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ABSTRACT

Due to the complex terrain and variable soil conditions in hilly areas, traditional potato
harvesters often face challenges such as high excavation resistance, insufficient soil
disturbance, and high crop loss rates. This paper, based on soil mechanics and the working
principles of potato harvesters, uses EDEM (Discrete Element Method) discrete element
software to simulate different combinations of blade angle differences, and systematically
studies their on-excavation performance. The results show that the angle difference 4,
between blade angles a; and a», and the angle difference 4> between a and as,
significantly affect excavation performance. Proper blade angle design can significantly
reduce excavation resistance, enhance soil disturbance effects, and reduce power
consumption. Specifically, blade pressure fluctuates with increasing angle difference;
forward resistance significantly increases under conditions of large angle differences; and
within a certain range of 4,, the blade operates with higher efficiency and lower power
consumption. In summary, rational optimization of blade angle design can improve

harvest efficiency and crop integrity.

INTRODUCTION

The operational efficiency and effectiveness of
agricultural machinery are significantly influenced by the
complex terrain and variable soil conditions in hilly areas
(Wang et al., 2021; Wei et al., 2019; Wu, 2022). Potatoes,
being an important cash crop, have a yield and quality directly
related to the mechanization level of the harvesting process.
However, traditional potato harvesters often encounter
problems such as high digging resistance, insufficient soil
disturbance, and high crop loss rates when operating in hilly
areas (Bao et al., 2021; Cao et al., 2023; Xu et al., 2019).
Therefore, optimizing the design of potato harvester digging
shovels for the specific terrain conditions in hilly areas has
significant practical importance.

As a key component in agricultural machinery, the
design and optimization of digging shovels have been
extensively studied both domestically and internationally.
The traditional excavator shovel has the problems of poor
terrain adaptability, low harvesting efficiency, and easy wear
of excavation tools. Optimizing the structure and parameters
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of the shovel body can improve the excavation efficiency,
reduce energy consumption, and improve the adaptability and
stability of the operation. Recent international research has
focused on innovative approaches to enhance the
effectiveness and efficiency of digging shovels for potato
harvesters. Thomas & Fischer (2020) explored the application
of ultra-high molecular weight polyethylene (UHMWPE)
coatings to reduce soil adhesion and wear on the blades.
Miiller & Schmidt (2019) conducted extensive field tests to
evaluate the impact of shovel blade angle variability on the
efficiency of soil cutting and tuber damage. Wilson et al.
(2021) implemented advanced computational fluid dynamics
(CFD) simulations to optimize the flow of soil and reduce the
energy consumption of potato harvesters. Furthermore,
Clarke (2022) investigated the use of hybrid metal-composite
shovel blades, which significantly improved durability and
flexibility under varying soil conditions. Domestic research
focuses more on optimizing the design of digging shovels in
conjunction with actual agricultural environments. Studies
(Ge et al., 2023; Ye et al., 2023; Zhang et al., 2022) have
shown that biomimetic design can significantly improve the
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performance of digging shovels. For instance, biomimetic
digging shovels inspired by mole crickets' foreclaws and wild
boars' rooting snouts have demonstrated excellent resistance
reduction and soil-breaking capabilities during digging.
Additionally, the interaction between soil particles and digging
shovels has been simulated using the Discrete Element Method
(DEM) to optimize the structural parameters of digging shovels,
thereby enhancing digging efficiency and stability.

