volume curve under 5 bar in Fig. 1, the
effective area and volume formula of the spring are obtained as follows:

1.6786(x —0.38)” +0.3761(x - 0.38) + 0.0775  (0.18< x<0.24)

A =10.0567 (0.24 < x<0.38) (4)
~1.4583(x - 0.38)° — 0.0294(x — 0.38) + 0.0565 (0.38< x < 0.56)
V =0.0564(x —0.38)+0.01914 (0.18< X <0.56) (5)

As described in formulas (4) and (5), the effective area change rate A’ and volume change rate Vi’
of the spring change with the height h of the spring, and are less affected by the internal pressure and
temperature, which can be ignored. The basic parameters of the spring under the load of 29.4KN and the
design height of 380 mm can be calculated from Egs. (1) to (5), as shown in Tab. 1.

Table 1
Essential parameters of 1T19L-7 reversible sleeve style air spring in 380 mm design height and 29.4 KN load
Load Gauge pressure Effective sectional area Volume Stiffness Natural frequency
29.4 KN 5.18 bar 567.5 cm? 19140 cm? 163 KN/m 1.17 Hz

® Buffer device

The buffer device is mainly to prevent the direct impact between the suspension and the frame,
absorb the impact load transmitted from the wheel to the frame, and limit the maximum stroke of the
suspension. It can be seen from the static data curve of 1T19L-7 film air spring that the spring height can
change in the range of 167~545 mm without buffer device. It is necessary to limit the stroke of air spring in
the range of £100 mm through buffer device to meet the overall design requirements of sprayer. The
commonly used buffer device is composed of different materials such as rubber or porous polyurethane. Fig.
2 shows the rubber buffer block structure. The steel plate and rubber are connected by vulcanization, and
then the buffer block is fixed and installed on the frame or other parts by the screws on the welded steel

plate, which plays the role of limit and protection.
Bolt

I Steel plate

Rubber
block

Fig. 2 — Rubber bumper

® Guiding device

The guiding device is used to transmit various forces and moments except the vertical force, which
determines the motion characteristics of the wheel relative to the frame. In view of the advantages of the
McPherson independent suspension system, the structure is appropriately deformed to form an independent
vertical shaft suspension system suitable for large high clearance self-propelled sprayer, as shown in Fig. 3.

In Fig. 3(a), the shock absorber in the McPherson independent suspension not only provides damping
force, but also supports the body. Its advantage is that the structure is compact and the space is small. The
disadvantage is that it cannot bear large lateral force, and additional guide rods such as yaw arm and anti-tilt
connecting rod are needed to increase the lateral stiffness and roll stiffness of the suspension. However, the
existence of the guide rod system makes it unable to meet the requirements of high clearance of the sprayer.
Replace the shock absorber 3 with the vertical shaft 5, remove the guide rod 2, and install the guide shaft 7 on
both sides of the spring (to ensure that the spring only bears the vertical force), and obtain the independent
vertical shaft suspension system shown in Fig. 3(b). Compared with the McPherson suspension, the ground
clearance of the vertical shaft suspension is significantly increased, and the ground clearance can be changed by
replacing the vertical shaft with different lengths under the premise of satisfying the stiffness and strength. Since
the shock absorber is replaced by the vertical shaft, the vertical shaft suspension needs to be equipped with other
forms of damping devices, such as friction dampers or additional air chambers, to attenuate vibration.
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(a) McPherson suspension structure (b) Independent strut type air suspension structure

Fig. 3 — Structural sketch of suspension
1. Wheel; 2. Track arm; 3. Shock absorber; 4. Frame; 5. Spring; 6. Strut; 7. Guide shaft; d. Clearance value

