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Abstract: The development of restoration technology and meadows, improvement of run-down
pastures, and productivity improvement of old crops of perennial grasses is an urgent problem in
agriculture. The tillage traction force in seeder designing and manufacturing is an important indicator
of energy efficiency. The objective of this work is to reduce traction force and ensure seeding depth
uniformity by justifying the optimal chisel parameters of a grain–fertilizer–grass seeder for direct
seeding in sod. The Box–Behnken method was applied to investigate the traction force dependence on
the seeder velocity, seed embedding depth, chisel width, and mounting angle. The obtained optimal
parameters of coulters were justified by the finite element method. Structural and technological
parameters were checked using the smoothed-particle hydrodynamics method on the deformation
and wear of the seeder working body. The revealed optimal coulter parameters were as follows:
chisel width was 20–20.97 mm, chisel length was 145–148.9 mm, mounting angle was 75◦–81.6◦,
and achieved minimum traction force was 720 N. These parameters ensure the quality of grass seed
embedding in the sod. The theoretical data of traction force (8.27–8.39 kN) are in accordance with the
experimental (8.28–8.63 kN) data under field conditions. These findings are efficient in agrotechnical
and mechanical predictions regarding the occurrence of chisel residual stresses and the working
lifetime of the part.

Keywords: traction force; grain–fertilizer–grass seeder; statistical analysis; chisel coulter; Box–Behnken
method; SPH method; FEM

1. Introduction

Increasing the productivity [1,2] of meadows and pastures, restoring run-down pas-
tures, and planting old-age crops of perennial grasses in arid zones where soil with hard
physical and mechanical properties requires implementation of adapted universal technical
means. New technical means [3,4], although effective in climate-changing problems, cause
the expansion of arid regions, leading to risky farming. During the design and manufac-
turing processes of the seeder, the traction force for tillage is an important indicator of
energy efficiency, resulting from the stress–strain [5,6] interaction of the tractor wheels with
the topsoil [7]. At the design and calculation stages, technical decisions to minimize the
traction resistance of an agricultural machine have to be accepted, and they depend on the
structure, materials, and other design features. Justifying the interaction of various factors

AgriEngineering 2024, 6, 2326–2351. https://doi.org/10.3390/agriengineering6030136 https://www.mdpi.com/journal/agriengineering

https://doi.org/10.3390/agriengineering6030136
https://doi.org/10.3390/agriengineering6030136
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com
https://orcid.org/0000-0003-3525-6228
https://orcid.org/0000-0002-8909-2225
https://orcid.org/0000-0001-5990-6227
https://orcid.org/0009-0008-0488-3767
https://orcid.org/0000-0002-6378-3247
https://doi.org/10.3390/agriengineering6030136
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com/article/10.3390/agriengineering6030136?type=check_update&version=2
https://bsatu.by/ru


AgriEngineering 2024, 6 2327

and identifying each component of them is the basis for evaluating, calculating [8,9], and
predicting traction resistance.

Existing seeders for direct seeding into sod do not fully provide the technological
process in conditions of arid zones, where the soil cover has a complex, compacted crust
of the upper horizon. Using chisel coulters for fertilizer application during spring crops,
causes more significant soil mobilization, considering that fertilizer application at greater
depths can stimulate root burial. The chisel coulter requires a traction force for furrowing
from 2.0 to 3.8 kN, depending on the furrow depth, the chisel’s geometry and angle, the
pointer with the soil, and the soil moisture [10]. Moreover, the use of chisel-shaped working
bodies in arid zones requires the application of tractors with higher traction force in narrow
working speed ranges [11]. Any deviation from the optimal operating speed can deteri-
orate significantly the quality of work and lead to increased energy consumption [12,13].
Furthermore, using chisels increases traction requirements and fuel consumption, reduc-
ing tractor/seeder speeds compared to the same number of rows [14]. Evaluating the
exploitation parameters of the mechanized complex of rod and double-disk coulters on
oxidized soil, a study [15] found that compared to the double-disk coulter, the anchor
coulter increased the average traction force by 32%. Notably, in studies conducted in
Rhodic Hapludox using a seeder consisting of four furrows and a coulter with a chisel,
some studies [15,16] obtained traction force values of 10.20 and 10.17 kN. As a function
of furrow depth, the average traction force has a linear relationship with increasing soil
density. Soil compaction affects the traction force, and 23% more force is required to achieve
the same furrow depth when comparing the highest and lowest soil density levels.