Although numerous studies have analyzed the digging
shovels of potato harvesters, they have not considered the
impact of the angle difference in the shovel face inclination
on digging performance. This study focuses on determining
the effect of the angle difference between the shovel face
inclinations of potato harvesters on overall digging
performance, aiming to enhance their operational efficiency
in hilly areas and provide a basis for designers in selecting the
shovel face angle. The shovel face inclination angle, a key
parameter in the design of digging shovels, directly affects
soil cutting, breaking, and lifting processes. Traditional
designs of potato harvester shovels are often based on the
conditions of plain areas; however, in hilly regions, due to
variations in soil moisture and hardness, the design of shovel
face angles often proves to be inappropriate, commonly
resulting in uneven soil breaking, high forward resistance, and
severe potato damage during operations, thereby affecting
harvesting efficiency and potato damage rates (Park et al.,
2019). A rational design of the shovel face inclination can
significantly reduce digging resistance, improve soil
disturbance effects, lower overall power consumption, and
thus enhance harvesting efficiency and crop integrity (Wei et
al., 2023). Therefore, optimizing the shovel face inclination
of potato harvesters and determining the impact of the
inclination angle difference on overall digging have
significant implications for improving the adaptability and
operational performance of potato harvesters in hilly areas.

In this study, we first established geometric and
mechanical models of the digging shovel and soil based on
soil mechanics and the working principles of potato
harvesters. Subsequently, we utilized the EDEM discrete

(a)

a>— Shovel face inclination angle in segment BC, °;
az—Shovel face inclination angle in segment CD, °;
Li—Shovel surface length in segment AB, mm;
L>—Shovel surface length in segment BC, mm;

element software to simulate all combinations under different
shovel face inclination angle differences, evaluating the
design based on shovel face pressure, power, and forward
resistance. We determined that the angle differences 4,
between shovel face inclination angles al and a», and 4>
between a» and a3, significantly impact overall digging
performance, thereby ensuring the effectiveness of the
optimized design in practical applications. This research not
only provides new ideas and methods for the design of potato
harvesters in hilly areas but also offers a reference for
optimizing the design of agricultural machinery under similar
terrain conditions. By combining theoretical analysis with
simulation, the study supports the enhancement of
agricultural mechanization levels and potato harvesting rates
in hilly areas, thus improving the mechanization level and
operational efficiency of potato harvesters and reducing
operational damage.

Shovel structure and main parameters
Shovel structure

Shovels can be classified according to their assembly
style into fixed, driven, and combination types (Zbanov et al.,
2020). A fixed shovel is rigidly connected directly or
indirectly to the frame, moving synchronously with the
digging device during operation. It offers good stability and
wear resistance, effectively reducing the occurrence of missed
potatoes during harvesting. In hilly areas, potato harvesters
typically use fixed multi-blade shovels. Therefore, the shovel
designed in this paper adopts a fixed assembly type and
features a three-small-blade structure. The blade is designed
with multiple segments, and the overall structure is shown in
Figure 1(a). This structure performs excellently in terms of
soil penetration, soil breaking, and loosening capabilities, and
it also reduces the mound of soil accumulated during potato
harvesting. The entire shovel uses a symmetrical design to
ensure even distribution of stress and prevent local damage
due to stress concentration. The structure of a single blade is
shown in Figure 1(b).

VY

(b)
FIGURE 1. Structure diagram of the digging shovel. (a) Overall structure, (b) Single-blade structure.

Where:
ai—Shovel face inclination angle in segment AB, °;

Ls;—Shovel surface length in segment CD, mm;
b—Single shovel operation working width, mm;
6—Shovel blade opening angle, °;

I—Shovel gap, mm;

K—Effective total width of the digging shovel, mm.
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Main parameters of the digging shovel

The operating speed of a potato harvester refers to its
forward movement speed. The digging shovel designed in this
paper is intended for small plots in hilly areas and is primarily
equipped with tractors of 50-70 horsepower. Therefore, the
maximum operational speed of the tractor is set at vo= 1.2 m/s
(Zhou et al., 2023).

Selecting the appropriate digging shovel entry
parameters is crucial for effectively excavating the soil-potato
mixture and transporting it to the soil-potato separation
mechanism (Li et al, 2023). Considering the actual
conditions of the soil in hilly regions, a mechanical model of
the digging shovel has been established, as shown in Figure
2, and an analysis of the forces acting on the shovel after it
enters the soil layer has been conducted.

