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The bucket of industrial hydraulic excavator is one of the key components in the
excavator. Considering the poor model construction ability of the current bucket
strength and fatigue simulation method of industrial hydraulic excavator, which
leads to the large difference between the simulation results and the measured
results, a new bucket strength and fatigue simulation method of industrial
hydraulic excavator is designed. The parametric design of bucket of industrial
hydraulic excavator is completed by using ADAMS/View technology. Referring to
the actual digging force of the bucket, the bucket strength of industrial hydraulic
excavator is simulated. The cumulative fatigue damage reliability analysis
algorithm is used for bucket fatigue simulation, and the simulation results are
statistically analyzed. The experimental results show that the simulation results of
the method are closer to the measured results, the relative error is controlled
within 5%, and the computational efficiency is improved by about 80% compared
with the traditional method. The method provides a new technical means for the
design and optimization of hydraulic excavator bucket, which has high
application value.

excavator, simulation analysis, adams, equipment performance analysis, fatigue analysis
1 Introduction

Natural disasters and other situations occur frequently in modern society. The existing
traditional and general-purpose construction machinery have a small working range and
may not be able to enter the core area of the disaster area. At this time, relying on manpower
for rescue is inefficient and easy to cause large casualties. Therefore, an excavator with a
larger working range is needed to deal with these situations. Single bucket hydraulic
excavator is the most widely used mechanical equipment in engineering machinery and
equipment. It is widely used in industrial construction, transportation, housing
construction, railway construction, bridge engineering, water conservancy construction,
mining, national defense engineering and other engineering construction. Hydraulic
excavator plays an important role in accelerating construction speed, shortening
operation period, reducing workers’ labor and improving work efficiency (Niskanen
et al., 20205 Arai et al., 2021). General hydraulic excavators include power mechanism,
slewing mechanism, operating mechanism, traveling mechanism, transmission mechanism,
working device and some auxiliary mechanisms. The working device is the direct executing
device for hydraulic excavators to complete various excavation tasks, and its main structure
is mainly composed of boom the operation process of the whole machine is realized through
the compound action of three groups of oil cylinders and the interaction between the bucket
and the operation object. The research and development of hydraulic excavator in China is
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relatively late, and its core technology is basically in the hands of
foreign R and D teams, while the design and development of
domestic hydraulic excavator mostly learn from or imitate
foreign mature products. At present, the foreign excavator
industry
technologies, new processes, new structures and new materials,

attaches importance to the adoption of new
and speeds up the pace of standardization, serialization and
generalization. However, the hydraulic excavator’s working device
faces the combined effects of various loads, such as tension, pressure,
bending moments, and torque, in complex working environments.
The alternating loads under different working postures and
positions place high demands on the strength and fatigue
performance of the working device. The development of
domestic hydraulic excavators lags behind international leading
levels, mainly relying on foreign technology and often learning
from and imitating mature foreign products (Park et al., 2021).
Therefore, it is urgently necessary to introduce advanced production
technologies and adopt cutting-edge design and development
techniques to enhance core technologies.

Due to the poor working conditions and complex and
changeable excavation actions of the hydraulic excavator, the
working device needs to bear the comprehensive effects of
various loads such as tension, compression, bending and torsion
and impact load in the process of completing various tasks, and
bears varying degrees of alternating loads under different working
positions and postures, which puts forward high requirements for
the structural performance of the working device of the hydraulic
excavator (Tri Cuong et al., 2020; Niraj et al., 2021). Excavator is an
engineering equipment to ensure the survivability, mobility and anti
mobility of the army. With the development of modern science and
technology, especially information technology, we must innovate
ideas, break through the traditional development ways and modes,
and realize a qualitative leap in the performance and quality of
military engineering equipment. Therefore, only by ensuring that
the working device can meet the strength and fatigue performance
requirements under long-term use, can ensure that the excavator has
high operation efficiency and make it competitive in the market (Liu
et al, 2025). If the domestic excavator industry wants to break
through and realize industrialization, marketization and scale, it
must first gradually get rid of its dependence on foreign products,
master the core technology of production and R and D and realize
independent innovation.

In the process of continuous innovative design of industrial
hydraulic excavator, the bucket strength has a direct impact on its
use effect. Once the device has poor strength or fatigue resistance, it
is easy to cause equipment damage and threaten the personal safety
of workers. Therefore, it is necessary to systematically analyze it and
determine the performance parameters of the bucket of industrial
hydraulic excavator. Because the bucket device of industrial
hydraulic excavator is large and the actual analysis needs to
consume a lot of cost, the bucket strength and fatigue simulation
of industrial hydraulic excavator is carried out in this study in order
to obtain more reliable analysis results and promote the
development of bucket manufacturing industry of industrial
hydraulic excavator. Although parametric design and fatigue
cumulative damage analysis have been widely used in the
engineering field, the existing methods are still insufficient in
dealing with the strength and fatigue simulation of hydraulic
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excavator buckets under complex working conditions. The
existing methods cannot accurately reflect the multi-factor
coupling effect in the actual working conditions when simulating
the dynamic response of the bucket under complex loads. In
addition, the accuracy and
computational efficiency of the existing methods still needs to be

balance between simulation
improved. In order to overcome these limitations, the study
innovatively combines advanced parametric modeling techniques
and improved fatigue cumulative damage reliability analysis
algorithms to achieve high-precision simulation of hydraulic
excavator buckets.