The discrete element models (DEMs) were developed in [17–19] and validated to
evaluate the effects of key installation parameters of the subsoiler’s wing, such as the
upward angle φ, the mounting height h, and the mounting angle β on soil-loosening
efficiency η and soil-disturbance area ratio κ. Reducing the wing mounting height of
subsoilers led to larger soil disturbance areas, decreased soil bulk density, improved crop
performance, and moisture of the soil [20]. Increasing the mounting angle can increase the
soil loosening efficiency of bending subsoiling tools without tractive force [21]. The results
showed that φ had the most significant impact on η, followed by h and β. The significance
of the effect of the implement parameters on κ was as follows: h, φ, and β. The impact
of the interaction of φ and h on κ was also significant. The traction and vertical forces of
the working body varied linearly and nonlinearly with the tilt angle. The traction force
increased significantly as the inclination angle decreased. By optimizing the parameters of
the working body, horizontal and vertical forces increased the soil-loosening and -lifting
areas [22]; however, the specific settlement, soil bulk density, and resistance to penetration
decreased. Three coulters with straight shanks, 90◦ (blunt and beveled), and 53◦ mounting
angles were compared with two curved knife geometries (45 and 95 mm offset) on dry
silty loamy field soil [23–28]. The 53◦ straight coulter showed the most incredible speed
response, reducing furrow backfill and increasing lateral soil spread (from the center of the
furrow). The addition of a double-sided chamfer reduced lateral soil spread and provided
backfill at 8 km/h, but soil spread increased at 12 and 16 km/h. However, a coulter with a
curved shank with a 45 mm offset had more significant soil spread at speed. It resulted
in reduced furrow filling and increased lateral soil spread at 16 km/h (similar to straight
shank coulters). In [28], it was found that furrow size was more dependent on the lateral
displacement of the stem and the bending angle of the lateral stem than on the forward tilt
angle of the lateral stem (>90◦). The results show the potential of the new coulter technology
to increase forward seeding speed by minimizing soil spread and traction, consequently
improving seeding quality and seeder productivity. Narrow coulters are widely used for
in-furrow seed embedment and fertilizer in pre-sowing; however, excessive soil mixing
often limits their effectiveness.

The effect of coulter angle (35–90◦) was modeled in [17,21] using DEM and was com-
pared with previous studies to predict furrow profile parameters, such as loosening area,
ridge height, depression area, furrow backfill, and lateral soil ejection. There was predicted



AgriEngineering 2024, 6 2328

to be a twofold decrease in thrust with increasing the mounting angle and a changing
in vertical force at 71◦, which is entirely in line with trends. In studies [22,26,29–32], the
discrete element method was applied to model the soil and moldboard plow interaction
associated with soil movement and tillage forces. The traction forces predicted using DEM
were similar in magnitude to those calculated for different soil types. An increase in tillage
depth led to rising traction force.

It is difficult or impossible to experimentally investigate the soil condition when the
working bodies act on it. Therefore, many researchers [33] have used finite element method
(FEM) modeling of the physical behavior of soil during its compaction to study the forces
acting on tools, stress distribution in the soil, and the nature of soil failure. However,
in some cases, traditional finite element or other grid-based discretization methods are
not possible.

According to the results of the literature analysis revealed that, in the theoretical
investigations that were applied, the Box–Behnken method to optimize the parameters, and
also modeling using the FEM and DEM methods, could be used to substantiate the obtained
parameters of the studied working bodies. Theoretical studies were also confirmed with
laboratory studies in soil bins, and experimental studies in field conditions.

Field tests of a mock-up sample of a grain–fertilizer–grass seeder [34,35] showed that
during direct sowing of grass seeds into the sod to a depth of 3 . . . 4 mm in several working
organs, a chisel with a sharpened front edge with an angle of 60◦, when cutting a slot
in the soil, lifts and pushes aside the cut withered soil crusts. Thus, in some places, sod
swelling after the pass reached 3–6 cm, with the depth of the chisel stroke of 6–8 cm. A wide,
uncovered furrow was left in the coulter trace. It became necessary to theoretically justify
the geometrical parameters and angles of chisel installation to exclude these consequences.
The drawbacks suggest changes in the coulter design regarding the chisel parameters after
their theoretical specification.

The purpose of this work is to reduce the traction force and ensure a uniformity
in seeding depth by justifying the optimal parameters of the coulter chisel of a grain–
fertilizer–grass seeder for direct seeding in sod. Accordingly, the factors influencing the
quality of direct sowing under cover crops and in turf are determined, the constructive-
technological scheme of coulter is substantiated, the occurrence of deformations and surface
wear of the working body of the seeder is evaluated, and Lagrangian meshless methods
of smooth particle hydrodynamics for soil media in modeling of soil fracture processes
at high pressures is used. In accordance with the above listed factors, several laboratory
experimental studies and field tests have been conducted.

2. Materials and Methods
2.1. Theoretical Study of the Traction Force

The equilibrium of external forces acting on it in the directions of horizontal and
vertical axes is considered [34] to determine the coulter traction force, as follows:

P =
2bhσc

sinθ
(A1 + B1) + ϑ2 h·ρ·b2·4

sinβ·cos(α + φ)
(A2 − B2), (1)

where: A1 = sin(θ + φ1), A2 = sin(α + φ1), B1 = cos(θ+φ1)·sin(α+φ)
cos(α+φ1)

,
B2 = cos(α + φ1)·tg(α + φ), α—nose angle of the working body, φ—soil internal fric-
tion angle, θ¯soil shear angle, β—chisel mounting angle, 2b¯width of the working body,
h—depth of travel of the working body, ϑ¯translational speed (velocity) of the working
body, σc—limiting resistance of the soil to compression, ρ¯soil volumetric weight. The
traction force of the working body is equal to 720 N.

