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Abstract

To enhance the thermo-mechanical coupling performance of heavy-duty bearings with
smart sensing capability in electric shovel applications, this study proposes a multi-objective
optimization methodology for sensor-embedded bearing rings incorporating smart sensor-
embedded grooves. Driven by multi-physics coupling analysis and experimental validation,
a coupled thermal–mechanical model integrating frictional heat generation, heat transfer,
and stress response was established. Parametric finite element simulations were conducted,
with varying groove depths and axial positions. A comprehensive performance index com-
bining three metrics—maximum temperature, equivalent stress, and principal strain—was
formulated to evaluate design efficacy. Experimental tests on thermal and strain responses
were employed to validate the simulation model confirming its predictive ability. Among
the 21 parameter combinations, the configuration featuring an 8 mm groove depth located
20 mm from the large end face exhibited relatively optimal synergy across thermal dissipa-
tion, structural strength, and strain sensitivity. The proposed framework provides a certain
theoretical and practical guidance for the design and optimization of the sensor-embedded
groove structure in intelligent heavy-duty bearings.

Keywords: heavy-duty bearing; sensor-embedded bearing; multi-physics coupling; structural
optimization; embedded sensor; smart bearing

1. Introduction
Mineral resources are pivotal to national economic development and strategic se-

curity [1]. As a crucial component in open-pit mining equipment, electric shovels are
rapidly evolving towards intelligent and digital systems to improve operational efficiency
and ensure safety [2–4]. The bearing is subject to prolonged exposure to high loads and
low-speed, heavy-duty conditions, rendering it highly susceptible to failure. The bearing
has become a key limiting factor in the reliability and service life of electric shovels [5–7].
Consequently, improving both the structural design and condition-monitoring capabilities
of such bearings is essential for the safe operation of intelligent mining equipment [8–11].

In addition to structural and operational factors, the manufacturing quality of bearing
rings plays a crucial role in determining their long-term performance. The surface wavi-
ness, residual stress distribution, and dimensional accuracy inherited from the production
process directly affect the stress state and fatigue life of the rings. Zmarzly [12] analyzed the
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technological heredity in the production of AISI 52100 steel bearing rings, demonstrating
that machining-induced waviness significantly influences the contact behavior and service
reliability. These findings highlight the importance of considering manufacturing effects
when assessing the thermo-mechanical performance of bearing structures. Wang et al. [13]
established a thermomechanical coupling model for axle-box bearings under track irregu-
larity excitation and analyzed their temperature characteristics, providing an important
reference for bearing thermal behavior.

With growing demands for mechanical system reliability, rolling bearings are expected
to exhibit improved thermal stability and enhanced fault-detection capabilities. During
operation, considerable heat is generated, giving rise to complex thermal stresses, lubricant
degradation, and material ageing—challenges that traditional thermal control strategies
often fail to address. This has prompted the development of thermo-mechanical coupling
models that integrate multi-source data for enhanced predictive accuracy [14,15]. In order
to obtain the physical parameters that reflect the operating status of the bearings and feed
them back into the design process. In this context, embedding sensors within the bearing
structure has become a focal point in intelligent bearing development.

Russell et al. [16] embedded thin-film stress sensors into the inner surface of bearing
rings to noninvasively measure actual bearing loads, providing foundational data for struc-
tural design and service life prediction. Alian et al. [17] embedded Fiber Bragg Grating
sensors into bearing assemblies to achieve high-precision load and defect monitoring, which
proved effective even in complex lubrication environments. Wang et al. [18] developed a
recessed thin-film sensor with an embedded structure, enabling online multi-dimensional
parameter monitoring via multi-channel data transmission. Moving beyond conventional
external sensing schemes [16–18], Shao et al. [19] introduced an embedded multi-parameter
compound sensor housed in a slotted outer ring to construct an integrated sensing sys-
tem. This system captures vibration, temperature, and rotational speed data to enable
comprehensive bearing fault identification and diagnosis. Zhang et al. [20] conducted finite
element analysis of the effects of radial slotting on the outer ring and developed an embed-
ded vibration monitoring system. Their experiments confirmed that the proposed structure
enhances signal sensitivity without compromising bearing life, providing valuable insight
for the integrated design of intelligent bearings.