The study proposes a novel method for simulating the strength
and fatigue of excavator buckets, combining advanced parametric
modeling techniques with an improved fatigue cumulative damage
reliability analysis algorithm. This method more accurately reflects
the stress characteristics and fatigue life of the bucket under complex
working conditions, providing new technical means for the design
and optimization of hydraulic excavator buckets. The method
outperforms existing technologies in both simulation accuracy
and computational efficiency, offering high application value. Not
only does it improve simulation accuracy, but it also enhances
computational efficiency, increasing it by approximately 80%
compared to traditional methods under complex load conditions.
Furthermore, this research provides new ideas and methods for
simulation analysis in the field of construction machinery,
promoting the development and application of related technologies.

2 Simulation design of bucket strength
and fatigue of industrial
hydraulic excavator

2.1 Parametric design of bucket of industrial
hydraulic excavator

In this study, the bucket of industrial hydraulic excavator will be
parameterized first. The relationship between bucket joint Angle and
space pose is obtained by kinematic analysis of excavator working
device. In excavator operation, the bucket through the rotary motor
and hydraulic cylinder control to achieve the target task. According
to this principle, the MATLAB model is established, and the
ADAMS/View technology is used to parameterize the model. At
the same time, the key geometric parameters of the bucket are the
core parameters that directly affect the working performance of the
bucket, such as the size of the bucket, the length of the connecting
rod and the joint angle (Wang et al., 2024). The movement track and
attitude change of the bucket during the working process are
determined by its interaction with the hydraulic cylinder and the
rotating motor. Therefore, the relationship between bucket joint
angle and spatial attitude obtained from kinematics analysis is also
included in the category of design variables (Jinguang et al., 2024). In
addition, the actual working scene of industrial hydraulic excavator
is considered, and the parameters directly related to digging force,
working range and operating efficiency are selected.

ADAMS/View provides three kinds of parameterization
methods: expression parameterization, parameter
parameterization and design variable parameterization. The three
have

parameterization methods corresponding  differences.
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According to the structural characteristics and research objectives of
industrial hydraulic excavator, parametric parameterization
treatment method is selected as the parameterization treatment
technology. It is used to simulate the position relationship
between the driving Angle of each component and the bucket
space of the excavator in the working process, and the variable
relationship between the working devices is analyzed. According to
the changes of spatial variables, the movement track of the bucket in
the working process is analyzed. When creating the bucket
parameterization model of industrial hydraulic excavator, firstly
choose the parameterization method to be adopted in the model
and the parameterization variables to be introduced. When the input
value of this variable is changed, the dependent model properties are
automatically updated.

To establish three-dimensional solid model of hydraulic
excavator is crucial for accurate simulation of the operating cycle,
so when modeling should be carried out in accordance with the
actual size of parts of hydraulic excavator, and on the full analysis
and clear the position and the constraint relationship between
components of the assembly into the final model of the machine.
At the same time, the whole machine model as the bucket 3d model
design basis.

There are motion tools and structure-point parametric tools in
the ADAMS/View main toolbox, and special parametric tools in the
application module. The motion tool sets the motion of one model
object relative to another. ADAMS/View provides two kinds of
parameterized motion tools: position function f (a) and direction
function f («). In this study, this function is used to complete the
parametric model construction process.

A reasonable model can provide more reliable data for the
subsequent simulation process. In order to control the difficulty
of calculation in the subsequent research, the parametric model will
be simplified in this link. The shape of parts and the number of holes
are simplified without affecting the movement and simulation
results of the working device. In ADAMS, driving can be added
to realize the operation of the working device, so the electric push
rod, motor and other parts are omitted. Although some components
have been omitted, the key components that directly affect the force
and motion of the bucket have been retained to ensure that the
simulation results can accurately reflect the actual working
conditions. In order to meet the simulation requirements, only
the bucket, support frame, and control rod were parameterized in
3D (Reza et al., 2021).

In this study, the abscissa and ordinate of the relevant design
structure points B, C, D and E of the bucket connecting rod
mechanism are parameterized respectively, corresponding design
variables Q0-Q7 are created, and their initial values and value
range are given. After the coordinates of the parameterized points,
the parameterized points can be associated with the existing
components. When the positions of these points change, the
geometry associated with them will be automatically updated,
so as to realize the parameterized modeling of the
excavator bucket.

