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HIGHLIGHTS:
A new parametric design methodology for the three-dimensional contour curve of a ditching blade is proposed.
An FEM model for soil-throwing and evaluation indicators for the performance of the trenching blade are established.
The parameters optimized by the MOPSO algorithm reduce energy consumption and enhance the trenching quality.

ABSTRACT: High-ridge planting techniques are needed for strawberry cultivation; however, the absence of standardized
design guidelines and systematic methodologies has led to inconsistent ditching quality and significantly elevated energy
consumption in existing greenhouse ditching equipment. To address these problems, a numerical simulation model of
soil ditching using the finite element software ANSYS/LS-DYNA was developed in this study, and a real-time field-testing
apparatus was constructed to validate the simulation model. Based on numerical simulations, a novel parametric design
approach for the three-dimensional contour curve of the ditching blade was proposed. The Box-Behnken response surface
methodology was then employed to develop a quadratic regression model for predicting shaft torque and trenching quality
of this new ditching blade, as indicated by the proportion of residual particles. A multi-objective particle swarm optimization
algorithm was applied to optimize the working parameters. The numerical simulation and multi-objective optimization
framework significantly reduced power consumption and enhanced ditching quality, providing valuable theoretical and
practical references for the optimized design of ditching blades.

Key words: parametric design, computational modeling, LS-DYNA, optimized design

RESUMO: O cultivo de morangos exige técnicas de plantio em canteiros elevados; no entanto, a auséncia de diretrizes de
projeto padronizadas e metodologias sistematicas tem levado a uma qualidade inconsistente da abertura de valas e a um
consumo de energia significativamente maior nos equipamentos de abertura de valas existentes em estufas. Para abordar
esses problemas, um modelo de simula¢io numérica de escavagdo de valas em solo, utilizando o software de elementos
finitos ANSYS/LS-DYNA, foi desenvolvido neste estudo. Além disso, um aparato para testes de campo em tempo real
foi construido para validar o modelo de simula¢do. Com base na andlise de simula¢do numérica, foi proposta uma nova
abordagem de projeto paramétrico para a curva de contorno tridimensional da lamina sulcadora. Utilizando a nova lamina
sulcadora, a metodologia de superficie de resposta de Box-Behnken foi empregada para desenvolver um modelo de regressio
quadratica para prever o torque do eixo e a qualidade da escavagio, indicada pela propor¢ido de particulas residuais. O
algoritmo de Otimizagdo por Enxame de Particulas Multiobjetivo (MOPSO) foi utilizado para otimizar os pardmetros de
operagdo. A integracio da simulag¢do numérica com a estrutura de otimizagdo multiobjetivo reduziu significativamente o
consumo de energia e melhorou a qualidade da escavagio de valas, fornecendo referéncias tedricas e praticas valiosas para
o projeto otimizado da lamina sulcadora.

Palavras-chave: projeto paramétrico, modelagem computacional, LS-DYNA, projeto otimizado
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INTRODUCTION

Unlike conventional crops, strawberry cultivation requires
high-ridge planting (Liu & Wu, 2021; Chen et al,, 2022),
typically with a ridge height of 30-50 cm and a ditch width
of 30-35 cm. To improve the quality of ditching operations,
existing standard rotary tillage equipment is typically modified
by widening the blade section. However, the absence of a solid
design basis for these modifications leads to poor operational
performance of the ditching blades currently used in strawberry
greenhouses, and high energy consumption.

Research into the design, simulation, and experimental
investigation of ditching blades has been limited, but since
the working principle of a ditching blade is the same as that of
arotary tillage blade, relevant studies of the latter can serve as
a reference. With a focus on blade design, Asl & Singh (2009)
developed a mathematical model for the power consumption
of rotary tillage blades and developed three types of blade.
Through parametric design and kinematic analysis of the
blade, Saimbhi et al. (2004) optimized the forward velocity
of a C-shaped blade, the rotational speed of the blade shaft,
and the directional angle of the blade. To solve the problem of
entangling grass at the blade root, the cutting-edge curve of
an IT245-type rotary tilling blade was optimized by Zhu et al.
(2022a), and a novel rotary tillage blade capable of enhancing
the performance of cutting and pulverizing soil and plant
stems was designed.