It can be seen from Equation (1) that the first term of the coulter traction force—
resistances averaged from the parameters of the cultivated soil layer and its physical
and mechanical characteristics, such as shear strain angle and ultimate resistance to
compression—and the second term is inertial resistances to the movement of soil ele-
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ments, depending on the translational speed of the working body and its mounting, nose,
and friction angles.

2.2. Traction Force Determination under Laboratory Conditions

In laboratory experiments, a soil bin was used to determine the traction force of the
experimental coulter (Figure 1). The technical characteristics of the soil bin is given in
Table 1.
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Figure 1. General view of the soil bin laboratory setup: (a) frontal view; (b) experimental working
body in a soil bin; (c) top view; (d) side view; (e) indicator R320 (1); (f) velocity sensor; (g) dynamome-
ter: (1) electric motor, (2) soil bin, (3) chisel, (4) dynamometer, (5) velocity sensor, (6) mounted truck,
(7) working body shank; (8) vector frequency converter, (9) power board.
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Table 1. Technical characteristics of the soil bin.

Characteristics Unit Value

Soil bin dimensions: Length m 3.93
Height 0.63
Width 0.85

Type of soil Chernozem, heavy loamy (dark chestnut soils)
Moisture % 19 ÷ 23
Hardness MPa 1.9 ÷ 3.2
Density kg/m3 1850

Figure 1 shows the general view of the laboratory soil bin. The soil bin has a measuring
information system and an electronic dynamometer DEP3-1D-10R-2, with data registration
on a PC, for the 2nd class, the maximum permissible relative compliance error is ±0.45%.

2.3. Design of Experiment Using the Box–Behnken Method

The experiments were carried out using the central composite rotatable second-order
planning program [36] using the Box–Behnken [37] method to investigate the dependencies
of traction force and non-uniformity of seed embedment depth on the parameters of
the grain–fertilizer–grass seeder coulter chisel, and a polynomial of the second degree
describing the optimum region was obtained. The following parameters were considered
as influencing factors: width b and length l of the coulter chisel, and the mounting angle of
the rear part to the horizon β (Figure 2).
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Figure 2. Schematic diagram of the working body with main parameters: (1) work body shank,
(2) chisel, (3) knife, (4) seed tube, (5) fertilizer tube, (6) spreader, (7) splint; (b) coulter chisel width,
(l) coulter chisel length, (β) rear mounting angle to the horizon.
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The factor’s values and desirability functions were determined using Design of Ex-
periments (DOE) [38] in the Statistica 10 program. Dependence graphs and the most
optimal factors values were obtained using the Box–Behnken method. In statistics, the Box-
Behnken method is experimental for the surface response methodology.

Planning the experiment according to the Box–Behnken method:

• The levels of factors variation should be selected.
• Encode the factors values −1, 0, and +1.
• Use a planning matrix.
• Calculate the regression coefficient.
• Perform statistical analysis of the obtained model.

2.4. Traction Force Determinations in the Field

Field tests of hardened samples of the coulter chisels were conducted on ordinary
chernozem in the Akmola region of Kazakhstan at sowing of vetch (spring), creeping clover,
and alfalfa. The machine-tractor unit consisted of a wheeled tractor with traction class 2
and seeder [34,35].

Before conducting field experiments, soil moisture and density were determined. Soil
moisture was determined by taking soil samples of field moisture and productive moisture
in aluminum bouquets using layer horizons in four places located along the diagonal of the
plot at 5 cm depth intervals of 0–5, 5–10, and 10–15 cm, respectively, in threefold repetition
(Figure 3a).
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Figure 3. Determination of soil moisture and hardness: (a) bugs for moisture determination; (b) deter-
mination of the total traction force of the experimental grain–fertilizer–grass seeder: (1) experimental
grain–fertilizer–grass seeder, (2) work body shank, (3) electronic dynamometer model DEP1-1D-50P-2.

Soil hardness was determined using a Wile Soil penetrometer with a measurement
range from 0 to 3500 kN/m2.

An electronic dynamometer model DEP1-1D-50P-2 (Figure 3b) was used to determine
the traction resistance of the experimental coulter under study.

2.5. Determination of the Unevenness of Seed Embedment Depths

The regularity of seed embedment depth is one of the most important indicators of
sowing quality and is expressed by the coefficient of variation νd. According to agrotech-
nical requirements, the deviation of 80% seed depth should not exceed ±1 cm, and no
uncultivated seeds should be on the field’s surface.

For this study, the direct finding method (manual excavation) of seeds in the row was
used. Seeding units with experimental working bodies were determined for each row of
working bodies (front and rear) on two strips in two adjacent passes of the planter of one
experiment. An indicator of the grain embedding depth is the distance from the grain to
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the cutting place, and more precisely, with the help of a measuring ruler, the distance from
the top point of the underground part to the grain center is measured with an accuracy of
1 mm.