(b)

FIGURE 2. Force analysis of the digging shovel.
Where:
[ —Blade opening angle, °;
P—Resistance force on the blade, N;

F;—Frictional force between the potato-soil mixture
and the blade, N;

Ro—Force perpendicular to the blade, N;
G—Weight of the potato-soil mixture, N;

Fp—Force required to lift the excavated material along
the movement of the digging shovel, N;

F,—Support force of the digging shovel on the potato-
soil mixture, N;

Fr—Frictional force of the digging shovel on the
potato-soil mixture, N;

hi—Depth of entry into the soil for segment AB, mm;
h>—Depth of entry into the soil for segment BC, mm;

h—Total depth of entry into the soil for the digging
shovel, mm.

Design of the digging shovel blade angle

The optimization of the shovel blade opening angle
aims to reduce the sliding shear resistance between weeds and
stems and the digging shovel. An appropriate blade opening
angle not only reduces the forward resistance of the digging
shovel but also facilitates the smooth transportation of the
soil-potato mixture to the soil-potato separation mechanism
(Dun et al., 2023). Additionally, the blade opening angle must
ensure that stems and weeds can smoothly slide off the blade
to prevent entanglement. In summary, the blade opening angle
should meet the following formula (Wei, 2024):

F, < Psin(90" - ) (1)

Based on [eq. (1)], it can be derived that £<<90°. Based
on previous studies, (Tan et al., 2023; Yi et al., 2023) the
friction coefficient between heavy clay and clay with steel
ranges from 0.4 ~ 0.9. This paper selects the maximum
friction coefficient of 0.9. Typically, § ranges between 44° and
52°. To meet the design requirements, this article selects f =
50°. According to Figure 2, 8 = 2, therefore 6 = 100°.

Design of the digging shovel width

The effective total width K of the digging shovel
primarily depends on the subsurface distribution of potato
tubers, row spacing, plant spacing, growth conditions, and
deviations in the harvester's travel path (Wang et al., 2021).
To ensure that all the mixture within the entire potato ridge is
effectively excavated, the working width of the digging
device should be slightly wider than the bottom width of the
ridge. The working width K of the digging shovel can be
determined using the following formula:

K=M+e+30+2c )
Where:
M—Average row spacing, mm,;

€ —Average distribution width of potatoes, 200
mm~250 mm;

O —Composite standard deviation, mm;

C—Machine travel deviation, 50~80 mm.

o =40, +0, 3)

Where:
O,,—Standard deviation of row spacing, mm;

O, —Standard deviation of potato tuber distribution
width, mm.

This study sets the following parameters: M =300 mm,
e =200 mm, oy =60 mm, g, =60 mm, and ¢ =50 mm
(Wang et al., 2023b). Considering the agronomic requirement
for a maximum ridge bottom width of 800 mm, the digging
shovel effective total width K equals834 mm. Given that the
digging shovel designed in this paper features a fixed
structure with three small shovels, [eq. (4)] gives the width of
the shovel blade for each individual shovel as b =270 mm.
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b=—=— (4)

Where:

d —Number of digging shovel blades in a single
shovel body, d =3 ;

| —Shovel gap, setas / = 12 mm.