In recent years, design optimization of rotor-bearing systems has received increasing
attention, focusing on enhancing dynamic performance, reliability, and thermal–mechanical
coupling characteristics. For example, multi-objective optimization approaches integrating
bearing geometry, material heterogeneity, and lubrication performance have been employed
to improve load-carrying capacity and minimize vibration response [21]. Furthermore,
recent studies have incorporated reliability-based design and probabilistic modeling to
ensure system robustness under varying operational conditions [22]. These advances
provide valuable insights for the optimization of sensor-embedded bearing rings in complex
rotor-bearing systems.

Thermo-mechanical coupling, as a representative multi-physics modeling technique,
is gradually replacing traditional single-variable simulations, offering enhanced accuracy
in capturing the interactive behavior of thermal and mechanical responses. Recent studies
have increasingly adopted integrated models under the combined action of temperature
and mechanical loads to better characterize heat distribution and local structural evolution.

Xiao et al. [23] employed principal component analysis to extract dominant thermal
and deformation features, enhancing data efficiency in sensor systems. To mitigate thermal
deformation in high-temperature conditions, Bhat et al. [24] proposed thrust bearings with
embedded cooling circuits and validated their design using CFD and structural simula-
tions. However, this strategy focuses on fluid-film bearings and does not address thermo-
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mechanical effects of sensor-embedded grooves in rolling bearings under heavy-load
conditions. Luan et al. [25] introduced groove structures in lubricant channels to optimise
flow distribution and reduce local overheating. The Reynolds equation and third-kind
boundary conditions are used in modeling flow–thermal–structural coupling in grooved
domains. Brito et al [26,27] further improved thermal diffusion in high-temperature envi-
ronments by implementing twin-groove designs, significantly enhancing bearing lifespan
and energy efficiency.

In long-term service conditions, the thermo-mechanical coupling behavior of bearing
systems becomes a critical factor in performance degradation and failure. The interplay of
lubricant degradation, frictional heating, and structural deformation leads to rapid inter-
nal temperature rises and fluctuating stress states, which accelerate material fatigue and
structural damage [28–31]. Su et al. [32] proposed an improved spindle model based on the
thermal network method to enhance temperature rise prediction under high-temperature
conditions. Zhan et al. [33] introduced a convolutional neural network surrogate model for
iteratively updating thermal network simulations, balancing accuracy and computational
cost. Based on the thermal network method, Gao et al. [34] the transient temperature
balance equation of the electric spindle, revealing the time-varying characteristics of contact
resistance and load paths.

In the field of railway transportation, Wang et al. [35] developed a thermo-mechanical
coupling model for double-row tapered roller bearings under grease lubrication, result-
ing in a heat stress analysis model suitable for high-speed train condition monitoring.
Zhao et al. [36] built a thermo-mechanical coupling model for FAG axle box bearings driven
by load distribution and optimised the roller crowning profile to improve temperature
uniformity and load adaptability. Zhang et al. [37] studied the influence of different roller
materials on thermal conductivity and explored the coupling mechanism between elas-
tic contact and thermal deformation under high-speed conditions. An [38] constructed
a 3D finite element model incorporating temperature fields, thermal deformation, and
contact loads for angular contact ball bearings, conducting detailed sensitivity analysis.
Song et al. [39] developed a multi-physics coupling test platform and proposed a feature fu-
sion strategy integrating vibration, temperature, and speed signals, improving the accuracy
and timeliness of intelligent perception.

This study aims to address the challenges of complex thermo-mechanical coupling
and high sensing requirements in heavy-duty electric shovel bearings. A comprehensive
multi-physics coupling framework is established to analyze the temperature, stress, and
deformation responses of sensor-embedded rings used in the smart bearing, integrating
both numerical simulation and experimental validation. The main innovation of this work
lies in coupling structural heterogeneity with multi-physics field analysis to reveal the
influence of groove parameters on the bearing’s thermo-mechanical behavior. Further-
more, a multi-objective optimization strategy is proposed to determine the optimal groove
configuration, providing theoretical guidance and engineering reference for the design of
intelligent heavy-duty bearings.

2. Theoretical Modeling Framework
To accurately capture the thermo-mechanical behavior of heavy-duty electric shovel

bearings under complex service conditions, a multi-physics modeling framework is devel-
oped. This framework consists of six interdependent submodules: a contact load model,
a contact stress model [40], a heat generation model, a heat transfer model, a thermo-
mechanical coupling model, and a groove geometry modeling module. Together, these
modules provide the theoretical basis for subsequent finite element simulation and struc-
tural optimization.
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2.1. Heat Generation Formula

The frictional torque generated during bearing operation mainly consists of two
components: one is rolling friction induced by the applied load, and the other is viscous
friction resulting from lubricant shear. The total frictional torque Mt can be expressed as:

Mt =

{
160 × 10−7 f0d3

m + f1P1dm, vn < 2000
10−7 f0(vn)2/3d3

m + f1P1dm, vn ≥ 2000
, (1)

where dm is the bearing pitch diameter, f0 is an empirical coefficient related to bearing
type and lubrication way, f1 is an empirical coefficient related to the bearing type and load
condition, P1 is the equivalent load used to calculate the frictional torque, v is the kinematic
viscosity of the lubricant at the working temperature, and n denotes the rotational speed of
the bearing [41].