2.6. Modeling of Chisel Parameters Using the Finite Element and SPH Methods

The data obtained at experiment planning were analyzed and justified through the
computer modeling in ANSYS LS-DYNA (Suite RS14 Student) using the finite element
method (FEM) and Smooth Particle Hydrodynamics (SPH) methods. A three-dimensional
model of the chisel was developed using the finite element method to study the experi-
mental coulter behavior. The meshless (Lagrangian) Smoothed Particle Hydrodynamics
(SPH) method was applied to provide an improved solution for solid–liquid parts on a
free surface. In SPH modeling, the element under study interacts with particles, wall
boundaries, and forces according to Newton’s second law.

Modeling in ANSYS [39] was performed to analyze the unitary stress distribution [3]
on a 20 mm wide chisel. The following optimal parameters, according to SOLIDWORKS
modeling results, were taken as design dimensions to study the chisel characteristic: width
20 mm, length 145 mm, angle of mounting 75◦, and material steel 65 Mn. Chisel movement
occurs along the OX axis, and the OZ axis determines the mounting angle of the working
part in relation to the field surface. Modeling is carried out for dark chestnut soils (Table 2).

Table 2. Test conditions.

Indicators Value of Indicators

Soil type and name by mechanical composition Southern carbonate chernozem, heavy loamy

Soil moisture, %, in layers, cm: 0–5 17.8
5–10 21.56

10–15 22.86
15–20 19.14
20–25 20.65

Soil hardness, MPa, in layers cm: 0–5 1.9
5–10 3.5

10–15 3.1
15–20 3.3
20–25 4.3

The most important among the input data for computer modeling are the mechanical
properties of the material being machined. These properties are described using the finite
element method (FEM) and the well-known Johnson–Cook model (Tables 3 and 4).

Table 3. Johnson–Cook model parameters for soil.

Item Input Parameters of Materials Unit Numerical Value

Soil

Density kg/m3 1850
Shear modulus Pa 1 × 106

Poisson’s ratio Dimensionless 0.38
Bulk modulus for unloading Dimensionless 30,000

Soil–soil restitution coefficient Dimensionless 0.66
Soil–steel restitution coefficient Dimensionless 0.51

Soil–soil static friction Dimensionless 0.83
Soil–steel static friction Dimensionless 0.5
Soil–soil rolling friction Dimensionless 0.5
Soil–steel rolling friction Dimensionless 0.05
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Table 4. Johnson–Cook model parameters for chisel material.

Item Input Parameters of Materials Unit Numerical Value

Tool (chisel)

Density of steel 65 Mn kg/m3 7850
Shear modulus Pa 8.23 × 1010

Poisson’s ratio Dimensionless 0.3
Young’s modulus Pa 2 × 1011

Center of mass constraint option Dimensionless 1
Global translational constraint Dimensionless 3

Global rotational constraint Dimensionless 7

The criterion of accumulated plastic deformations in the Johnson–Cook form is
adopted as a physical criterion of fracture of a plastic deformable material [39]:

ω = ∑
∆ε

∆ε f
≥ 1 (2)

where ∆ε—increment of the resultant plastic deformation; and ∆ε f —resultant material
fracture strain.

3. Results
3.1. Theoretical Study of the Dependence of Coulter Traction Force on Structural and
Technological Parameters

Based on the analysis (1), the graphs of traction force dependence (Figures 4–8) on
chisel mounting angle, working body width, embedding depth, and velocity by the formula
(1) were obtained using the MathCAD 14 program (parameter settings of the calculation
were as follows: strict singularity check, exact equality, and 0/0 = 0)
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The change in traction force depending on the travel speed has a parabolic character
(Figure 4a,b). When the seeder working speed increases, the value of traction force on
the working body rises; however, when the values of the mounting angle are increased,
they decrease.

It is explained by the fact that at the initial moment of tool–soil interaction, inertial
forces arise because, at that moment, the inertia of the soil rest is broken, and its particles
acquire certain accelerations and some absolute speed, which does not coincide with the
slope line. Obviously, the inertial force will be directed along the line of absolute particle
velocity only in the opposite direction. In the steady-state process of soil destruction,
the traction force is minimal. However, the traction force also increases with further
translational speed.

As shown in Figure 5, the value of traction resistance increases with each seed embed-
ment depth. At a speed of 1.94 m/s, if the seeder is operated with a seed embedment depth
of 0.1 m, the required tractive force will be approximately 760 N. An analysis of the graph
presented in Figure 5 concludes that the set seeding depth significantly affects the traction
resistance of the coulter and seeder, and has a directly proportional quadratic dependence.

The traction force linearly depends on the mounting angle at different widths
(Figure 6a,b). At width ranges of 0.015 ÷ 0.025 m, the traction force remains stable regard-
less of the mounting angle change. An imperceptible decrease in tractive force can be noted
at width ranges of 0.03 ÷ 0.06 m by increasing the mounting angle up to 75–80 degrees.
According to the graph (Figure 6), as the mounting angle increases, the traction force on
the working remains stable due to the reduction in the length of the chisel working surface.