In recent years, based on the principles of bionics,
researchers have conceived some innovative rotary tillage
blades. Yang et al. (2021) and Zhu et al. (2022b) designed
bionic rotary tillage blades inspired by the soil-throwing
behavior of moles, which achieved excellent performance.
Numerical simulation technology also has significant value
in the design and performance optimization of rotary
tillage blades. Bal et al. (2018) confirmed the accuracy of
the PFEM model in predicting excavation resistance using a
velocity-based finite element method. The smoothed particle
hydrodynamics (SPH) method is an effective approach
for simulating the variation in cutting resistance and the
interaction between the soil and blade during the soil cutting
process. Jin et al. (2023) and Zhang et al. (2024) constructed
soil-blade cutting models and verified the accuracy of
their simulation methods by comparing the results with
experimental measurements of energy consumption. Li et al.
(2022) combined the SPH method with NSGA-II and ELM
to optimize the tillage parameters and to reduce the blade
torque and power consumption. In experimental research,
Kakahy et al. (2014) and Matin et al. (2015; 2016) examined
the impacts of the blade shape and rotational speed on the
operation quality, and optimized the working parameters of
rotary tillage operations.

Existing research on soil cutting blades has primarily
focused on rotary tillage implements, and a limited range
of methodologies and reference standards are available for
the design of ditching blades (Li et al., 2021a; Huang et al,,
2025). To meet the specific requirements of ditching and
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ridging operations in strawberry and vegetable cultivation, it
is essential to investigate the power consumption and blade
design of small-scale mechanical ditching blades through
both simulation and experimentation. In the present study, the
SPH method is employed to develop a numerical simulation
model of the soil-blade interaction, and a small-scale
ditching experimental platform is constructed to validate the
simulation model. By integrating numerical simulation with
experimental data, an explicit numerical simulation analysis
framework and a parametric design methodology for ditching
blades are established. The Response Surface Methodology
(RSM) is applied to analyze the effects of the forward speed,
blade shaft speed, and ditch depth on the ditching efficiency
and torque, and the operational parameters for ditching are
further optimized.

MATERIAL AND METHODS

A ditching tool operates through the forward rotation
of several blades to cut, pulverize, and displace soil, thereby
forming trenches and ridges (Wang et al., 2016; Zhao et
al., 2022). To enhance the quality of ditching, a parametric
design method for the ditching blade is developed here. The
following sections introduce the parametric design and some
numerical simulation procedures that are later employed to
evaluate and optimize its performance. A structural diagram
of a ditching blade is shown in Figure 1.

Figure 2 illustrates the use of an Archimedean spiral to
design the edge curve of the blade (He et al., 2021): on the
cutting-edge profile of the blade, the sliding-cutting angle at
any given point is denoted as T, within the polar coordinate
system, the cutting-edge curve can be mathematically
described by a differential equation as presented in Eq. 1.

dR
X = -ctgtd0 )

The blade
back

The blade handle

Frontal
cuting plane

Tange-edge

Side-cutting Side-cutting
edge plane

v

R - Tool rotation radius; O - Rotation center; b - Bending width

Figure 1. Structural diagram of ditching blade
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Where:

R - polar radius;

0 - polar angle;

dR - differential of polar radius; and,

do - differential of polar angle.

In the above formula, if the dynamic sliding-cutting angle
T is defined as a function of {(8), then Eq. 1 can be written as
Eq. 2:

drR
— = -cigf(6)do )

At the termination of the edge curve, if the sliding-cutting
angle is denoted as T, the dynamic sliding-cutting angle
varies linearly with the rotation angle 0. Thus, its function
can be expressed as Eq. 3:

f(6) =1, + K0 3)
Where:
K - is a constant with a value of 1/18.