Design of the length of the digging shovel

In hilly regions, potato tubers typically lie between
150 mm and 200 mm beneath the surface. To meet the growth
requirements of potatoes and improve the cleaning rate, the
total penetration depth of the digging shovel should ideally be
between 150 mm and 220 mm. The digging depth has a
significant impact on the traction resistance of the shovel at
different blade angles. With fixed parameters for blade angle
and soil properties, the deeper the digging depth, the greater
the traction resistance of the shovel (Wang et al., 2023a; Xin
& Liang, 2022); however, considering that a connection plate
is installed below the shovel which can adjust the penetration
depth, and the transport chain is situated below the ridge's top
level, the actual digging depth of the shovel is about 170 mm.
hy is the vertical distance from the connecting plate to the
bottom of the bucket, which should be set according to the
actual operation requirements to ensure that the connecting
plate can effectively control the penetration depth and avoid
equipment damage caused by digging too deep. /> indicates
the initial position of the transport chain, which should be
selected taking into account the position below the top level of
the ridge in order to optimize the trajectory of the transport
chain and ensure operational efficiency. % is the size of the gap
between the connecting plate and the bucket, and this value is
selected according to the contact between the bucket and the
soil to ensure smoothness and stability during the excavation
process and avoid unnecessary resistance. Consequently, the
chosen parameters are: #; = 59 mm, s, = 96 mm, and 43 = 15
mm. According to Figure 2, shovel length L is:

L= .h (&)
sina

Analysis of the digging shovel blade angle

The size of the inclination a of the shovel will affect

TABLE 1. Shovel length data.

the soil entry performance, soil breaking performance,
excavation resistance and lifting height of the excavation
blade (Fan, 2020; Li et al., 2021; Liu et al., 2019). A smaller
blade angle decreases the friction between the digging shovel
and the soil-potato mixture. However, if the blade angle is too
small, the overall length of the digging shovel will increase.
Therefore, the blade angle of the digging shovel should satisfy
the following formula:

FPcosa—Ff—GsinaZO (6)
Fn—Gcosa—Fpsina:O 7
F, =tangF, (®)

Where:

¢1 is the friction angle between soil and digging
shovel, °.

By combining eqs (6), (7) and (8), we obtain:

a< arctanM 9)
G +tang F,

According to [eq. (9)], a smaller cutting angle «
improves the soil entry performance and reduces the digging
resistance, but the soil fragmentation performance is poor.
Additionally, a smaller angle results in a longer digging
shovel length to achieve a certain lifting height, which may
cause soil accumulation. Conversely, a larger cutting angle a
enhances soil fragmentation performance but worsens soil
entry performance and increases digging resistance (Jia et al.,
2023; Li et al., 2019). The curved shovel balances these
factors: the front section AB has a smaller cutting angle a; to
facilitate soil entry; the middle section BC has a larger cutting
angle o, to enhance soil fragmentation and shorten the shovel
length; and the rear section CD, which includes a stone guard,
has a smaller cutting angle a3 to loosen the compressed soil
(Chen et al., 2024; Feng et al., 2022; Gierz et al., 2022).
According to the industry standards for potato harvesters, the
cutting angle a; is generally between 10° and 15°, a> is
between 16° and 24°, and a3 is between 12° and 15°. The
lengths of each section are shown in Table 1.

al ) L (mm) (¢%) GD) L (mm) a3 ) L3 (mm)
10 340 16 348 12 72
11 309 17 328 13 67
12 284 18 311 14 62
13 262 19 295 15 58
14 244 20 281 \ \

15 228 21 268 \ \
\ \ 22 256 \ \
\ \ 23 246 \ \
\ \ 24 236 \ \
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Discrete element simulation model of an excavator shovel

The Discrete Element Method is a technique used to
study the physical mechanisms of particle motion, and is
particularly suitable for simulating the contact or collision
processes of particle assemblies (Xin & Liang, 2022). The
EDEM discrete element software is employed to simulate the
interaction between soil particles and the digging shovel.
Using spherical particles in the simulation closely replicates
the physical characteristics of actual soil particles, enhancing
the accuracy of the simulation and more realistically
modeling the forces between moving particles.

Model data

During operation, both the soil and potatoes are

Earthen trough

scattered; hence the soil can be considered as particles of a
certain size (Shen et al., 2023; Shkaruba et al., 2022). The
simulation model consists of the digging shovel and soil. The
angles of the shovel blades, a1, a», and a3, serve as the focus
of the discrete element simulation to analyze the
relationships between the differences in these angles. In this
model, the thickness of the digging shovel is 6 mm. The
lengths of the AB, BC, and CD sections of the shovel blade
are specified in Table 1. Other parameters are consistent
with previous settings, with soil dimensions being 800 mm
in length, 320 mm in width, and 200 mm in height. The
simulation model of the digging shovel in contact with the
soil is illustrated in Figure 3.