With an increase in the embedment depth, the value of the traction force on the working
body increases significantly, and when the chisel width increases by 5 mm (0.005 m), the
value of traction force increases by approximately 300 N (Figure 7).

Analysis of the traction force dependence on the seed embedment depth at different
mounting angles (Figure 8) shows that with increasing embedment depth, the value of
traction force on the working body increases, but with increasing values of the mounting
angle, it is almost not significant, especially at β = 70◦ ÷ 85◦ in comparison with β = 60◦.

From the obtained graphs of dependencies from the Formula (1), it can be concluded
that the increase in chisel width, seed embedment depth, and velocity leads to a rise in the
value of traction force. Another interesting point is that the opposite situation occurs when
increasing the mounting angle—the traction force decreases.
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3.2. Selection of Optimal Structural and Technological Parameters of the Coulter

The experiment was carried out using Box–Behnken methods to determine the de-
pendences of traction force P and unevenness of seed embedment depth νd (wheatgrass
and turfgrass) on the design parameters of the coulter of the grain–fertilizer–grass seeder.
The dependencies P = f (b, β, l) and νd = f (b, β, l) were solved to be approximated by a
polynomial of the second degree [40]. The levels and intervals of variation of the factors
adopted in the study are given in Appendix A (Table A1).

The analysis of the response surfaces, which are 3D graphs of P = f (β, b) dependences,
shows that at a chisel length of 130 mm (Figure 9a), the maximum traction force is equal
to 0.8 kN and the minimum traction force is 0.65 kN. In this dependence, when the chisel
length increases to 145 mm (Figure A1a), the maximum traction force is more than 0.76 kN
and the minimum value is less than 0.57 kN. When the length is 160 mm (Figure A2a),
the range of traction force value will be the maximum value is more than 1.1 kN, and the
minimum value is less than 0.95 kN. This is because as the chisel length increases to 160 mm
or decreases to 130 mm, the traction force starts to increase. For the desired traction force
value, the optimum mounting angle is 55–70 degrees with a chisel width of 19–23 mm and
length of 130–145 mm. When considering the graphs of Figures A1b and A2b, it can be
noted that as the chisel length increases (Figure A2a), the dependence of the unevenness
of the seed embedment depth on the mounting angle and the chisel width also increases.
The hyperbola plots correspond to the response surface of the minimax type, and the
optimal values of the variation coefficient of seed embedment depth can be obtained at
the maximum width value at 25 mm and the minimum value at 15–16 mm. However, it is
required to increase the mounting angle value from 70◦ to 90◦. As a result of analyzing the
dependences P = f (b, β) according to the graphs presented in Figures 9a, A1a and A2a, it
can be concluded that the longer the chisel length, the higher the value of dependence of
the traction force on the mounting angle of the rear part to the horizon (β) and chisel width
(b). And in the case of νd = f (b, β) (Figures 9b, A1b and A2b), the greater the chisel length,
the smaller will be the dependence value of the seed embedment depth unevenness on the
mounting angle of the rear part to the horizon (β) and chisel width (b). Thus, if a length of
130–145 mm is required to reduce the traction force, 130 mm and 160 mm are necessary to
reduce the variation coefficient of the seed embedment depth unevenness.
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Figure 10 presents the surface responses of dependences P = f (l, b). According to
the graphs, it can be noted that with increasing the mounting angle of the rear part to
the horizon, the maximum and minimum values of the traction force dependence on the
width (b) and length (l) of the coulter chisel also increases. At the value of the mounting
angle of the rear part to the horizon β = 70◦ ÷ 75◦, the traction force has optimal values
between 0.6 ÷ 0.7 kN, with a maximum value of 0.8 kN. As can be seen from the graphs in
Figures 10a, A3a and A4a, the traction force decreases at widths of 18–24 mm and lengths of
140–150 mm. When the mounting angle of the rear part to the horizon increases, the value
of dependence of the seed embedment depth unevenness νd on the width (b) and length
(l) of the coulter chisel decreases. At the value of the mounting angle of the rear part to
the horizon β = 75◦ ÷ 90◦, the seed placement depth unevenness νd have almost the same
values (Figures 10b, A3b and A4b). At all ranges of the mounting angle, the optimum value
of the variation coefficient is at a length of 125–130 mm. Based on this, it can be concluded
that the average width and length values at a mounting angle of 75–90◦ are required to
reduce the traction force. However, at this mounting angle, the seed embedment depth
unevenness should be reduced to a minimum value of length. In this case, the tendencies
of the chisel width range are irrelevant.