During the parametric simulation analysis, it is necessary to
measure some characteristics of the bucket model which can be
calculated by ADAMS/View, and regard them as the objective
function in the parametric analysis. Transmission ratio of bucket
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connecting rod mechanism is the objective function of this
parametric analysis, which can be expressed as:
_ pl+p3

max (x) = w7 M

In the Formula 1, p1, p2 and p3 represent the measured values
of the key parameters of the bucket respectively. w7 represent the
bucket rod cylinder stroke. The transmission ratio formula is based
on the spatial position of each key point and cylinder expansion and
contraction, and is defined as the ratio of the change in bucket angle
to the change in cylinder stroke during the bucket bar action,
reflecting the efficiency of bucket movement. According to this
formula, the design process of the model is controlled. The
movement of the bucket relative to the X-Y coordinate system is
a function of p1, p2 and p3, and the situation is complicated. Now
discuss the bucket relative to the bucket rod movement. When the
bucket hydraulic cylinder length p3 is given, the corresponding
parameters are obtained by using geometric key points based on the
original parameters and deduced parameters. The mechanism can
be regarded as a four-bar mechanism with a sliding block. When the
coordinates of key points coincide, the bucket transmission ratio can
be calculated accordingly. When the key point has no overlap part,
there is no need to calculate the transmission ratio of this part. When
the 3D model of the bucket is imported into ADAMS, the original
assembly relationship will no longer exist, and each PART will exist
independently in the form of the newly established PART. In order
to simulate the real movement of the hydraulic excavator operation
process, corresponding constraints need to be added between each
component. After the completion of the above treatment, the three-
dimensional model of the bucket of the hydraulic excavator is
complete. In order to ensure its effect, Model Verify command is
used in ADAMS to Verify the Model and confirm that there is no
redundant constraint in the established Model, which can be used
for subsequent calculation.

2.2 Industrial hydraulic excavator bucket
strength simulation

The main purpose of the research on excavator bucket strength
is to determine the external force acting on the working device in
operation. Excavation resistance refers to the soil resistance
encountered by the bucket in the excavation process. It is
necessary to analyze and calculate the excavation resistance of
hydraulic excavator because of the significant influence of
excavation resistance on excavator reliability and excavation
capacity. In the dynamic analysis of excavator, the excavation
resistance is one of the external loads involved, and only by
systematic analysis, can the bucket strength simulation analysis
be realized.

The bucket is subjected to the gravity of the material and the
digging resistance of the material to the bucket teeth (Wang et al.,
2021; Liu et al,, 2024). The bucket capacity is set as b tons, and the
excavated material is mainly soil. The hardness of soil determines
the difficulty of earthwork construction. It is the main basis for
determining engineering construction quota. According to the
hardness of soil, the soil is divided into four levels. According to
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the actual situation of the project, the level of soil is selected as level
II. The gravity calculation formula of excavated materials is
as follows:

G = pgH (2)

In the Formula 2, p represents the density of soil layer in the
construction area; g represents the gravitational acceleration of the
bucket; H indicates the bucket capacity. In the simulation analysis of
the bucket strength of industrial hydraulic excavator, the digging
force of the bucket needs to be analyzed first. However, the following
factors are not considered: weight of working device and soil weight,
efficiency of hydraulic system and connecting rod mechanism, and
back pressure of hydraulic cylinder. The tangential digging force of
bucket teeth generated by the theoretical thrust of the hydraulic
cylinder when the working hydraulic cylinder is overstretched is
called the theoretical digging force of the hydraulic cylinder (Lian
et al, 2024). The mining force calculation formula can be
expressed as:

sl x s3
K=E3><52Xj=E3XO:f(]3) (3)

In the formula, J; represents the theoretical thrust of the bucket
hydraulic cylinder; E5 represents the working area of the bucket
hydraulic cylinder; E represents the working pressure of the
hydraulic system; s1,s2,s3 represent the moment arm value of
the bucket. The calculation results of Formula 3 are used as the
basis for the subsequent dynamic analysis of bucket strength. The
dynamic simulation of bucket strength is the excavation resistance
curve obtained by applying EDEM simulation analysis on the rigid-
flexible coupling model, and the simulation of random working
conditions is carried out (Feyijimi et al., 2021; Michela et al., 2020).
However, under random mining conditions, the force applied to the
bucket cannot be expressed as a known function or the actual
measured data can be taken. However, the simulation value of
EDEM can be fitted in ADAMS, so that the fitted curve can be
used as the change rule curve of the actual force of bucket rod
excavation to constrain the driving. In order to obtain more detailed
analysis results, on the basis of Formula 3, normal and tangential
mining resistance are added in the analysis process, and the specific
calculation formula is as follows:

Fy = uﬂz (4)
F, =Fy0 ()

In the above Formula 5, u represents the excavation specific
resistance coefficient; 8 indicates the width of excavator bucket; z
represents the excavation depth of the excavator; § represents the
resistance of the soil to the bucket. During the simulation, the action
point of the excavation resistance is set at the middle bucket tooth tip
of the bucket, the tangential excavation resistance Fy points to the
bucket tooth tip along the tangent direction of the excavation track,
and the normal excavation resistance F,, points to the bucket tooth
tip along the normal direction of the excavation track. On this basis,
nonlinear soil mechanical properties are further introduced for
correction. Considering that there are nonlinear responses such
as particle rearrangement and shear damage when the soil is
subjected to force, the expression of excavation resistance based
on the nonlinear soil ontological model is adopted, and the linear
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| Whole machine operation process simulation |
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FIGURE 1
Fatigue simulation analysis flow of bucket of industrial

hydraulic excavator.