The Palmgren heat generation power PH of the bearing, derived from the above
frictional torques, is given by:

PH = 0.000105nMt, (2)

In this study, the lithium-based grease (kinematic viscosity ≈ 200 mm2/s at 40 ◦C)
was used as the lubricant.

2.2. Heat Transfer Formula

The heat generated during bearing operation must be dissipated through various heat
transfer mechanisms to the surrounding structures or the ambient medium, in order to
maintain thermal steady-state operation. Depending on the bearing’s structural layout and
fluid contact modes, the heat transfer mechanisms are primarily categorised into natural
convection and forced convection, corresponding, respectively, to the bearing’s external air
environment and the internal lubricant-filled regions.

To enable mathematical modeling, the bearing heat exchange areas are divided into
several characteristic surfaces. Corresponding theoretical models for each surface are
established and incorporated into the overall thermo-mechanical coupling analysis frame-
work [42].

In this study, the bearing operates under grease lubrication within a low-speed, heavy-
load range. Lubrication degradation may occur if the operating temperature rises beyond
the stable working range of the grease, reducing viscosity and slightly modifying heat
generation and transfer. With an appropriate lubricant selection and temperature control,
raceway damage related to lubrication failure can be effectively avoided.

1. Natural Convection Coefficient

For external surfaces of the outer ring that are exposed to ambient air, natural con-
vection is the dominant heat transfer mechanism. The natural convection coefficient hz

can be estimated using the functional relationship among the Nusselt number Nu, Grashof
number Gr, and Prandtl number Pr.

The corresponding convection coefficient is then calculated as:

hz = C · (Gr · Pr)
γ · k/l, (3)

where C and γ are empirical constants determined by the geometry and flow conditions, k
is the thermal conductivity of air at the operating temperature, and l is the characteristic
length of the surface.

2. Forced Convection Coefficient
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In regions filled with grease, such as the rolling element surfaces, roller end faces, and
raceway surfaces of the inner and outer rings, the primary heat transfer mechanism is forced
convection, which is driven by the shear-induced motion of the rotating rolling elements.

The Dittus–Boelter empirical correlation is commonly used to estimate this type of
heat transfer. The convection coefficient hq is then given by:

hq = 0.023Re4/5 · P0.3
r · k/D, (4)

where Re is the Reynolds number, and D is the hydraulic diameter of the flow passage.

2.3. Thermal–Mechanical Coupling Model

During bearing operation, frictional heat generation leads to a gradual increase in
internal temperature, which in turn causes material thermal expansion and stress variations.
These effects influence the contact state, load distribution, and local stiffness between rolling
elements and raceways.

To investigate the interaction mechanisms between the temperature field and the stress
field, a thermal–mechanical coupling model is established in this work, consisting of the
following three key modeling components. The simulation flow is illustrated in Figure 1.

Figure 1. Flowchart of thermomechanical coupling modeling.

1. Thermal Load Transferred to Structural Domain

In the coupling process, the steady-state temperature field obtained from the heat
conduction model is applied as a boundary condition to the structural finite element
model. This drives thermal expansion in structural components. The coupling is realised
by defining a thermal expansion source term that transforms temperature changes into
thermal stresses, which are then superimposed onto the original mechanical stresses to
form the final coupled stress field distribution.

2. Thermally Driven Mechanical Boundary Loading

After obtaining the steady-state temperature field from the thermal analysis and com-
pleting the temperature transfer, radial and axial combined loading boundary conditions,
representative of actual service conditions, are applied to the bearing model. A subsequent
static analysis is conducted to compute the stress–strain fields under the coupled effects of
thermal expansion and mechanical loading. The resulting data provide a basis for strength
evaluation and structural optimization of the bearing design.
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3. Thermomechanical Coupled Modeling and Simulation Strategy

A sequentially coupled simulation strategy is adopted on the finite element platform to
capture the interactive responses of the thermal and mechanical fields. First, the steady-state
temperature field is solved using the thermal analysis module. The resulting temperature
distribution is then mapped onto the structural domain. Finally, a structural analysis is
carried out to compute the coupled stress and strain fields that account for both thermal
and mechanical loads.