The analysis of the response surfaces of dependences P = f (l, β) shows that at
chisel widths of 15 and 25 mm, dependences of traction force on the mounting angle
of the rear part to the horizon (β) and length (l) of the coulter chisel increases by a
maximum of 0.86 ÷ 0.9 kN and a minimum of more than 0.58 kN, Figure 11. At width
value b = 19 ÷ 20 mm, the traction force has optimum values between 0.57 ÷ 0.7 kN,
with a maximum value of 0.86 kN. This is explained by the fact that the more the chisel
width increases, the dependence of traction force on chisel length and mounting angle
decreases (Figures A5a and A6a). To obtain the desired range of traction force, a length of
140–150 mm and a mounting angle of 60–65◦ at a width of 20 mm, a length of 142–148 mm,
and a mounting angle of 60◦ at a width of 25 mm are required. However, the dependence of
the seed embedment depth unevenness νd on the mounting angle (β) and the coulter chisel
length (l) have almost the same values in all the width ranges considered. For this function
of the seed embedment depth unevenness νd = f (l, β), the length has more values than the
mounting angle. Based on the graphs (Figures 11b, A5b and A6b), it can be concluded that
the smaller the chisel length, respectively, the smaller will be the variation coefficient of
seed embedment depth unevenness.
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The desired optimum values (Tables 5 and 6) of the design parameters and the profiles
of the predicted values and desirability functions were obtained in the Statistica program
(Figure 12).

According to Tables 5 and 6, the controlled parameter—mounting angle of chisel affects
the optimization criteria in the opposite way, i.e., if to reduce the uneven dimensionality of
seed embedment it is necessary to reduce the angle, then to reduce the traction force it is
necessary to increase this parameter.
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Table 5. Optimal values of coulter chisel embedment depth of grain–fertilizer–grass seeders.

Factor

Critical Values; Variable νd (3 Factor Box–Behnken Plan); Predicted Value: 12.8298

Observed
Minimum

Critical
Value

Observed
Maximum

b 15.0000 20.9677 25.0000
β 60.0000 81.6045 90.0000
l 130.000 148.9115 160.0000

Table 6. Optimal values of traction force of coulter chisel of grain–fertilizer–grass seeders.

Factor

Critical Values; Variable P (3 Factor Box–Behnken Plan); Predicted Value: 0.5666

Observed
Minimum

Critical
Value

Observed
Maximum

b 15.0000 21.1538 25.0000
β 60.0000 53.8235 90.0000
l 130.000 144.3478 160.0000

3.3. Modeling of Chisel Parameters Using the Finite Element and SPH Methods

The zone of maximum deformation and dangerous wear is in the nose part of the
chisel, as shown in Figure 13a. At the same time, a red-colored hazardous zone is observed,
which can lead to cracks and chipping on the chisel. The simulation results show that for
the chernozem in the working part, the maximum normal stress is 65.038 MPa (Figure 13b)
and the shear stress is 22.601 MPa (Figures 13b and A7a,b). The chisel was loaded directly
with the pressure corresponding to the depth of treatment: Pmax = 2.00 MPa, Pmin = 0.7 MPa
for chernozem. The distribution of equivalent von Mises stresses on the model subjected to
pressure is presented in Figures 13b and A7a,b. During soil embedding, the wear value of
the working part is in the cantilever part, which hangs freely from the anchoring point in
the rack. According to the modeling results in ANSYS, it can be concluded that the soil of
the chernozem type (dark chestnut soils with moisture content of 25–45%, soil clogging
with stones with an average diameter of 50 mm was 0.6–1.5 pcs/m2) can take high yield or
shear stresses due to the strength of bonding between particles or between particles and
aggregates, which leads to small deformations in these types of textures. The investigated
width of the seeder implement corresponds to the soil type and pressure presented.
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The next task in modeling was to exclude turf swelling in places after the pass and to
justify the geometric parameters and mounting angles of the chisel. To solve this problem
in modeling, the SPH method in LS-DYNA was applied. The width of 20 mm and the
mounting angle of 75◦ were taken as the chisel’s geometrical parameters.

The effective stress in the soil increases as the contact area between the chisel and
the soil increases during the soil-cutting process. When the soil is destroyed completely,
the effective stress reaches a stable value. During the soil-cutting process, the maximum
effective stress on the soil is 2.788 Pa. From Figure 14, it can be noted that the free part
of the chisel is more subjected to deformation and wear during embedding. During the
initial penetration of the working body into the soil, soil compaction can be seen in the
furrow and in the front cantilever part. While traction force value increases at widths of
15 mm and 25 mm, the variation coefficient of embedment depth unevenness decreases, so
the optimum value of chisel width is 20.97 mm (Table 2). Increasing the mounting angle
of the chisel decreases both optimization criteria. The optimal desired mounting angle
response is 81.6◦ (Table 2). Chisel length has a parabola-like curve inflection; if at chisel
lengths 130 and 145 mm, the value of traction force increases, the variation coefficient at
these ranges’ decreases, and the optimum length is 148.9 mm. Based on these graphs, it is
possible to note the opposite influence of factors on traction force and variation coefficient
of embedment depth.
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3.4. Traction Force of the Working Body in the Soil Bin

The coulter manufactured with the specified parameters was tested on the soil
bin, and the data characterizing the dependence of the experimental coulter’s traction
resistance on its design and technological parameters at different speed modes were ob-
tained (Figure 15). According to the approximation [34,35] of the experimental data, the
dependence of the experimental coulter’s traction resistance on the forward speed was
obtained. The red and green lines are expected traction load intervals before the study
and don’t have the negative influence on the results. According to the dynamometry
result, the force of one working body, with a working depth of 0.1 m, varied from 790 to
838 N at maximum speed (Figure 15a). At minimum speed, the range of traction force
was 230–280 N (Figure 15b).