assumption is optimally corrected In the simulation process, the
excavation specific resistance u and the soil resistance are set as a
nonlinear function of the depth z, in order to dynamically reflect the
actual tendency of the excavation resistance with the change of the
excavation depth, so as to improve the physical realism of the model
and the simulation result’s reliability. During the whole excavation
process of the excavator, the direction of the excavation resistance is
unchanged relative to the bucket, but it is constantly changing
relative to the ground (Zhang et al., 2023; Wang and Liu, 2025).
Therefore, in the calculation process, it is necessary to obtain the
high-precision calculation results of Formula 3 and Formula 4, apply
stress to the bucket according to this result, and complete the
strength analysis of the bucket. The model verify validation uses
the following determination criteria: node residual forces should be
less than 5% of the maximum reaction force, and the total residual
force for the whole model should be less than 2% of the applied load.
If the threshold is exceeded, boundary conditions and meshing
should be checked. The displacement direction of the main
connection nodes should be consistent with the load direction,
and the deformation process should be continuous and without
sudden change. If abnormal deformation is found, model
connections or constraint settings need to be adjusted.

2.3 Bucket fatigue simulation based on
cumulative fatigue damage reliability
analysis algorithm

In the actual operation process, the hydraulic excavator mainly
bears alternating load, and fatigue damage is the main cause of its
failure. It is very necessary and meaningful to study its fatigue life.
Based on the above work, this chapter will use the advanced fatigue
analysis software ANSYS FE-SAFE to study the fatigue life of the
working device of hydraulic excavator (Sun et al., 2024; Dewa and
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Kepka, 2021). A stochastic material model is introduced in the
modelling process, which fully considers the effects of batch
differences in material properties such as modulus of elasticity,
yield strength and fatigue limit, wear and tear evolution, and
environmental changes such as temperature and corrosion on
structural performance. The probabilistic fatigue life prediction
model was established by setting probability distributions for key
material parameters and combining the Monte Carlo method with
multiple random sampling analysis. Considering that the damage in
the working device is mainly wear damage of the bucket teeth and
bottom plate, this study focuses on the boom, stick, and bucket teeth
as the main objects for fatigue analysis. In this study, SimMechanics
is selected as the main module in this link simulation. As a
mechanical simulation module in Simulink, SimMechanics is an
important module library in MATLAB simulation. At the same
time, it has the functions of Simulink and MATLAB. The block
diagram in simechanics module can be used to build a simulation
module for the motion of mechanical structure, realize dynamic
simulation through input parameters, and establish the relationship
between them through module association, so as to build a
2019).  The
SimMechanics module group has its own module library, which

mechanism  system  (Tserpes and  Floros,
can directly build the mechanism system in Simulink. During
simulation, the mechanism system of excavator working device is
simplified to the direct display of mechanism structure. Therefore,
the setting of fatigue simulation analysis process in this study is
shown in Figure 1.

According to the above Figure 1, select the appropriate method
to complete the analysis process. Cumulative fatigue damage
reliability analysis algorithm and equivalent load method are the
two most commonly used methods when dealing with non constant
amplitude load. Among them, cumulative fatigue damage reliability
analysis algorithm is widely used because it is more in line with
engineering practice. Its principle is to convert variable amplitude
spectrum into equal amplitude spectrum through equivalent
conversion of fatigue damage (Takahashi et al., 2019; Wang and
Roger, 2021). Therefore, in this study, the bucket cumulative fatigue
damage reliability analysis model is designed as the main simulation
analysis method.

According to the relevant theories of fatigue fracture and
cumulative fatigue damage reliability analysis algorithm (Nie
et al,, 2019), the cyclic loading times required for fatigue failure
of mechanical structure have a corresponding relationship with the
stress level (Sakai, 2023):

SN, = SN, =..=Y (6)

In the Formula 6, S

; is the stress amplitude (must be

symmetrical cyclic stress); N; is the number of cycles required
for fatigue failure under this stress; x' is the slope of the fatigue
curve; Y represents the constant in the calculation. In practical
engineering applications, mechanical structures will bear variable
amplitude loads, which will lead to the gradual accumulation of
fatigue damage in materials. In order to accurately evaluate the
fatigue life of structure under variable amplitude load, the
cumulative fatigue damage theory is introduced to analyze the
reliability of bucket. Assuming that the structure is subjected to
secondary cycles at stress level 0;, and the corresponding fatigue life
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is N; cycles, the fatigue damage degree D; at this stress level can be
expressed as:

n;
Dy =— 7
= )
When subjected to various stress levels, the total fatigue damage
degree D is the linear superposition of damage degrees under
various stress levels (Formula 8):

n;

~ (8)

i

M=

D= D,':

-

Il
—_

i

Il
—

According to the fatigue cumulative damage theory, in case of
fatigue failure of the structure, the following formula exists:

z%:l )

In the above Formula 9, #; is the actual loading times of
symmetrical cyclic stress Sj", which is obtained from Formula 7:

(10)

By integrating the above Formula 10, the simulation calculation
formula of bucket fatigue damage of industrial hydraulic excavator
can be obtained, including:

cxx' e
H=Y(2 =0 N,
$-5,;)

In the Formula 11, §j; denotes the stress amplitude in the j th

(11)

cyclic interval for the i th loading condition. Using this formula, the
fatigue damage simulation results of industrial hydraulic excavator
bucket are obtained. Combined with the above design content, the
strength and fatigue simulation process of industrial hydraulic
excavator bucket is completed. At the same time, the above
calculation process is orderly connected with the first part of this
research, and it is introduced into the simulation software to realize
the integrated design of the simulation method. So far, the design of
bucket strength and fatigue simulation method of industrial
hydraulic excavator has been completed.