Soil particles

\ 800mm

FIGURE 3. Digging shovel single shovel contact with soil model.

Calculation parameters

Mn65 steel is selected as the material for the digging shovel; the soil is clay from hilly areas (Lazzaro et al., 2023; Li et
al., 2023; Zhou et al., 2022), and its specific parameters are shown in Table 2.

TABLE 2. Digging shovel and soil simulation calculation parameters.

Parameter Numeric value

Poisson's ratio of soil particles 0.3

Shear modulus of soil particles (Pa) 1e+08

Density of soil particles (kg/m*) 2680
Particle-to-particle recovery coefficient 0.3
The coefficient of rolling friction between particles and particles 0.3
The coefficient of static friction between particles 0.5
Recovery coefficient between the pellet and the digging blade 0.3
Coefficient of rolling friction between the pellet and the digging blade 0.2
Coefficient of static friction between particles and digging blade 0.3

Particle radius (mm) 3

Eng. agric., Jaboticabal, v.45, e20240140, 2025
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The research focuses on the soil-digging shovel
system, combined with the actual working condition of the
potato harvester, the Hertz-Mindlin with Bonding contact
model is chosen, with bonding model parameters detailed in
Table 2 (Liu et al., 2023). The fixed simulation step is set to
20% of the Rayleigh step, with a total simulation time of 2.5
seconds and data saved every 0.01 s (Torotwa et al., 2023).
The soil particles settle completely before the digging shovel
begins to move, starting at 1.2 s and ending at 2.5 s. Various
particle models are available in EDEM software; a simplified
soil particle model is created for computational efficiency. In
the simulation environment, soil particles fall for 1 s at a
speed of 2 m/s, and the digging shovel moves horizontally
for 1500 mm.

Particle size-independent analysis

As illustrated in Figure 4, to test the irrelevance of
particle size, the simulation model uses digger blade angles
a1 = 10°, ax = 20°, and a3 = 15°, with particle radii ranging
from 2 mm to 4 mm. When particle radii are between 3.5 mm
and 4 mm, blade pressure, power, and forward resistance
increase. With a radius of 3 mm, these parameters stabilize,
showing minimal differences compared to a 2 mm radius:
blade pressure differs by only 13.1 Pa, power by 0.01 W, and
forward resistance by 0.29 N, significantly reducing
computation time. Given efficiency and accuracy
considerations, setting the simulation model's particle radius
at 3 mm is deemed appropriate.

800 1.9 4145 5160000
. —=— Shovel face pressure (Pa)
< - 140000
Ay 750 + —e— Power (W) 41.8 - 1402 oy
N & \(,)/
g —e— Forward resistance (N) 117 {13587 120000
2 700 —e— Calculate the time (s) —~ g 100000.§
=

2 {168 {1303 :
650 + = w1 480000 <=
0 5 ) =
Q 415 2 125 ~ 1)
= S 460000 &
=600 o? = <
) . 1147 {120 2
Q -— B 140000 2
Q — = o

550 | L
'CS,:) .\\ 413 -llSLL_zOOOO Q

®
500 ' ' L ’ L 1.2 <4110 -0
2.0 25 3.0 315 4.0

Particle radius (mm)

FIGURE 4. Mesh irrelevance analysis.

Analysis of the angular difference between the inclination
angles a1 and a2 of the shovel face

Soil fragmentation capacity and forward resistance are
critical factors determining the performance of digging
shovels (Cui et al, 2019). Consequently, the angular
difference 4 between a; and a» can reflect the shovel's soil
fragmentation ability to some extent. The effect of angular
difference 4, on 4, is first determined. Subsequently, the
angular ranges for a; and o are set, and simulations for 4, =
1°~9° are conducted. Analyses are carried out in terms of
blade pressure, forward resistance, and power to determine
the impact of 4; on the performance of the digging shovel.