Eq. 3 can be substituted into Eq. 2 to obtain Eq. 4:

dR
T -ctg(t, + K0)doO @)

Let sin(t, + KO) = t and Kcos(t + K6)d® = dt, and
substitute these into Eq. 4. After integration, we obtain Eq. 5.:

1
R = CsinK(t, + K0) (5)

When the value of 6 is zero, R =R , and the theoretical design
formula of the side-cutting curve can be expressed as Eq. 6:

1 1
R =R, sinKt,sinK(t, + K0) (6)

The tangent-edge curve forms part of an intersecting line
of a cylinder and an oblique plane (Jiang & Chen, 2002). The
parametric equation for the cylinder is Eq. 7:

®

\

A
|
\

\

3

{x = chst )
y = Rsint

Where:

t - angle variable (rad); and,

R - distance from the blade tip to the rotation center of
the blade.

The equation for the oblique plane is Eq. 8:

Z=mx= %x ®)
Where:
m = tgb = h/R;
h - is the vertical height of the inclined plane within the
rotational radius R; and,
0 - represents the angle between the oblique plane and the
XOY plane.

We can substitute x = Rcost from Eq. 7 into Eq. 8 to get z
= hcost. The intersecting ellipse is obtained from Eqs. 7 and
8, and the parametric equation for the tangent-edge curve is
Eq. 9:

X = Rcost
y = Rsint 9
z = hcost

In the design of the ditching blade, the blade
width significantly influences both the soil-throwing
performance and power consumption, and is determined
by the curvature of the blade’s trailing edge. In this study,
the following equation is proposed for the back profile of
the blade:

X = Xo
Y = Y, +AY (10)
Z = ZO

Where:
X, Y, and Z, are the coordinates of the cutting curve.

F - Normal pressure exerted by soil on the cutting edge; F' - Reaction pressure exerted by soil on the cutting edge

Figure 2. Working condition and polar coordinate curve for the blade: (A) forces on the contact point between blade and soil;

(B) polar curve
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The coordinates of the back curve coincide with those of
the blade cutting curve in the X and Z directions, implying
that their projections on the XOZ plane are identical.

In the Y-coordinates, there is an incremental value of Y
between the blade back curve and blade cutting curve, and
the change in Y can be expressed as follows:

AY =AY, + o — 1 (11)

Where:

AY, - difference between the ordinates of the starting
points of the cutting edge and the back curve of the blade;

a - base of the expansion function; and,

x - exponent of the expansion function.

According to Egs. 6, 9, 10 and 11, the final form of the
equation used to express the three-dimensional contour
curve of the blade is Eq. 12:

X= XO

1 1
Y = |RsinKt,sin” K(t, + KO)[sinf + AY +a*-1 (12)
Z= ZO

In Figure 3, O is the rotational center of the blade (and also
the origin of coordinates), and O’ is the center of the mounting
hole of the blade handle. The vertices A, B, I, and ] on the blade
handle can be determined in accordance with established
standard GB/T 5669-2017. Segment CD represents the side-
cutting edge curve, which can be designed using Eq. 6, whereas
the BC section forms the transition between the side-cutting
curve and the blade handle, and can be designed based on a
Bezier curve function (Liu et al., 2016; Yang et al., 2022).

Segment EF is the tangent-edge curve, which is designed
according to Eq. 9, the DE segment which can be connected
by spatial Bezier curve serves as the transition between the
side-cutting curve and the tangent edge curve. Section IH
forms the back curve of the blade, and an expression for this
function is given in Eq. 12.

Point F marks the end point of the tangent edge, and H
is the end point of the back curve of the blade. The space
line GH is set parallel to the XOZ plane, with the point G
sharing the same X and Z coordinates as point F and the same
Y coordinate as point H.

60
40
N20

-140

20 -150
Figure 3. Contour of the ditching blade created in Matlab
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Using these methods, the contour curve for the whole
blade can be fully parameterized. The GUI program shown
in Figure 3 was developed in Matlab to enable accurate
plotting of the external profile of the blade. This approach
enabled rapid parametric modeling of the ditching blade and
provided a theoretical foundation for blade optimization.