3 Experimental analysis

In this study, a new bucket strength and fatigue simulation
method of industrial hydraulic excavator is proposed. In order to
verify that this method has corresponding application value,
corresponding experimental links are constructed to verify its
application effect.

3.1 Experimental object selection

In this experiment, the experimental object is set as the bucket of
a brand of industrial hydraulic excavator, and the working
parameters of the experimental object are shown in Table 1.

Table 1, the bucket capacity directly affects the excavation
efficiency and load capacity of the excavator. Based on the actual
engineering requirements and the design specifications of the
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TABLE 1 Working parameters of subjects.

Parameter serial number

Parameter name

10.3389/fmech.2025.1591320

Parameter value selection results

01 Bucket capacity (m®) 0.20
02 Overall weight (kg) 3,000
03 Maximum operating speed (km/h) 3.0
04 Minimum operating speed (km/h) 1.5
05 Boom left yaw angle (*) 60
06 Boom right yaw angle (°) 30
07 Maximum excavation radius (mm) 5,200
08 Maximum excavation height (mm) 4,600
09 Maximum excavation depth (mm) 3,400

FIGURE 2
Physical parameters of experimental object.

o

FIGURE 3
Actual test point setting results.

excavator, 0.20 m’ is selected as the bucket capacity for the
experimental object. The overall weight refers to the total
weight of the bucket and its ancillary structures, which
affects the carrying capacity and operational stability of the
excavator. The maximum operating speed refers to the
maximum travel speed that the excavator can reach during
normal operation, reflecting the mobility of the excavator.
The offset angle of the boom determines the working
coverage range of the excavator on both sides, with a right
side of 30" and a left side of 60° meeting the excavation needs in
most industrial scenarios. The above parameters are the
working parameters of the experimental object, and the
physical parameters of the experimental object are shown
in Figure 2.

Among the above parameters, the maximum excavation radius,
excavation depth, excavation height and bucket capacity will have a
direct impact on the experimental data. Due to the existence of
modeling error, the error between the simulation model and the real
experimental object is controlled at about 3.0%, and the maximum
error shall not exceed 4.0%. So as to ensure the consistency between
the simulation results and the results obtained in the real
application scenario.

Frontiers in Mechanical Engineering

TABLE 2 Statistics of measured results.

Test point Displacement/mm Damage time/s
1 125 30.15
2 2,05 30.00
3 3.01 28.50
4 3.05 36.02
5 3.62 4021

3.2 Experimental process

In this experiment, the simulation ability of this method is
determined by comparing the simulation results with the real test
results. The dynamic strain test system is used to test the dynamic
strain of loader bucket. The test ambient temperature is set at 30°C,
the relative humidity is no more than 95%, the wind speed is no
more than 5 m/s, and there is no strong vibration, corrosive gas and
strong magnetic field interference around. According to the
characteristics of the object, the

structural experimental
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TABLE 3 Statistics of simulation results.

Test point Displacement/mm Damage time/s
1 1.25 30.00
2 204 30.00
3 3.00 28.00
4 3.04 36.02
5 3.50 40.00

measurement position of the experimental object is set as shown
in Figure 3.

A total of 5 measuring points are set in this experiment, and the
specific positions are shown in Figure 3. Because the loader bucket is
in direct contact with materials in the working process, the stress
conditions are complex and diverse. According to the stress
characteristics of the bucket, the direction of the main stress on
the bucket is difficult to predict. In general, 45° right angle strain
flowers need to be selected for testing. The three strain gauges
measure the displacement and damage time of the measuring points
in the direction of 30°, 60° and 90°, and reflect the strength and
fatigue test results of the measuring points through the displacement
and damage time. The specific data statistical results are shown in
Table 2. Because the bucket plays an active role and the bucket
hydraulic cylinder plays an auxiliary role in this excavation process,
coupled with the self-locking function of the hydraulic cylinder, the
bucket thrust is relatively large. Therefore, the strength and fatigue
of the bucket can be determined only by comparing the
displacement of the bucket measuring point and the damage time.

Take the above data as the control data of this experiment, use
this method to simulate the experimental object, and compare the
simulation results with the control group to determine the use effect
of this method.

3.3 Experimental result

According to the simulation method set above, obtain the bucket
strength and fatigue simulation results. The specific results are
shown in Table 3.

In order to better analyze the above data and the measured data,
the absolute errors of the two groups of results are compared. The
specific results are shown in Table 4.