® Damping elements

A suitable damping device is very important to improve the ride comfort performance of the sprayer.
In this paper, according to the structure of the independent vertical shaft air suspension, the additional air
chamber air damping suitable for the sprayer suspension is designed. Compared with other damping, the air
damping generated by the gas exchange between the air spring and the auxiliary chamber (Giuseppe
Quaglia et al., 2001; Zheng Y et al., 2022; Zheng Y et al., 2023) has the advantages of less heating, better
vibration isolation effect in the frequency band (4~8Hz) which is most sensitive to low frequency and high
amplitude vibration and human body. Based on the air spring, an additional air chamber is added, and a
throttle valve hole is set between the main and auxiliary air chambers. Throttle valve is a key component to
realize air damping, which can adjust the gas mass flow between the spring and the auxiliary chamber.
When the air flows through the throttle valve hole Ak from the cross section Ai, the pressure difference
(p1#p2) will be generated at both ends of the throttle valve, which will cause the air to generate damping
when passing through the throttle valve (see Fig. 4). By adjusting the aperture size of the throttle valve hole
to change the damping of the suspension, the semi-active control of the damping of the sprayer suspension
system is realized. In addition, since the arrangement of the additional chamber is not limited by the structure
and space, the additional chamber can be placed at any position of the chassis.

Fig. 4 — Schematic diagram of air flowing through the throttle orifice

Structural design

Based on the McPherson independent suspension, this study designed an independent vertical air
suspension system suitable for large high clearance self-propelled sprayer through appropriate deformation
and air damping principle.

Fig. 5 shows the preliminary design of the independent vertical air suspension structure assembly
based on air damping. Among them, 1~5 form tire assembly T, 7 and 9 form frame connection assembly F,
8, 13 and 15 form steering assembly Z, 10~12, 14~21 and 6 form suspension damping assembly S; the
same as Fig. 2-7, the elastic element uses the 1T19L-7 air spring produced by Firestone, and the damping
range is about £100 mm by the internal buffer block and the limit block 16 of the spring. Throttle valve 18 is
an important part of air damping device. It can use the gas-specific electromagnetic proportional flow control
valve designed and manufactured by iQValves company. It has the advantages of low hysteresis, high
frequency response, high pressure resistance and long life.
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Auxiliary chamber is =g

connected here /.

Track adjustment
cylinder is installed here

(a) Overall structure (b) Local large map

Fig. 5 — Instruction diagram of independent strut type air suspension system based on air damper

1. Wheel; 2. Brake disc; 3. Motor protection housing; 4. Hydraulic motor; 5. Brake caliper installation; 6. Strut;
7. Beam support column; 8. Steering cylinder support arm; 9. Beam; 10. Air spring; 11. Compressed air hose;
12. Aucxiliary chamber; 13. Steering cylinder; 14. Positioning ring; 15. Steering arm; 16. Rubber limit block;
17. Spring top support; 18. Variable throttle valve; 19. Guide post; 20. Lubrication mouth; 21. Spring bottom support

Sprayer chassis force analysis

The working conditions of the sprayer are complex. During the operation of the whole machine, it is
necessary to bear the effects of vertical, longitudinal, lateral and other forces. Through the force analysis of
different extreme conditions (side slip, emergency braking, uneven road driving) of the sprayer chassis, the
main structural parameters of the key components are obtained. For the convenience of analysis, it is
assumed that the centroid G of the sprayer is located at the center of the whole machine, that is, in the
transverse direction, the centroid distance is equal to the distance between the left and right wheels;
longitudinally, the distance from the front and rear bridges is equal. On this basis, the following variables and
positions are defined: G, is the full load half vehicle weight, N; GB: and GB; are the reaction forces on the
left and right wheels of the front axle when driving on uneven roads, N; GC; and GC; are the reaction forces
on the left and right wheels of the front axle during sideslip, N; GZ1 and G4 are the ground reaction forces
on the left wheels of the front and rear axles during braking, N; GX1 and GX; are the ground reaction forces
on the left wheels of the front and rear axles during climbing, N; FC; and FC; are the lateral forces on the left
and right wheels of the front axle during sideslip, N; FZ; and FZ, are the braking force of the left wheel of the
front and rear axle respectively, N; Fy, is the additional load transferred by the braking inertia force, N; F¢ is
the additional load transferred by sideslip centrifugal force, N; a and b are the distances from the top and
bottom joints of the vertical shaft to the axle joints, m; r is the tire rolling radius, m; | is the distance between
the axle joint (point O) and the center surface of the tire, m; h is the height of mass center, m; ¢ is the wheel
track, m; L is the wheelbase, m; d is the distance from the center surface of the tire to the center surface (O2
point) of the mounting shaft sleeve, m; w is the length of the axle, m; s is the distance from the contact point
under the vertical shaft to the cross section of the tire, m; B is the vertical axis inclination, 8°; 8 is the slope
angle, 12°; & is the dynamic load coefficient when passing through the uneven road surface, generally taking
2.5; @ is the peak adhesion coefficient between tire and ground, take 0.7; ¢' is the lateral peak adhesion
coefficient, take 0.7; G is the center of mass, O. and Or are the intersections of the left wheel and the right
wheel with the ground, Or and Os are the intersections of the front and rear axle center lines with the ground,
O is the intersection of the front axle housing support and the left vertical shaft, O> and Os are the
intersections of the vertical shaft with the ground clearance adjustment mechanism and the bottom support
of the air spring.
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When the sprayer passes through the uneven road surface, the wheels mainly bear the dynamic
load. Currently,