The ditching component of the ditching machine consists
of a rotational shaft and two blade groups, each of which
consists of five pairs of a staggered blade holder and ditching
blade. Within each group, the five blade holders are not
aligned in the same plane, and are arranged with a lateral
offset of 25 mm between the two adjacent blades, with an
angular separation between two neighboring blades of 72°.
To enhance the quality of ditching, a curved retaining plate is
installed at the rear of the blade group.

To investigate the reliability of the simulation method,
experimental research was first conducted. The width of the
ditching blade for the test (the length FG in Figure 3) was
designed with value of 59 mm based on the existing literature
(Liu et al.,, 2019), while the expansion coefficient a for the
back curve was initially set to 1.025. Using the parametric
design method for the ditching blade proposed in the previous
section, a three-dimensional blade model was constructed
and manufactured.

In the ditching experiments, the hardness of the blade
was significantly greater than that of the soil, and the blade
was therefore modeled as a rigid body. The blade was made
of 65Mn steel, with an elastic modulus of 200 GPa. The finite
element model for the ditching component was discretized
using hexahedral elements. To strike a balance between
computational accuracy and efficiency, a mesh size of 3 mm
was employed at the blade’s working contact surface, while a
size of 6 mm was used for non-contact areas such as the handle.

Based on the SPH method, the soil particle model
shown in Figure 4A was directly generated using LS-PrePost
software. The soil material model used was 147-FHWA_
SOIL, characterized by a bulk modulus of 4.65 * 10> MPa and
a shear modulus of 1.86 * 10> MPa (Li et al., 2022). The soil
moisture content was determined as 20.5% in accordance
with GB 7172-1987, while the specific gravity and density
were measured as 2.79 g cm™ and 2350 kg m*, respectively,
following ASTM D7263-09.

As the ditching blade rotates counterclockwise about the
Z-axis, it moves forward in the positive X-direction. The
motion parameters for the ditching component are therefore
specified as follows: a rotational speed of 300 rpm, a moving
speed of 0.55 m s, and a simulation duration of 2 s. The
soil model was established with dimensions of 1100 x 300 x
400 mm. The bottom and both lateral sides of the soil were
constrained to ensure stability, and the interaction between
the soil and the blades was defined using the CONTACT_
AUTOMATIC_NODES_ TO_ SURFACE method.

The experimental apparatus is shown in Figure 5, and
primarily consisted of the ditching device, the soil beating
and tightening mechanism, the engine and transmission
system, sensors and measuring instruments, and a handrail.
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The operational principle for the experimental apparatus
is as follows: the engine transmits the power to the travelling
transmission box via a belt pulley, which drives the wheel to
rotate in a counterclockwise direction. In order to facilitate
the installation of the torque sensor and achieve a clockwise
rotation of the ditching blade, transmission gears 1 and 2 and
chains 1 and 2 were designed.

Relative positions of the blade and soil before simulation

Soil-cutting process Soil-cutting process

Figure 4. Simulation of the soil-cutting process

5M

The power transmission sequence for the ditching blade
is as follows: chain 1 - gear 1 - gear 2 - torque sensor - gear 3
- chain 2 - ditching component. A soil beating and tightening
device (Device 10) was designed to compact the soil deposited
on the sides of the ditch. In addition, in order to improve
the efficiency of ditching and to make the surface of the
bottom of the trench clear and smooth, a soil retaining device

12 13 14 15

1 - Control handrail; 2 - Test benches; 3 - Tensioning gear; 4 - Chain 1; 5 - Gear 1; 6 - Gear 2; 7 - Torque sensor; 8 - Gear 3; 9 - Chain 2; 10 - Retaining guide plate; 11 - Depth limiting
wheel; 12 - Blade roller; 13 - Soil retaining device; 14 - Tapping device; 15 - Gear box; 16 - Walking wheel; 17 - Frame; 18 - Diesel engine

Figure 5. Structure of the test device

Rev. Bras. Eng. Agric. Ambiental, v.30, n.10, 302346, 2026.
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(Device 9) was incorporated to collect residual soil particles
at the bottom of the trench, thereby creating secondary
crushing and throwing. The dynamic torque sensor (JN-
DN3) is installed above the left chain to monitor and record
the transferred torque and the shaft speed.