10.3389/fmech.2025.1591320

Compared with the above experimental results, it can be seen
that in the process of excavation, the trend of bucket strength and
fatigue simulation results is consistent with the actual test results.
Only there are corresponding errors in the data, but the difference is
small, which is in line with the law of data change. These errors
mainly originate from the loss of details due to model simplification,
uncertainties in material parameters, and approximate treatment of
load application and boundary conditions. In addition, the
numerical computation method itself may introduce errors,
especially under complex working conditions, and these errors
may be amplified, thus affecting the accuracy of the simulation
results. After analyzing the absolute error and relative error of the
simulation results, it can be seen that the relative error is controlled
within 5.0%, indicating that the data reliability of this simulation
method is relatively high. Using this simulation result, the strength
and fatigue of excavator bucket can be analyzed with high precision.
However, it is one-sided to determine the application effect of the
simulation method only through the experimental results, so the
simulation response time index is added to analyze the computing
power of the simulation method. According to the current relevant
regulations, the calculation standard value is set to 1.5 min. As long
as it does not exceed this value, this method has high calculation
speed. The specific experimental results are shown in Figure 4.

Meanwhile, the study compares the current simulation methods
commonly used in the industry. The traditional methods usually
require long computation time, especially when dealing with
complex dynamic simulations, and the computational efficiency
is low. In contrast, the method proposed in this paper
significantly improves the computational efficiency by optimizing
the algorithm and model simplification while ensuring the accuracy.
The computation time of the traditional method was 37.86, 44.87,
57.88, 60.04 and 65.45 s for the five monitoring points, while the
computation time of the proposed method of the study was 16.23,
22.33, 43.78, 37.98 and 32.56 s, respectively. Under complex
excavation conditions, the method in this paper can be
completed in only a few minutes. Through the analysis of the
above experimental results, it can be seen that the calculation
rate of the simulation method is relatively high and meets the
preset requirements, which proves that this method has high
application effect. It can be determined that this method has
high application value in the analysis of practical problems. In
order to verify the rationality and effectiveness of the selected
parameter settings, further comparative analysis was conducted
on the simulation results under different parameter settings. The
material properties (e.g., modulus of elasticity, yield strength, and

TABLE 4 Absolute error and relative error between simulation results and measured results.

Test point Displacement absolute Absolute error of damage 95% confidence t-value p-value
error time/s interval
1 0 0.15 [-0.04,0.04] 0.00 1.000
2 0.01 0 [-0.03,0.05] 0.65 0.556
3 0.01 0.50 [-0.03,0.05] 0.73 0.498
4 0.01 0 [-0.03,0.05] 0.66 0.550
5 0.12 0.21 [0.06,0.18] 3.06 0.036

Note: p-value < 0.05 for test point 5 only, all other test points did not meet the criteria for significant difference (p > 0.05).
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Simulation method calculation rate experimental results.

fatigue limit) remain unchanged during the variation of different
working condition parameters, and the standard Q345 steel
parameters are used uniformly. Only the external loads and
loading conditions are adjusted in each scenario to evaluate the
response of the structure to different operating conditions under the
same material conditions. As shown in Table 5.

From Table 5, it can be seen that the selected bucket capacity
(0.20 m?) achieves a balance between excavation efficiency and
operational stability, and the error between simulation results
and experimental data is controlled within 5%. The settings of
maximum excavation (5,200 mm)
excavation depth (3,400 mm) also effectively cover practical

radius and maximum
application scenarios, and the simulation and experimental
results are highly consistent. In addition, the boom deflection
angle (60° left/30° right) provides the excavator with optimal
operational flexibility and coverage range, further demonstrating
the scientific and effective nature of the selected parameters.
Finally, the study further analyzes the error between the
simulation results and the experimental data QC, and based on
this, 95% confidence intervals are constructed. At the same time,
hypothesis testing was conducted. Setting the original hypothesis:
there is no significant difference between simulation results and
experimental data. Alternative hypothesis: there is a significant
difference between simulation results and experimental data. The

TABLE 5 Parameter setting comparison analysis and simulation results.

10.3389/fmech.2025.1591320

results of the statistical analysis of the proposed method are shown
in Table 6.

As can be seen from Table 6, the confidence intervals of all test
points contain 0, indicating that there is no significant difference
between the simulation results and the experimental data. And
according to the t-test results, the P-value of all test points is
greater than 0.05, indicating that there is no significant difference
between the simulation results and the experimental data in these
test points, and the original hypothesis is valid. The calculation
results show that the Cohen’s d values of all test points are less than
0.5, indicating that the differences between the simulation results
and the measured data are small, which further validates the
practicality and reliability of the method. In order to assess the
effect of omitting components such as the motor and the hydraulic
cylinder on the simulation accuracy, a simplified model sensitivity
analysis was carried out. Based on the simplified model,
representative masses of the hydraulic cylinder and motor were
added separately (assuming 150 kg for the hydraulic cylinder and
100 kg for the motor), and the static strength and fatigue simulations
were re-run. The details are shown in Table 7.