This model effectively captures the deformation feature and stress concentration zones
in the bearing under multi-physical boundary conditions and provides technical support
for structural strength evaluation and optimization.

2.4. Geometry and Slotting Model

In this study, the KH852849–KH852810 tapered roller bearings manufactured by
Wafangdian Bearing in Liaoning Province, China—used in the electric shovels—is selected
as the target structure. The bearing assembly consists of one outer ring, one inner ring,
and 24 tapered rollers. For modeling simplification, the cage is omitted, retaining only the
rolling elements and raceway components.

Both the rolling elements and raceways are made of GCr15 high-carbon chromium
bearing steel. The typical mechanical properties of the material include density, Young’s
modulus, and Poisson’s ratio. The key geometric dimensions of the bearing are summarized
in Table 1.

Table 1. Structural Dimensions of the Bearing.

Parameter Value (mm) Parameter Value (mm)

Bearing outer diameter 444.5 Bearing bore diameter 266.7
Inner ring width 117.48 Outer ring width 88.9
Outer raceway

diameter 357.56–423.66 Inner raceway
diameter 290.15–342

Effective roller length 85 Roller length 88
Roller diameter 36.44–42.52 Bearing width 120.65

A rectangular groove is machined into the outer ring of the bearing, with a fixed
groove length of 35 mm and width of 35 mm. The groove depth and the distance from the
large end face are defined as parametric variables for structural evaluation.

The finite element model of the electric shovel bearing with embedded grooves, along
with the dimensional schematic of the groove, is shown in Figure 2.

 

Figure 2. Bearing model with recessed groove and dimensional drawing of recessed groove.
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The bearing components were made of GCr15 high-carbon chromium bearing steel.
This steel mainly contains 1.05% carbon (C), 1.55 chromium (Cr), 0.235% manganese (Mn),
and 0.25% silicon (Si), with small amounts of nickel, copper, phosphorus, and sulfur as
residual elements, and iron as the balance. The combination of high carbon and chromium
contents provides superior hardness, wear resistance, and dimensional stability after heat
treatment, making this material well-suited for heavy-duty bearing applications. The
surface roughness of the raceways and grooves corresponds to grade II precision, with
Ra = 0.16 µm for the raceway, and Ra = 2.5 µm for the non-functional surfaces. The
machined slot surface exhibits a slightly higher roughness of approximately Ra = 3.2 µm.

3. Finite Element Simulation
To thoroughly evaluate the influence of the embedded groove structure on the thermo-

mechanical response of heavy-duty shovel bearings, a multi-physics-based finite element
simulation model was developed. The simulation workflow includes geometry construc-
tion, contact definition, meshing strategy, loading and boundary condition setup, coupled
solution procedure, and validation of results. The simulation outputs not only support the
subsequent structural optimization but also provide a theoretical basis for performance
prediction of embedded structures under thermo-mechanical coupling.

Finite element simulations, including thermal–mechanical coupling analyses and post-
processing of temperature and stress fields, were performed based on finite element model.
The polar and three-dimensional contour plots presented in this study were generated
directly within the visualization environment.

3.1. Model Setup

1. Contact Definition

To accurately capture the contact interactions between rolling elements and raceways,
localised sectional modeling was performed for the 24 rollers. Specifically, a 1 mm-thick
contact slice was extracted from each roller, and 24 corresponding contact surface slices
were defined on both the inner and outer rings. This configuration establishes 72 contact
pairs among the rollers, inner ring, and outer ring.

Such modeling ensures high-resolution identification of axial and radial contact
stresses and load transmission paths, particularly in the vicinity of the embedded groove,
thereby enhancing local simulation accuracy (see Figure 3).

 

Figure 3. Numbered sectional schematic of bearing rollers.

2. Finite Element Meshing Strategy

A partitioned meshing strategy combining local refinement with global coarseness
was adopted to balance computational efficiency and simulation accuracy. The roller slices
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were meshed using swept elements with 7 divisions and a bias ratio of 8, resulting in an
element size of 2.5 mm. The remaining parts of the rollers were meshed with tetrahedral
elements of 4 mm size.

Similarly, swept meshing was applied to the 24 contact slices on the inner and outer
rings, using 5 divisions per slice. For non-critical regions, the mesh sizes were set to 5 mm
for the outer ring and 4 mm for the inner ring. The embedded groove region, being the core
response zone, was locally refined to an element size of 2.5 mm to ensure accurate capture
of stress concentrations and principal strains (see Figure 4).