To verify the reliability of the simulation method, a field
experiment was conducted at the Chang Yuan base of the
Henan Academy of Agricultural Sciences (35.13° N,114.63°
E, altitude 63 m). During the experiment, the forward speed
of the machinery was set to 0.55 m s, and the rotational
speed of the blade shaft was adjusted to 300 rpm, the ditch
width was measured at 308 mm (Figure 6B), and the depth
was recorded as 360 mm (Figure 6C).

During the ditching operation, there is an opposing
relationship between ditching performance and power
consumption. As the depth and width increases, the ditching
performance improves while the power consumption
increases. Conversely, a narrower blade width leads to
reductions in both throwing performance and power
consumption. To investigate the effect of blade width on
power consumption, and to design blades with optimal
parameters under fixed engine power conditions, a parametric
method was employed to design several blades with varying
widths. As discussed in the previous section, the width of the
ditching blade is determined by the blade back curve; the
generated curves are shown in Figure 7 for different values
of the coefficient a.

Simulation tests were then conducted using the approach
described in the previous section. The recommended
range for the width of rotary tillage blades, as specified in
Chinese national standard GB/T 5669-2017, is 40-50 mm.

Xiaofeng Guo et al.

To enhance the ditching quality, the width of the ditching
blades designed for this experimental study should exceed
that of the rotary tillage blade.

From Figure 7, it can be seen that when a < 1.025, the
expansion for the blade back curve is not obvious, and the
width of the blade obtained for these values is less than 50
mm. When a > 1.035, the degree of expansion for the blade
back curve increases significantly, resulting in distortion of
its shape. Consequently, a suitable range for a is established
as 1.025 < a < 1.035, and some numerical analysis results for
the dynamic torque under varying values of o for the shaft are
shown in Figure 8.

Figure 8 shows that when a is set to 1.025, 1.03, and 1.035,
the corresponding maximum values of the design torques
(with a load factor K| = 2 set in the simulations to ensure
higher reliability of the trenching machinery) are 71.92, 76.9,
and 85.17 Nm, respectively, and the average values are 57.2,
61.7, and 69.03 Nm, respectively.

For the test device in this study, the total power can be
calculated using Eq. 13:

NT
=— +
9550

FV

— +
1000 T (13)

Where:

P - total power (kW);

N - blade shaft speed (rpm);

T - torque (Nm);

F - forward resistance (N);

V - forward velocity (m s); and,

P, - power consumption of the beating and tightening
device, estimated as 0.1 kW (Li et al., 2021b).

—a=1
\ s —a=1.01
Y Y —o=1.015
A A A 0=1.02
—0=1.025(Initial Tool)
—a=1.03
==-0=1.034(Improved Tool)
-=a=1.035
- 0=1.04
-=0=1.045
=105
-=0=1.055

-100 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
-120 -110 -100 -90 80 -70 -60 -50 -40 30 -20 -10 0 10 20 30
X (mm)

Figure 7. Blade back curves corresponding to different
values of a
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with a load factor K, =2
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Through the use of simulation analysis, the torque of the
ditching blade can be determined for various values of the
expansion coefficient a, and the corresponding power P can
then be calculated using Eq. 13. The relationship between the
expansion coefficient a and power P is summarized in Table 1.
Through curve fitting and interpolation using MATLAB
software (as shown in Figure 9), it can be observed that when
the power consumption reaches the engine power P of 5.1
kW, the corresponding blade back expansion coefficient a is
1.034, with a blade width of 63 mm.

To investigate the effects of forward speed, blade shaft
speed, and ditching depth on the ditching quality and
power consumption, an RSM experiment was designed as
summarized in Table 2. The response variables were the
proportion of residual particles (in terms of ditch mass) and
shaft torque. More specifically, the shaft torque represents the
power consumption of the blade during ditching operations,
while the proportion of residual particles reflects the quality
of the ditching process. The residual particle ratio is defined
as the ratio of the number of remaining particles to the initial
number of particles in the soil, after being cut and thrown by
the blades in the simulation test. Based on the performance
specifications of the experimental apparatus, the parameter
ranges were set as follows: forward speed 0.38-0.72 m 5!, blade
shaft rotational speed 160-300 rpm, and ditching depth 300-
400 mm. The experimental blade used in the RSM test was
designed according to Eq. 12, the expansion coefficient o of the
blade back curve was 1.034, and the blade width was 63 mm.