As can be seen from Table 7, the changes between the simplified
model and the full model are all below 4.0%. This indicates that the
changes in the results caused by the model simplification are small
and do not affect the overall reliability of the simulation analysis, so
the simplification treatment is reasonable and acceptable in
this study.

3.4 Validation of additional simulation cases

In order to further validate the effectiveness of the proposed
bucket parametric modeling approach in different environments,
the study conducts additional simulation cases and introduces
statistical analysis methods (confidence intervals and hypothesis
testing) to assess the reliability of the simulation results. Three
operating environments are first set up for simulation testing.
Among them, Environment A: simulates excavation operation
under complex terrain conditions, with soil hardness class IV,
maximum excavation depth of 3,600 mm, and maximum
excavation radius of 5,400 mm. Environment B: simulates urban
building demolition scenario, with soil hardness class II, maximum

Parameter Selected Comparison Comparison Displacement (mm) Fatigue time (s)
value value 1 value 2
Simulation = Actual Simulation Actual
Bucket capacity (m?®) 0.20 0.15 0.25 1.25 1.25 30.00 30.15
Maximum excavation 5,200 5,000 5,400 3.00 3.01 28.00 28.50
radius (mm)
Maximum excavation 3,400 3,200 3,600 3.50 3.62 40.00 40.21
depth (mm)
Left inclination angle of 60 50 70 2.04 2.05 30.00 30.00
boom (°)
Right inclination angle of 30 20 40 3.04 3.05 36.02 36.02
boom (°)
Frontiers in Mechanical Engineering 08 frontiersin.org
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TABLE 6 Statistical analysis results of simulation.
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Test point Mean error (mm) Confidence interval (mm) t-value P-value Cohen's d
1 0.03 (-0.02,0.08] 1.23 023 0.18
2 -0.02 [0.07,0.03] -0.85 041 0.15
3 0.05 [0.01,0.09] 1.56 0.13 032
4 0.04 [0.09,0.01] -1.32 0.20 029
5 0.06 [0.02,0.10] 1.89 0.07 0.41

Note: P > 0.05,indicates that the difference is not significant.

TABLE 7 Sensitivity analysis results of model simplifications.

ltem Simplified model result Complete model result Relative change
Maximum displacement (mm) 4.12 424 2.91%
Maximum equivalent stress (MPa) 258.50 267.55 3.50%
Fatigue life (million cycles) 1.52 1.46 -3.95%

TABLE 8 Simulation test results of different environments.

Test Environment A Environment B Environment C
points
Displacement Fatigue Displacement Fatigue Displacement Fatigue
(mm) time (s) (mm) time (s) (mm) time (s)
1 1.32 31.25 1.28 29.85 1.58 24.70
2 2.15 32.00 2.08 30.50 2.46 26.85
3 3.10 29.50 3.05 28.75 3.65 23.95
4 3.18 37.00 3.12 36.50 3.82 31.60
5 3.65 41.20 3.58 40.80 418 34.05

excavation depth of 3,200 mm, and maximum excavation radius of
5,000 mm. Environment C: The simulated soil is interspersed with
rock and other hard materials, and the bucket is subjected to a
transient impact phenomenon during excavation, resulting in
drastic fluctuations in the load amplitude. The maximum digging
depth is 3,600 mm, the maximum digging radius is 5,400 mm, and
the peak value of impact load reaches 150% of the normal operating
load. Five simulation tests were conducted in each environment. The
displacement and fatigue time of the key test points were recorded.
The details are shown in Table 8.

As can be seen from Table 8, the proposed bucket parametric
modeling method has high consistency and reliability in predicting
the displacement and fatigue time. The differences in the
displacements are within 0.07 mm and the differences in the
fatigue times are within 2.40 s for both environment A and
environment B, which indicates that the method performs stably
under different working conditions. Compared with environment A
and B, the displacement generally increases and the fatigue life is
shortened in environment C, reflecting the changes in the force and
damage characteristics of the working device under complex
working conditions. The dynamic load and stress variations
under the two environments are shown in Figure 5.
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As can be seen from Figure 5a, under the complex terrain
condition (A), the load change of the bucket is more drastic.
The initial load rises rapidly from 12.34 kN to 48.76 kN and peaks
at the 5th second), which indicates that the bucket encounters a
large resistance during excavation, which may be a hard soil layer
or rock. Starting from the 6th second, the load gradually
decreases and finally falls to 8.90 kN at the 10th second. In
the urban building demolition scenario (B), the load changes are
smoother. The initial load gradually increases from 6.78 kN to
39.87 kN, which indicates that the bucket encounters a gradual
but more uniform change in resistance during the demolition
process. Figure 5b shows the stress changes in the two
which that the bucket
concentrated when excavating hard soil or rock in complex
terrain conditions, and the stress distribution is more uniform

environments, shows stress is

in the demolition process. Combined with Figures 5a,b, it can
also be seen that in the 4th and 8th s, in the complex terrain
condition (C), an obvious impact peak was generated due to the
bucket contacting the hard interlayer, resulting in a large
transient increase in load and stress, which reflects the typical
sudden change in force characteristics in heterogeneous soil
environments.
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4 Discussion and analysis