The effect of 41 on the performance of the shovel face
when 42 varies

As 4 changes, 4 also varies. To explore the impact of
41 on the overall digging performance of the shovel, after
determining blade angles a, and a3, the angle o, is varied to
compare the blade pressure, power, and forward resistance for
different 4; values, as shown in Figure 5. When a, = 24°, there
is only one scenario, with 4; = 9°; hence it is not represented
in the diagram; when a; = 15°, ax = 24°, a3 = 13°, the blade
pressure is 838.13 Pa, the power is 1.40 W, and the forward
resistance is 98.78 N.
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FIGURE 5. Angle difference when blade angles a> and a3 are fixed.

In Figure 5, subfigures (a) to (h) correspond to the
combinations o, of 16° ~ 23° and a3 of 13°, respectively. Once
oz and o3 are determined, a larger angle difference 4; results
in higher power and forward resistance, but the blade pressure
fluctuates significantly and exhibits large variations. As a»
increases while a3 remains constant, the maximum blade
pressure for each group increases with a,, but the maximum
power and forward resistance decrease as o, increases.

To investigate the effects of different 4, on overall
blade pressure, power, and forward resistance under varying

4>, this study conducted a relative error analysis for each
group's data when o, and a3 are fixed, using the median values
from Figure 5 as the baseline. As shown in Figure 6, the
relative errors for blade pressure, power, and forward
resistance change with variations in a». Specifically, the
maximum relative error is: 2.27% for blade pressure, 22.09%
for power, and 18.72% for resistance. This analysis
demonstrates that 4, has the least impact on blade pressure, a
moderate impact on forward resistance, and the greatest
impact on power.
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FIGURE 6. The maximum relative error of the performance of each shovel face at different 4.

The influence of angle difference 41 on the performance
of the shovel surface

To explore the impact of varying angular difference 4,
on the performance of digging shovels, a comparative
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analysis was conducted on the changes in blade pressure,
power, and forward resistance with respect to 4;, under
different combinations of blade angles where blade angle
a3 is fixed and angles a; and a» vary. Figure 7 displays the
relationship between the performance of the digging shovel

2° to 9°. Analysis of the figure aids in understanding how
different 4, angular differences influence the digging process,
thereby optimizing blade design and enhancing the
performance of digging shovels in operational conditions.
The impact of angular difference 4, on blade performance is

and the tilt angle a» as the angular difference 4 ranges from depicted in Figure 7.
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FIGURE 7. Comparison of simulation results with different angle differences 4.

As illustrated in Figure 7, a certain relationship exists
between blade pressure, power, and forward resistance. Under
the same angular difference 4, higher blade pressures
correlate with lower power and forward resistance;
furthermore, smaller blade angles a; and a result in lower
blade pressures, but higher power and forward resistance.
When 4, varies, with a; constant, larger 4, results in greater

blade pressure; however, with a, constant, 4; has a minimal
overall impact on blade pressure.

To explore the effects of different angular differences
on overall excavation performance, the paper compares blade
pressure, power, and forward resistance by averaging all
simulation results for angular differences 4, = 1° ~ 9°, a
shown in Figure 8.
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As illustrated in Figure 8, the blade pressure increases
with the increase in 4;. When 4; = 1°~6°, the power and
forward resistance also increase with the increase of the angle
difference 4,. At 4, = 6°, power and forward resistance peak
at 1.72 W and 122.36 N, respectively. However, from 4, = 7°
~ 9°, the forward resistance decreases with increasing 4.
When 4; = 7° and 4, = 8°, power decreases as 4, increases,
but at 41 = 9°, power increases again to 1.71 W, only 0.01 W

less than the maximum power observed.