Table 1. a-P correspondence

Blade back expansion

factor. o 1.025 1.0275 1.03 1.0325 1.035
Power/P 4.78 4.85 4.94 5.06 5.20
—Fitting Curve

® Data Points
~ *® Interpolated Point (P=5.1) 7

w
)

» Power P (kW)

%
%3
T
1

45 1 1 1 1 1 i |
1.023 1.026 1.029 1.032 1.035 1.038

Blade back expansion factor a

Figure 9. a-P correspondence and interpolation

Table 2. Factor levels for the response surface methodology

Level
Factor
-1 (]
A(msT) 0.38 0.55 0.72
B (rpm) 160 230 300
C (mm) 300 350 400
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RESULTS AND DISCUSSION

To verify the reliability of the simulation model, field
tests were conducted using a real-time testing device,
as shown in Figure 5. The dynamic torque and ditching
performance obtained from the simulation were compared
with the experimental data (Figure 10). Statistical
metrics, including the maximum, minimum, and average
errors, were adopted to evaluate the consistency between
numerical and experimental results. Some results are
presented in Table 3.

As shown in Table 3, the maximum, minimum and average
relative errors between the experimental and simulated
curves are 8.9, 0.5 and 5.6%, respectively, meaning that the
established model possesses satisfactory prediction accuracy.

To optimize the working parameters, the forward speed
of the blade (A), rotational speed of the blade shaft (B),
and ditching and ridging depth (C) were taken as the three
factors for the experiment, and 17 parameter combinations
were generated. Five sets of repeated parameters were used to
correct experimental errors. The experimental schemes and
results are presented in Table 4.

LS-DYNA software was used to simulate and analyze the
working torque under different test conditions. The step-
up regression method was adopted to obtain a model of the
working torque for the trenching blade and the proportion of
residual particles, as shown in Eqs. 14 and 15. The results of a
variance analysis are shown in Table 5.

T=42.65+8.09A+4.19B+6.92C-0.21AB-2.08A2-1.4B%-1.73C* (14)

X=35.64+336A-3.84B+0.77C+0.62AB+0.75AC+0.6BC-2.29A2-2.84B2-0.7C2 (15)

It can be seen from Table 5 that the values of the
significance probability p of the regression models for the
working torque and residual particle ratio are both less
than 0.0001, indicating that the model is significant. The
coefficients of determination for the models are 0.9997 and

50 T T T T T
;--~Experiment
Simulation
40 b
E30r 4
&
8 ]
=)
2 201 4
101 1
0 "’ 1 1 1 1 1 &
0 5 10 15 20 25 30

Time (s)

Figure 10. Torque results from simulation and testing

Table 3. Torque errors between simulation and field test

. Minimum
a Maximum error ey Average error
1.025 8.9% 0.5% 5.6%

Rev. Bras. Eng. Agric. Ambiental, v.30, n.10, 302346, 2026.
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0.9959, respectively, a finding that demonstrates the reliability
of the regression model.

To investigate the interactive effects of various factors on
working torque and residual particle ratio, Design-Expert
was employed to generate Figures 11 and 12. Three factors
were considered in this analysis: the forward speed of the
blade (A), the rotational speed of the blade shaft (B), and
the ditching and ridging depth (C). As illustrated in Figure
11, when the blade shaft rotational speed is held constant,
the working torque increases with an increase in forward
speed. A higher forward speed allows the blade to excavate
a larger volume of soil per unit time, thereby encountering
greater resistance and resulting in higher torque. Figure 12
shows that under a constant rotational speed for the blade

Table 4. Box-Behnken experimental schemes and results

Input variable

Xiaofeng Guo et al.

shaft, the proportion of residual particles increases with the
forward speed: a greater forward speed reduces the number
of blade rotations within the same working distance, leading
to fewer rotations of soil particles and consequently a higher
proportion of residual particles.