Gm
Ge, =G, =0 (6)

When turning, the wheel should bear the lateral force generated by the sprayer (see Fig. 6). When
the sideslip occurs, the lateral force reaches the maximum.
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Sideslip direction of sprayer———

Fig. 6 — Stress analysis diagram of sprayer passing through uneven road and skidding
1. Wheel; 2. Motor; 3. Motor protection housing welding; 4. Axle; 5. Beam; 6. Strut; 7. Air spring; 8. Sprayer body;

Assuming that the sprayer slides to the left side, the left wheel is subjected to the combined action of
the vertical load G. and the additional load F. transferred by the side slip centrifugal force. Taking the
moment of the centroid G in Fig. 6, it can be obtained:

C C
Gc1 E = Gcz E + I:c1h + Fczh (7)
due to

Fe. =G (8)
Fe, = (DIGcz (9)

G
G, = 7m +F (10)

G
Gcz = 7m - Fc (11)

The formula (2-8)~(2-11) into formula (2-7), the following is obtained:

=246, (12)
Then:
1 h .
Gy =(=+.9p)G
c1 (2+C¢) m (13)
1 h .
G, = (E - E@ )G, (14)

When the sprayer brakes urgently, the front axle is subjected to the combined action of vertical load
Gm and braking inertia force Fy, as shown in Fig. 7.

59



Vol. 71, No. 3 / 2023 INMATEH - Agricultural Engineering

-— Travel direction of
Fig. 7 — Stress analysis diagram of sprayer emergency braking

During the braking process, under the action of negative acceleration, the vertical load is transferred
to the front axle. At this time, the moment of the centroid G in Fig. 7 is taken, then:

L L
GZl E = (322 E + FZlh + FZZh (15)
due to
F, =G, (16)
F, = (/7Gzz (17)
G
G21 = 7m +F, (18)
G
Gy = 7m -F (19)
The formula (15)~(19) can be obtained:
1 h
Gm=[§+%}j0m (20)
1 h
Gzz = (E - %ij (21)

When the sprayer is climbing, part of the mass of the vehicle will transfer to the rear axle, as shown
in Fig. 8. The moments of Or and Og are taken respectively, and the reaction force of the left wheel of the
front and rear axles can be obtained as shown in Formulas (22) and (23). where 6 is the slope angle, rad.

h .
Gy, = (# —sin 9) G, (22)

(23)

Fig. 8 — Stress analysis diagram of sprayer running on the slope
The following takes the vertical shaft as an example to analyze its stress under different working

conditions. In order to simplify the analysis, the backward inclination of the vertical shaft and the camber of
the tire are not considered, and it is assumed that the action point of the force is located at the midpoint O3
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and O3 of the connection between the upper and lower ends of the vertical shaft and the bottom support of
the air spring and the support plate on the motor protection shell.

When passing through uneven pavement, the vertical shaft bears dynamic load. Suppose that the
forces acting on Oz and Os are Fgp and Fgu, respectively. According to the moment balance, the moments of
Oz and O3 are taken respectively.