 
Figure 4. Meshing diagram of the sectioned electric shovel bearing.

3. Load and Boundary Condition Setting

Regarding thermal boundary conditions, the heat transfer coefficients were determined
based on the contact characteristics and environmental exposure of each surface, with
distinctions made between natural and forced convection. To simplify the thermal loading
strategy, the total frictional heat generation under rated service conditions was distributed
proportionally across components using a ratio of inner ring: outer ring: rollers = 1:1:2.
This approximates the actual heat source distribution. The initial structure temperature
was set at 22 ◦C, and the ambient convection temperature was set at 25 ◦C.

3.2. Validation of Simulation Model

To assess the physical correctness and numerical accuracy of the finite element model,
validation was conducted from two perspectives: contact load and contact stress. The simu-
lation results were compared with theoretical calculations to evaluate the model’s reliability.

1. Contact Load Distribution Verification

Nine rollers that bear the primary loads within the electric shovel bearing were selected
as analysis objects and sequentially numbered, as shown in Figure 3. The contact load
response of each roller was extracted and compared with the corresponding theoretical
values calculated by the contact load model. The relative errors between the two sets of
results were plotted in Figure 5.

The results show that under rated load conditions−axial load of 1333.7 kN, radial load
of 1820 kN, and moment of 93,577 N·m−the maximum relative error between simulated
and theoretical contact loads for rollers 1 through 9 does not exceed 7.6%. This demonstrates
that the proposed model exhibits high accuracy in predicting contact load distributions.
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Figure 5. Contact Load Comparison and Error for Bearing Rollers.

2. Contact Stress Verification

Based on Hertzian contact theory, the contact stress between rollers and the inner
ring was calculated and compared with the average contact stress extracted from the
simulation platform, as shown in Figure 6. The relative error between the simulation
and theoretical values remains within approximately 10%, confirming that the model
retains strong predictive capability for mechanical responses even under extreme contact
conditions. The model is therefore suitable for subsequent quantitative analysis of stress
concentration effects in embedded structures.

 
Figure 6. Contact stresses comparison and error for bearing Rollers.

The above validation results indicate that the proposed finite element model demon-
strates satisfactory predictive accuracy for two key response parameters: contact load and
contact stress. Moreover, the model maintains numerical stability under realistic service con-
ditions, making it a reliable computational platform for future multi-objective performance
evaluation and structural optimization involving thermo-mechanical–sensing interactions.

4. Experimental Verification
To validate the accuracy of the proposed multi-physics coupling model, an experimen-

tal test platform was designed and constructed specifically for the bearing used in electric
shovels. Thermal response and strain response experiments were conducted separately.
By comparing the measured temperature and strain distributions in key bearing regions
with simulation results, the predictive capability of the finite element model under real
operating conditions is assessed. This also provides experimental support for subsequent
structural optimization and sensor deployment.
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4.1. Experimental Platform and Sensor Layout

The experimental system consists of a motor drive unit, a hydraulic loading system, a
bearing seat assembly, embedded groove sensor components, and a data acquisition system,
as shown in Figure 7. The motor supplies a constant rotational speed input, while the
hydraulic system applies combined axial and radial loads to replicate typical operational
load conditions of bearings.

 

Figure 7. Layout of the Bearing Seat Structure and Strain Monitoring Points.

A rectangular embedded groove was machined on the outer ring of the bearing, and
strain gauges were affixed at the bottom of the groove as sensing elements. These gauges
were directionally aligned with the radial load and placed in the main load-bearing region
to ensure the acquisition of representative and sensitive signals. A high-sensitivity signal
amplifier and a multi-channel data acquisition card were employed to guarantee clarity
and real-time response during testing.

4.2. Thermal Response Experiment

The thermal response experiment was conducted under the following operating
conditions (see Table 2):

Table 2. Operating conditions for thermal response experiment.

Operating Parameters Value

Rotational Speed 210 r/min
Radial Load 120 kN
Axial Load 50 kN

After the bearing reached thermal stability, the temperature of its components was
continuously monitored using a combination of type-K thermocouples and an infrared
thermometer. The thermocouples were attached to the outer ring surface to record the
local temperature variation, while the infrared thermometer was used to measure the
temperatures of the inner ring, rollers, and cage without contact interference. Measurements
were taken at 60-s intervals over a total duration of 6 h until steady-state conditions were
achieved. During the tests, the ambient temperature was maintained at approximately
25 ◦C, and No. 0 lithium-based grease was used as the lubricant. Figures 8–10 illustrate the
temperature evolution of the inner ring, where the temperature gradually increases and
stabilizes after approximately 300 s, indicating that thermal equilibrium has been reached.
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Figure 8. Temperature response characteristics of the bearing inner ring.