The research and development of large hydraulic excavator has
broken the monopoly of foreign products. The research on the load
and structural strength of the working device of large hydraulic
excavator provides a certain reference value for the design of the
working device of large hydraulic excavator series. This paper takes
hydraulic excavator as the research object, and establishes the
simulation model of excavator bucket based on ADAM. Through
kinematics and dynamics analysis, the strength and fatigue data in
the application process are obtained, and the basic performance of
the bucket is analyzed. In this study, the digging force of the digging
bucket is an important analysis content in this study. Digging force is
an important technical parameter of hydraulic excavator and the
most important index to measure the performance of excavator. The
digging force is determined by the extreme value of transmission
ratio. Therefore, determining the parameters affecting the
transmission ratio has become the key to the design of this
chapter. The core contents of this study are as follows:

(1) The parametric mathematical model of excavator bucket is
established by using ADAMS/View technology. The
operation trajectory of excavator bucket is expressed by
mathematical expression, and the spatial pose and joint
angle of boom, stick and bucket are transformed in two
directions. The simulation model of excavator working
device is established in Simulink of MATLAB, the working
parameters of excavator are set, and the working conditions of
excavator are simulated.

(2) The excavation resistance of the hydraulic excavator is
theoretically solved, and the specific values are loaded on
the prototype model for simulation analysis. The stress
conditions and relevant curves at each hinge point are
obtained, which further reveals the variation law of the
working performance and dynamic characteristics of the
excavator working device, and makes preparations for the
strength and fatigue analysis of parts.

(3) The experimental link is constructed to verify the application
effect of the simulation method proposed in this study. It is
proved that this method has high application value. This
method can be used to obtain more reliable simulation results
in future research.

Frontiers in Mechanical Engineering

Traditional simulation methods usually rely on a single
finite element analysis, which can provide a more accurate
static mechanical performance analysis, but has limitations
when dealing with complex working conditions such as
dynamic loading and multi-physical field coupling. In
contrast, this paper combines the parametric modeling
technique and the improved fatigue cumulative damage
reliability analysis algorithm, which can more accurately
reflect the dynamic response and fatigue performance of
hydraulic excavator buckets in actual operation. In addition,
the traditional method is low in computational efficiency,
especially in the analysis of complex models and multiple
working conditions, whereas the method in this paper
improves the computational efficiency by optimizing the
model structure and algorithm design, making it more
suitable for rapid iteration and engineering applications. In
recent years, hybrid simulation methods (e.g., combining
finite element analysis with discrete element methods) have
gradually gained attention in the field of construction
of different
simulation techniques, these methods are able to simulate
complex working conditions and material behaviors more

machinery. By integrating the advantages

comprehensively. Future research could further explore the
application of hybrid simulation methods in the design of
hydraulic excavator buckets, such as combining FEA and
bucket-soil

interactions, thereby improving the accuracy and reliability

discrete  element methods to simulate
of the simulation.

However, studying the proposed method in the practical
application of complex working conditions may require a finer
model to accurately reflect the mechanical behavior of the
bucket. In practical engineering, the properties of bucket
materials (e.g., modulus of elasticity, yield strength, and fatigue
life) may change due to batch differences, environmental factors
(e.g., temperature, humidity), or wear and tear during long-term use.
This may lead to deviations between simulation results and actual
performance. Therefore, more efficient computational methods will
be explored in the future to optimize the model structure and
enhance the experimental study of material properties. The
introduction of stochastic analysis of material properties is
considered to better reflect the material behavior under actual

working conditions.
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5 Conclusion

Using performance analysis simulation data in product
design has become the development direction of machinery
manufacturing and automobile manufacturing in the world.
Performance analysis and simulation technology can analyze
and evaluate part of the performance of the product only
through the three-dimensional solid model and mechanical
model of the mechanical system established by the computer
without making a physical prototype after the mechanical
design is completed, so as to provide parameter basis for
product design and manufacturing. It greatly shortens the
the
prototypes and reduces the production cost. The method
combines advanced parametric design technology and

development cycle, reduces number of physical

improved fatigue cumulative damage reliability analysis
algorithm to realize high-precision simulation results. The
parametric design of the bucket is completed by ADAMS/
View technology, which can accurately express the geometric
and kinematic characteristics of the bucket. Based on the actual
digging force of the bucket, the strength of the bucket is
simulated to ensure that the external force acting on the
bucket the
improved fatigue cumulative damage reliability analysis

can be accurately modeled. Subsequently,
algorithm is applied to simulate the fatigue performance of
the bucket under complex working conditions. According to
this technology, this study analyzes the correlation of
excavator and obtains high-quality analysis results. The
experimental results show that the simulation results of the
present method are closer to the measured results than the
existing methods. In addition, in terms of computational
efficiency, the present method reduces the computation
time by optimizing the algorithm and model simplification.
Under complex working conditions, the traditional method
may take several hours or even longer to complete the
simulation, while the present method can be completed in
only a few minutes, which improves the computational
efficiency by about 80%. This result not only improves the
but
resources significantly, making it more suitable for practical

accuracy of simulation, also saves computational

engineering applications.
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