To achieve the optimal parameter combination, the
multi-objective particle swarm optimization algorithm
(MOPSO) was employed to optimize the working parameters
by minimizing the working torque consumption and the
residual particle proportion. In this algorithm, an external
file set is constructed to store the non-dominated solution.
The fitness values for the particles updated in each generation
are determined through Pareto comparison with this external
file set, which is continuously maintained and updated.

Response value

Scheme no.
1 0.55 230
2 0.38 160
3 0.55 230
4 0.55 300
5 0.55 230
6 0.72 230
7 0.38 230
8 0.55 160
9 0.38 300
10 0.72 300
11 0.55 300
12 0.55 230
13 0.38 230
14 0.72 160
15 0.72 230
16 0.55 160
17 0.55 230

Operating torque T/Nm Residual particle ratio X/%
350 42.76 35.77
350 26.68 31.56
350 42.36 36.02
400 50.51 29.34
350 42.59 34.89
400 53.96 37.77
300 23.72 29.03
400 42.36 36.05
350 35.69 22.85
350 51.24 30.7
300 36.68 26.95
350 42.78 35.65
400 37.56 29.42
350 43.08 36.91
300 40.12 34.38
300 28.52 36.06
350 42.76 35.88

Operating torque

Sources of Mean

Square

Degree of

Table 5. Results of an analysis of variance for the operating torque and residual particles

Residual particles

Square Degree of Mean

variation sum freedom square p sum freedom square P
Model 1090.81 7 155.83 4500.89 < 0.0001 281.91 9 31.32 189.19 < 0.000 1
A 524.07 1 524.07 15136.82 < 0.0001 90.45 1 90.45 546.31 < 0.000 1
B 140.11 1 140.11 4046.93° < 0.0001 118.12 1 118.12 713.41 < 0.000 1
C 382.95 1 382.95 11060.90 < 0.0001 4.74 1 4.74 28.65 0.0011
AB 0.18 1 0.18 5.22 0.0482 1.56 1 1.56 9.44 0.0180
AC / / / / / 2.25 1 2.25 13.59 0.0078
BC / / / / / 1.44 1 1.44 8.70 0.0214
A 18.17 1 18.17 524.88 < 0.0001 22.15 1 22.15 133.77 < 0.000 1
B? 8.25 1 8.25 238.36 < 0.0001 34.04 1 34.04 205.62 < 0.000 1
c? 12.64 1 12.64 365.03 < 0.0001 2.05 1 2.05 12.41 0.0097
Lack of Fit 0.18 5 0.037 114 0.4796 0.38 3 0.13 0.64 0.6406
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Eventually, the Pareto solution set of the multi-objective
optimization problem is acquired. The Pareto optimal
solution for the two-objective optimization problem can be
defined as follows.

The objective function is expressed as min(f,(x), f,(x)),
for a given feasible solution x’, and must satisfy the following
two conditions concurrently: precisely when there is no
other feasible solution x such that (i) f(x) < f(x), i €{1,2};
and (ii) there exists fj(x) < fj(x*), j €{1,2} at least. In general,
multi-objective optimization problems have a multitude
of optimal solutions, which collectively constitute an
optimal Pareto solution set. Designers are then able to pick
the most appropriate solution from this set based on their
specific requirements.

A Torque (Nm)

Blade shaft speed (rpm)
§
g

o)
Iy

0.38 0.47

0.56 0.64 0.72
Forward speed (m s™)
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Using the algorithm and mathematical model presented
in this paper, Matlab software was employed to optimize the
working parameters of the ditching blade. The parameters for
the multi-objective optimization program were configured as
follows: inertia weight w = 0.9, learning factors C1 = C2 = 0.5,
variable dimension = 13, population size = 40, and maximum
number of iterations = 400. The boundaries for the optimized
variables are given in Table 6, and the 100 Pareto optimal
frontier solutions obtained through optimization are shown
in Figure 13.