The variation of traction force as a function of speed has a parabolic character
(Figure 16).
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Figure 16. Traction force dependence on speed: (a) at speeds of 0.1–0.4 m/s; (b) at speeds of
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3.5. Seeder Traction Force in Field Conditions

As the experiments have shown, a significant influence on the value of traction re-
sistance of the seeder with experimental working bodies is the speed of the machine.
Analysis of the obtained data, according to Figure 17, indicates that the traction resistance
dependence of the seeder coulter’s experimental sample on the speed is straight, and
the theoretical data are in sufficient agreement with the experimental data. As the speed
increases from 3.7 to 8 km/h, the traction resistance of the seeder’s experimental sample
increases from 8.274 kN to 8.631 kN. The decrease in traction force of the seeder at the
mounting angle 75◦ relative to the horizon is explained by the reduction in the length of its
working surface.
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3.6. Unevenness of Seeder Depth in Field Conditions

The following statistical characteristics were determined from the obtained data:
average actual embedment depth of grass seeds on the sod, standard deviation, unevenness
by depth (coefficient of variation), and sampling error of the average sample. The main
results of the field tests are presented in Figures 18 and A8–A11. The graphs show that
the melilot seeds are mostly located at a depth of 1.8–4 cm with variation coefficients of
19–36%, Figure 18. The wheatgrass seeds are located at a depth of 2–4.2 cm with a variation
coefficient of 15–35%, Figure A8. The magnitude of the coefficient of variation (19–35%) of
the location at a depth of 2–4 cm indicates a satisfactory dispersal of aweless bromegrass
seeds, Figure A9. Alfalfa seed sowing also showed satisfactory dispersibility, having an
embedment depth unevenness ranging from 13 to 36% at depths of 1.8–4 cm, Figure A10.
Sainfoin seed dispersal has a normal distribution law, with a variation coefficient of 18–35%
at depths of 2–3 cm, Figure A11. Relatively high variation coefficients of seed location by
embedment depth are explained by the relief of the sod not being prepared for sowing, the
soil hardness, and its influence on the stability of the experimental grain–fertilizer–grass
seeder movement.
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4. Discussion

All research methods and results related to traction force and unevenness of seed
placement depth dependencies on working body structural and technological parameters
in previous studies were comparable or equivalent to the method used in this study. The
scientific novelty of this research is the substantiation of technological and structural coulter
parameters for direct sowing of agricultural crops under cover crops and in turf; revealing
the interaction regularity of the experimental sample of the embedding working body with
the soil, and also obtaining the dependence of the coulter traction force on the parameters
of the cultivated soil layer and its physical and mechanical characteristics, translational
speed of the working body, and its mounting angles, solution, and friction.

In studies [23,26,29,31,32], the coulter angles of 90◦ and 53◦ on loamy field soil were
adopted. In comparative analyses, the straight coulter with an inclination angle of 53◦

showed decreased furrow filling and increased lateral soil ejection. However, when testing
the chisel of a mock-up sample of a grain–fertilizer–grass seeder with a mounting angle on
the shank at 60◦ [34,35], it was found that when cutting a slot, there is swelling of turf and
dried soil crusts. In the [24], it was found that the furrow size depends on the mounting
angle of the lateral blade. Researchers [21] tested the tool in a soil bin and the DEM method
by simulation when determining the mounting angle of the tool for soil immersion. When
testing the implement for 300 mm depth machining, the mounting angles of 5◦, 12◦, 19◦, 26◦,
and 33◦ were selected. The tool with a 26◦ mounting angle had the largest soil disturbance
area, comparatively lower soil disturbance ratio, soil surface density, and traction, and
higher soil loosening efficiency. However, the authors of these works [26,29–31] modeled
the influence of the coulter angle (35–90◦), and based on the results of comparison with
previous studies in sandy loam soil, they found a twofold reduction in traction at a coulter
angle of 71◦. Therefore, this mathematical modeling adopted the mounting angles of the
rear end to the horizon at 60◦, 75◦, and 90◦.

The chisel width [26] was 30 mm, and since this width left an open furrow in the
trace, for modeling, the adopted width values were 15, 20, and 25 mm, and the lengths
were 130, 145, and 160 mm. At the adopted values of width 20÷25 mm and mounting
angles 60◦ ÷ 75◦, the traction force was 0.62 ÷ 0.8 Kn. According to the results of finite
element modeling in SOLIDWORKS and ANSYS programs, the chisel cantilever part
is more exposed to stresses and wear during soil embedment. The 20 mm and 25 mm
widths have the most significant resistance to normal deformation and shear along the
coordinate axes. Considering previous studies’ results [26,29–31,34,35], the following
parameters were accepted for SPH method modeling in the LS-DYNA program: chisel
width—20 mm, length—145 mm, and mounting angle—75◦. In this desired range of coulter
chisel parameters, the value of traction force will be within 0.74 ÷ 0.8 Kn. During the
cutting process with the chisel with the adopted parameters, the soil is cut relatively stably,
and the effective stress on the soil occurs in the working cutting zone. However, soil
compaction in the front chisel cantilever part has been noticed, which can lead to rapid
wear of the working body; therefore, during testing, chisels were hardened by different
methods for comparison.