The influence of the length of the excavation shovel on
various factors

To explore the relationship between the blade length L
of the digging shovel and the blade pressure, power, and
forward resistance during the excavation process, a comparison
of all simulation results at 4; = 9° is presented in Figure 9.
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FIGURE 9. The impact of digging shovel blade length L on excavation performance.

Figure 9 illustrates that the blade length L is inversely
proportional to the blade pressure, with longer L resulting in
lower blade pressure. Conversely, L is directly proportional to
both power and forward resistance, indicating that longer L
increases both power and forward resistance. Therefore, L
significantly impacts blade pressure, power, and forward
resistance.

Analysis of the angular difference between the inclination
angles a2 and a3 of the shovel face

Loosening capability is a key factor influencing the
performance of excavation shovels (Cui et al., 2019). Thus,
the angle difference 4, can, to some extent, reflect the
loosening capability of the shovel. The ranges for angles a»
and a3 were established, and simulations were conducted for
blade angle combinations with 4, ranging from 1° ~ 12°. The

simulations analyzed blade pressure, forward resistance, and
power to determine the impact of 4, on the performance of
the excavation shovel.

The effect of 42 on the performance of the shovel surface
when 41 varies

To systematically study the impact of varying angle
differences on blade pressure, power, and forward resistance,
this research conducted a series of simulations analyzing
different angle differences when blade angles o, and a3 were
the same, as shown in Figure 10. It displays the relationship
between blade pressure, power, and forward resistance as the
angle difference varies, with a; fixed at 13° and a» changing
from 16° ~ 24°. Each subplot corresponds to different angle
combinations, revealing the complex effects of angle
differences on the excavation process.
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FIGURE 10. Angle difference when digging shovel blade angles a; and a; are fixed.

Figure 10 illustrates the relationship between blade To ascertain the impact of angle difference 4, on
pressure, power, and forward resistance under different angle overall blade pressure, power, and forward resistance at
differences 4, as 4> changes. Subfigures (a) to (i) sequentially different 4, this study used the median values from Figure 10
correspond to combinations when a; = 13°, with a, ranging as baseline values and calculated the relative errors for each
from 16° to 24°. The overall trend indicates that as the angle set under different 4;. Figure 11 depicts the percentage of
difference 4, increases, blade pressure and power exhibit relative errors in blade pressure, power, and forward
nonlinear fluctuations, while forward resistance significantly resistance under different 4. The results indicate significant
increases at certain angle differences, particularly under increases in the relative errors for blade pressure and power
larger angle difference conditions. Subfigure (a) shows at certain angles, such as blade inclinations a» of 18°, 19°, and
maximum forward resistance at 4, = 4°; subfigure (b) records 21°, while the errors for forward resistance are relatively
the highest forward resistance at 4, = 5°; from subfigures (c) lower and more stable. Overall, forward resistance exhibits
to (i), the power and forward resistance differ at the points better stability, whereas blade pressure and power show larger
where 4, reaches their respective maximums, reflecting the fluctuations; yet all remain under 4%, indicating that different
complex impact of 4; on the excavation process. values of 41 have minor effects on blade performance analysis.
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The influence of different angle difference 42 on the
performance of the shovel surface

Due to the minimal impact of 4; on 4> analysis, this
study focuses on comparing simulations with the same 4>, as
shown in Figure 12. The figure displays the relationship
between blade pressure, power, and forward resistance as a»
changes, within a range of 4, from 2° to 11°. When the angle
difference 4, is 1°, the only scenario is a2 = 16°, a3 = 15°;
when 4 is 12°, the only scenario is a» = 24°, a3 = 12°, and
hence these are not depicted in Figure 12. With a1 = 13°, ax =
16°, az = 15°, the blade pressure is 720.73 Pa, power is 1.72
W, and forward resistance is 122.19 N; with a; = 13°, ax = 24°,
a3 = 12°, the blade pressure is 832.54 Pa, power is 1.58 W,
and forward resistance is 107.99 N. Generally, as a; increases,
blade pressure and forward resistance show varying trends of