When climbing, the forces acting on Oz and Oz are set to Fxp and Fxu, respectively.
Fo = (&Zsa +%sin aj —(I _aajig A G, (26)
Fo :(00;a+%sin a)—(l +abji£ﬂ) G, (27)

The force analysis of the vertical shaft is shown in Fig. 9. The supporting force Gci1 generates two
opposite forces on the vertical axis, which are Fcu and Fcp respectively. According to the moment balance,
the moments of Oz and Os are taken respectively. From the moment balance, it can be obtained that:

Ge:

Fer N/ o

Fig. 9 — Stress analysis schematic diagram of strut under sideslip working condition

Fou (@+b) =G, (I —asin B)+ F, (r +s) (28)
Foo (a+b) =G, (I+bsin B)+ R, (r +s) (29)
Bring (8), (13) into (26) and (27):
_(I-asing+o'r+9¢'s) ,
Fou = 20(a+ b) (C +2hg )Gm (30)
_(I+bsing+9'r+ ') ,
Fo = Zc(a+b) (C+ 2he )Gm (31)

Fig. 10 shows the force analysis diagram of the vertical shaft during braking. The supporting force
Gz1 generates two opposite forces on the vertical shaft, which are Fzu1 and Fzp1, respectively.

The braking force Fz1 generates two co-directional forces Fzyz and Fzpz on the vertical shaft support.
In addition, under the action of braking force Fzi1, the axle housing support on the wheel has a tendency to
rotate around the vertical axis, which is stopped by the steering cylinder on the steering arm.

At this time, the thrust Fy acting on the steering arm by the steering cylinder produces two co-
directional forces Fzus and Fzps on the vertical axis support.
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Fig. 10 — Stress analysis schematic diagram of strut under emergency braking working condition.

During braking, the support force Gz generates two opposite forces on the left front vertical shaft,
which are Fzu1 and Fzpi1 respectively. According to the vertical shaft torque balance relationship, it is
obtained that:

Fou =Gy (Izaa—_ilg)ﬂ) (32)
Fopi =Gy (I-('_:%)ﬂ) (33)

The braking force Fz1 generates two co-directional forces Fzuz and Fzp2 on the vertical shaft support,
which are balanced with the thrust F, acting on the steering arm by the steering cylinder.

F,l
= ﬁ (34)
The two forces Fzu2 and Fzp2 of F, on the vertical shaft support are:
F,l a
02 = ﬁm (35)
F,. b
= — (36)

D2 ~ 5
21 a+b
The thrust of the steering cylinder acting on the steering arm F, produces two co-directional forces
Fzu2 and Fzp2 on the vertical shaft:

F I —bsing

Fous = 21 a+b 37)
Rl +asing
Foos =57 a+b (38)
From Fig. 10:
Fp = \/( Fa1-Faus )2 + qu22 (39)
FZD = \/ ( FZDl + FZD3 )2 + I:zozz (40)

In the formula, I’ is the radius of the steering arm of the sprayer, and |” is the distance from the end
point of the steering arm to Oa.
Bring Egs. (16), (20), (32)-(38) into Egs. (39) and (40), the following is obtained:

a2 et -wsing) toll sng) | (e @
o= o (ebsin ) to( asing) |+ (o) @

From the formula (24)~(27),(30),(31),(41),(42), it can be seen that the force on the lower end of the
vertical shaft is greater than that on the upper end.
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Therefore, the maximum value in Fgp, Fxp, Fcp and Fzp is taken as the calculation load Fmax of the
vertical shaft. The bending stress, shear stress and extrusion stress of the vertical shaft are calculated as
follows:

32e
F— 7Z'd3 max
4
7= (2-43)
O, —ﬁ
" de

where € is the contact length between the vertical shaft and the upper and lower connectors, m.

According to the force analysis results of the vertical shaft, combined with the force diagram of the
sprayer suspension in Figs. 6~10 and the relationship between the force and the reaction force, the force of
other main components of the suspension is obtained, which provides the necessary basis for further finite
element analysis and structural improvement of the components.

Finite element analysis of main parts

Compared with other CAE analysis software, HyperMesh has the advantages of high-performance
finite element preprocessor and postprocessor, and has a good interface with a variety of CAD software. It
can accurately and quickly establish finite element and finite difference models of various complex models,
and has been widely used in many manufacturing enterprises and scientific research institutes around the
world. In this paper, HyperMesh 10.0 software is used to analyze the key components of the designed
independent vertical shaft air suspension system, including spring top support, vertical shaft, motor
protection shell and steering arm. Combined with the results of mechanical analysis, the suspension system
structure is improved design.