According to the above, the parameters of the coulter chisel of grain–fertilizer–grass
seeders should have the following values: coulter chisel width b = 20–21 mm, mounting
angle the rear part to the horizon β = 70–80◦, and chisel length l = 140–150 mm.

5. Conclusions

The purpose of this work was to reduce traction force and ensure uniformity of
seeding depth by justifying the optimal parameters of the coulter chisel. The results of
theoretical and experimental studies showed that the speed, chisel width, mounting angle,
and seed embedment depth had the most significant effect on the traction force. The
optimal coulter chisel parameters that were obtained and optimized using ANSYS LS-Dyna
provide a minimum traction force and a stable technological process of sowing hard-to-sow
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grass seeds at depths of 1.8–6 cm. The theoretical values of traction force are in sufficient
accordance with the experimental data, and they varied between 8.27 and 8.39 Kn.

The seed embedment depth uniformity showed that melilot seeds (1.8–4 cm), wheat-
grass (2–4.2 cm), awnless bromegrass (2–4 cm), alfalfa (1.8–4 cm), and sainfoin (2–3 cm)
are located at the corresponding depths with an unevenness of 18–36%. Relatively high
coefficients of variation of sown seed arrangement (depth) are explained by the relief of turf
not prepared for sowing, soil hardness, and its influence on the stability of the experimental
grain–fertilizer–grass seeder movement.

The modeled deformation-stress state of coulter chisel from the design parameters of
the chisel allows for the effective agrotechnical and mechanical predictions regarding the
occurrence of residual stresses and the working lifetime of the seeder working body.

In conclusion, the reduction in traction force by improving the design and technologi-
cal parameters, as well as surface hardening, are positive influences on sowing productivity.
The surface hardening methods of chisel to enhance the durability and chisel wear resis-
tance will be investigated in future studies.
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Appendix A

Table A1. Levels and intervals of variation of factors.

Factors Unit Code Designation Variation Intervals

Natural Factor Levels
Corresponding to Coded

−1.682 −1 0 +1 +1.682

b—the coulter chisel width mm x1 5 10 15 20 25 30

β—the mounting angle degree x2 15 45 60 75 90 105

l—the coulter chisel length mm x3 15 115 130 145 160 175

Table A2. Planning matrix and results.

Experiment
Number x0 x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 x2

1 x2
2 x2

3 P νd

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 1 1 1 1 1 1 1 1 1 1 1 0.56 15

2 1 1 1 −1 1 −1 −1 −1 1 1 1 0.6 14

3 1 1 −1 1 −1 1 −1 −1 1 1 1 0.72 11
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Table A2. Cont.

Experiment
Number x0 x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 x2

1 x2
2 x2

3 P νd

4 1 1 −1 −1 −1 −1 1 1 1 1 1 0.71 13

5 1 −1 1 1 −1 −1 1 −1 1 1 1 0.74 12

6 1 −1 1 −1 −1 1 1 −1 1 1 1 0.66 7.7

7 1 −1 −1 1 1 −1 −1 1 1 1 1 0.73 7.5

8 1 −1 −1 −1 1 1 1 −1 1 1 1 0.72 12

9 1 1.682 0 0 0 0 0 0 2.829 0 0 0.68 8.5

10 1 −1.682 0 0 0 0 0 0 2.829 0 0 0.75 8

11 1 0 1.682 0 0 0 0 0 0 2.829 0 0.65 14

12 1 0 −1.682 0 0 0 0 0 0 2.829 0 0.79 13.6

13 1 0 0 1.682 0 0 0 0 0 0 2.829 0.61 15

14 1 0 0 −1.682 0 0 0 0 0 0 2.829 0.59 13.4

15 1 0 0 0 0 0 0 0 0 0 0 0.63 10

16 1 0 0 0 0 0 0 0 0 0 0 0.7 8.9

17 1 0 0 0 0 0 0 0 0 0 0 0.66 11.5

18 1 0 0 0 0 0 0 0 0 0 0 0.65 12

19 1 0 0 0 0 0 0 0 0 0 0 0.6 10

20 1 0 0 0 0 0 0 0 0 0 0 0.62 13

sum 20 0 0 0 0 0 2 −2 13.658 13.658 13.658 13.37 230.1
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Figure A2. Dependences of traction force P and seed embedding depth unevenness H on the mount-
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Figure A1. Dependences of traction force P and seed embedding depth unevenness H on the
mounting angle of the rear part to the horizon (β) and chisel width (b) at length at l = 145 mm:
(a) P = f (b, β); (b) νd = f (b, β).
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