decline, while power exhibits relatively larger fluctuations.
Subfigures (a) to (c) illustrate that at smaller 4, (2° ~ 4°),
blade pressure and forward resistance gradually decrease,
whereas power remains relatively stable; subfigures (d) and
(e) indicate that as A4, increases to 5° and 6°, significant
fluctuations appear in power and forward resistance, with a
notable reduction in blade pressure; subfigures (f) to (h) show
that as 4, further increases (7° ~ 9°), power significantly rises,
and forward resistance sharply drops at larger a; subfigures
(i) and (j) reveal more complex relationships among the three
variables when 4, reaches 10° and 11°, with continuing
declines in blade pressure and forward resistance, while
power fluctuates distinctly at different a,. These results
demonstrate that 4, significantly affects the performance of
the digging shovel, with blade pressure increasing and
forward resistance decreasing as a; increases.
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To investigate the influence of different 4, on overall
excavation performance, this study averaged all simulation
results for 4, ranging from 1° to 12° and compared blade
pressure, power, and forward resistance, as illustrated in
Figure 13. It displays the relationship between blade pressure,
power, and forward resistance as the angle difference 4>
varies from 1° to 12°. It is observed that blade pressure
progressively decreases with an increase in 4, from 1°to 12°,
showing a clear negative correlation, particularly rapid
declines between 4> of 5° to 8°. Power remains relatively
stable from 1° to 6° but significantly increases once 4,
exceeds 6°, indicating increased power demands due to
excavation. Forward resistance sharply falls within the 1° to
8° range and stabilizes after 4, exceeds 8°. This trend suggests
that as 4, increases, significant changes occur in resistance
and power generated by excavation, with 4,'s impact on blade
pressure and forward resistance being especially notable.
Within a certain 4, range, the shovel operates with high
efficiency and lower power consumption.

CONCLUSIONS

Based on the above
conclusions can be drawn:

(1) Blade pressure increases with the increase in angle
difference 4. From 4, = 1° ~ 6°, power and forward resistance
also increase with the angle difference, but from 4; = 6° ~ 9°,
power fluctuates and forward resistance gradually decreases.

(2) The impact of angle difference 4; is minimal on
blade pressure, more significant on forward resistance, and
greatest on power.

(3) Blade length is directly proportional to power and
forward resistance but inversely proportional to blade pressure.

(4) With the increase in angle difference 45, significant
changes occur in the resistance and power required for
excavation. The impact of 45 is particularly notable on blade
pressure and forward resistance. Within a certain range of
angle difference 4>, the blade operates with higher efficiency
and lower power consumption.

analysis, the following

The blade inclination optimization method proposed
in this paper provides an effective theoretical basis for
improving excavation efficiency and reducing power
consumption. By analyzing the impact of different angular
differences and blade lengths on blade performance, research
has shown that blade design can achieve higher productivity
by optimizing these parameters. Under complex soil
conditions and uneven terrain, this method can effectively
improve the working performance of shovel blades and
reduce energy consumption, and it has a degree of universality.

In this paper, through the systematic analysis of
parameters such as angular difference and blade length, it
provides a new theoretical basis for the design of shovel
blades and the optimization of excavation efficiency. The
results show that the angular difference and blade length have
a significant impact on the power, forward resistance and
blade pressure; in particular, the angular differences 4, and 4
have greater impacts on the blade performance. Specifically,
changes in angular difference significantly affect blade
efficiency and energy consumption, while changes in blade
length are proportional to power and forward resistance. The
model in this paper provides actionable optimization
directions for blade design, helping to improve digging
efficiency and reduce power consumption.

Future research can further expand the application of the
model on this basis, and combine multi-factor analysis and
actual working conditions to improve the practical application
value of the model.
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