From a comparison of the working torque and residual
particle ratio characteristics among the Pareto optimal
solutions, it is evident that power consumption and ditching
blade performance quality are conflicting objectives.

0.ss
ed (1 .

0.47 26 af1L P
l) 0.3g300 e A

Figure 11. Interactive effect of the forward speed and blade shaft rotational speed on torque: contour map (A); 3D response

map (B)

Pesidual particle ratio (%)

Blade shaft speed (rpm)

195

055 0.64
Forward speed (m s)

@

[

cle ratio (%0)

idual partt
Residua ll

309 o 1*

Figure 12. Interactive effect of the forward speed and blade shaft rotational speed on residual particles: contour map (A); 3D

response map (B)

Table 6. Boundaries for inputs and outputs

Name Goal Lower limit Upper limit
A (msT) Is in range 0.38 0.72

B (rpm) Is in range 160 300
C (mm) Is in range 300 400

Rev. Bras. Eng. Agric. Ambiental, v.30, n.10, 302346, 2026.
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Specifically, when the power consumption is excessively
low, the performance quality of the trenching tool tends to
deteriorate. Conversely, when a lower residual particle ratio
is prioritized, the working torque of the blade increases,
thereby diminishing the overall economic efficiency of
the machine. By applying the criterion that the working
torque must not exceed its initial value of 39.86 Nm (as
determined by the engine and minimizing the residual
particle proportion), the optimal working parameter
solution (denoted here as Solution B) was selected from the
Pareto optimal solution set. In this case, the forward speed
was 0.38 m s, the blade shaft speed was 297.09 rpm, and
the ditching depth was 300 mm. Based on the established
response surface model, the operating torque and residual
particle rate under this working condition could be
predicted. Solution B was then further evaluated through
simulation using LS-DYNA software, and the results are
presented in Table 7.

To verify the reliability of the optimization model
and simulation results, and to ensure the feasibility of the
experiment, the optimized data were rounded as follows:
forward speed 0.38 m s, blade shaft speed 300 rpm, and
ditching depth 300 mm. Experiments were then carried
out under the optimized working parameters. The field
experiment was repeated three times, and the average value
of the maximum torque was taken as the experimental result,
as shown in Table 7. A comparison with the experimental
results indicates that the error between the experimental
and predicted values is 4.44%, while the error between the
experimental and simulated values is 2.65%. These relative
errors are within 5%, indicating that the prediction results
from the response surface model have high reliability.

03 1= : . . .
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Torque (Nm)

Figure 13. Pareto optimal front solutions for the residual
particles ratio as a function of torque

Table 7. Optimal process PSO

Xiaofeng Guo et al.

Under the initial working parameters (a forward speed of
0.55 m s, blade shaft speed of 300 rpm, and ditch and ridge
depth of 360 mm), the working torque was 39.86 Nm and
the residual particle ratio was 28.15%. With the optimized
working parameters, the shaft torque decreased to 26.66
Nm and the residual particle ratio dropped to 16.72%,
representing reductions of 33.1 and 40.60%, respectively.

CONCLUSIONS

1. This paper has presented a parametric design method in
which the SPH approach was employed to establish a dynamic
model for the soil-blade interaction, and a test device was
fabricated for comparative validation. Experimental results
revealed that the torque values obtained with the simulation
model were in good agreement with the measured values: the
maximum value of the relative error of 8.9%, the minimum
was 0.5%, and the average was 5.6%.

2. Based on a value for the engine power of 5.1 kW for
the current test device, a ditching blade was designed with
blade back expansion coefficient a of 1.034, and a blade
width of 63 mm. The relative error between the experimental
and predicted values was obtained as 4.44%, while the
error between the experimental and simulated values
was 2.65%, representing a high level of reliability for the
optimization outcomes.

3. For the newly designed blade, the optimized parameters
were determined as follows: a forward speed of 0.38 m s”,
a blade shaft speed of 297.09 rpm, and a ditching depth of
300 mm. Compared with the initial working parameters,
the working torque of the blade decreased by 33.1% and
the residual particle ratio was reduced by 40.60% when the
optimized working parameters were applied.
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