Open HyperMesh 10.0, set the working path, and save the 3D model format as *.stp. In order to
ensure the success of HyperMesh 10.0 meshing, the model needs to be simplified in Creo. The simplified
parts are mainly chamfering, chamfering and small holes. By meshing, the finite element model is
established, and the parameters such as density, elastic modulus and Poisson 's ratio of the model material
are set. The stress and strain state of each component is analyzed by adding constraints to the stress
analysis results of each component. The parameters of the key components of the designed vertical air
suspension are shown in Tab. 2.

Table 2
Material property parameters of key suspension components
Part name Material Density (g/cm?) Elastic modulus (GPa) Poisson's ratio
Strut 45 7.85 210 0.31
Motor protection housing Q345 7.89 135 0.269
Steering arm Q345 7.89 135 0.269
Spring top support Q345 7.89 135 0.269

RESULTS AND DISCUSSION
Key parts force analysis results and discussion

Based on the structural size of the whole machine, the variable values shown in Tab. 3 are taken,
and the known quantities are brought into Section 2.4 to obtain the chassis force under different working
conditions as shown in Tab. 3. The meaning of each symbol in Tab. 3 is known from Section 2.4. According
to Tab. 3, the chassis force is closely related to the size of the wheelbase, and increasing the wheelbase can
reduce the force of some parts. And the relationship between the size of the force is Fcp>Fzp>Fsp>Fxp,
select Fmax=Fcp, according to Formula (2-43), known 45 steel allowable bending stress oe=120 MPa,
allowable shear stress 11=30 MPa, allowable extrusion stress oc=50 MPa, check the vertical shaft diameter
D=106 mm. Considering that the selection of some parameters in the preliminary design is not necessarily
consistent with the actual situation, some of the limit conditions may not be taken into account. At the same
time, the influence of the keyway and cone surface on the spindle is calculated, and the minimum diameter
of the vertical shaft is 120 mm. According to the relationship between the force and the reaction force, the
force of the motor protection shell is calculated to be 85750 N. The force on the bottom of the steering arm is
34300 N, and the thrust of the steering cylinder is 40004 N; The reaction force of the spring top support is
57291 N. The direction and position of the force are shown in Fig. 11.
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Table 3

Mechanical analysis and calculation results of chassis

Known variables Calculation results
\r;ag:s‘zlﬁesu/nit el Fni?aii??t?r?ilt/ When the wheel track is 3.0 m When the wheel track is 3.8 m
Gm/N 68600 Uneven road excitation condition
Go/ N 58800 Ggi/N 85750 85750
a/m 0.45 Ggz2/ N 85750 85750
b/m 1.05 Sideslip condition
r/m 0.93 Gci/ N 74316.7 65892.1
I/ m 0.3 Fci/ N 52021.7 46124.5
h/m 25 Emergency braking condition
c/m 3.0~3.8 Gz /N 74793.1 74793.1
L/m 3.6 Fzi /N 63574.1 63574.1
S/m 0.24 Ramp driving condition
w/m 1.8 Gxi /N 43455.1 434551
Bl° 8 Fxi1/N 36936.9 36936.9
CIN 12 Stress results of strut
(o) 2.5 Feu/N 13569.8 13569.8
7] 0.85 Feo/N 25503.9 25503.9
' 0.7 Fxu/N 6876.7 6876.7
g/ m-s? 9.8 Fxp/N 12924.5 129245
I'/'m 0.23 Fcu/N 52337.4 46404.4
I"/m 1.3 Feo /N 66256.1 58745.3
B/m 0.38 Fzu/N 23601.7 23601.7
e/m 0.078 Fzo/N 61482.2 61482.2

Simulation results and discussion

The mesh size is defined as 10 mm, and the tetrahedral method is used for meshing. According to
the force analysis results of Tab. 3 and the material properties of Tab. 2, the constraints and loads are
applied to the parts, and the finite element analysis model of the key parts is obtained as shown in Fig. 11.

(a) vertical shaft

(c) Spring top support

(b) Motor protection shell

(d) steering arm

Fig. 11 — Finite element analytical model of suspension key components

According to the finite element model of the vertical shaft, the stress and strain analysis of the

vertical shaft is shown in Fig. 12.
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