Figure 9. Temperature response characteristics of the bearing inner ring: local temperature extrema
(The red triangle indicates the peak, and the blue triangle indicates the valley).

 

Figure 10. Temperature response characteristics of the bearing inner ring: temperature distribution density.

The simulation analysis identifies the inner ring as the region with the most significant
temperature rise. The maximum steady-state temperature predicted by the model is
73.323 ◦C, while the experimentally measured peak temperature is 72.9 ◦C. This result
confirms that the developed thermo-mechanical coupling model effectively predicts the
temperature and reflects the influence of the embedded groove structure on thermal field
distribution (see Figures 8 and 11).
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Figure 11. Temperature field contour of the inner ring with embedded groove (From blue to red, it
indicates that the temperature is getting higher.).

4.3. Strain Response Experiment

The strain response experiment was conducted under the following conditions (see Table 3):

Table 3. Operating conditions for strain response experiment.

Operating Parameters Value

Rotational Speed 90 r/min
Radial Load 120 kN
Axial Load 50 kN

Strain gauges were installed axially at the bottom of the embedded groove and ori-
ented in the direction of the radial load to ensure that the captured signals were both
representative and sensitive.

A multi-channel strain acquisition system was used to synchronously record the strain
variation under the thermo-mechanical coupling condition, as illustrated in Figure 12.
The experimental results show that the principal strain in the embedded groove region
ranges from 345.98 to 477.20 µε, with a stable response and no significant fluctuations.
The corresponding simulation predictions yield values between 320.71 and 484.86 µε, and
the maximum relative error is 7.3%. The consistency in magnitude between experimen-
tal and simulation data verifies the accuracy of the finite element model in simulating
strain response.

Figure 12. Experimental strain values of the embedded groove.
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4.4. Comprehensive Analysis

From both thermal and strain response perspectives, the simulation predictions exhibit
good consistency with experimental measurements, confirming that the developed thermo-
mechanical coupling model has a high predictive capability.

The experimental results also demonstrate that the embedded groove region is highly
sensitive to thermo-mechanical variations. This makes it an ideal location for sensor deploy-
ment, suitable for implementing intelligent sensing functions such as fault identification
and load monitoring.

5. Structural Optimization and Design Recommendations
To systematically assess the influence of groove geometry on the thermo-mechanical–

sensing performance of the bearing, a multi-objective performance evaluation framework
was constructed based on the previously established finite element platform. A parametric
analysis method was employed to extract key response indicators, enabling structural
optimization aimed at improving heat dissipation efficiency, mechanical strength, and
signal sensitivity in a coordinated manner.

5.1. Performance Metrics and Composite Evaluation Function

Considering the three performance aspects—thermal response, structural response,
and sensing response—a multidimensional performance evaluation index system was
established as follows:

1. Thermal response indicator: Maximum steady-state temperature, which reflects in-
ternal heat accumulation. Higher temperatures indicate poorer heat dissipation. All
configurations are normalised against the reference case without a groove.

2. Structural response indicator: The ratio of maximum equivalent stress to material
yield strength, which reflects the safety margin. A smaller ratio indicates higher
structural integrity.

3. Sensing response indicator: Maximum principal strain in the embedded groove region,
representing strain sensitivity. Within acceptable strain limits, higher strain values are
favourable for signal acquisition.

Based on the above, a composite performance evaluation function is proposed:

f = α · T max

T0
+ β ·

σeq

σy
− γ · ε max

ε0
(5)

where
Tmax: maximum steady-state temperature of the current configuration;
T0: reference structure (33.989 ◦C, groove-free case);
σmax: maximum equivalent stress;
σy: material yield strength (GCr15, taken as 550 MPa);
εmax: maximum principal strain in groove region;
ε0: target strain for sensing (taken as 1200 µε);
α, β, γ: weighting coefficients, with α + β + γ = 1.
To balance the three performance aspects, the weights are set as α = 0.5, β = 0.25,

γ = 0.25.
A lower value of f indicates better overall performance.

5.2. Actual Operating Condition Settings

To ensure that the optimization results are practically applicable in engineering scenar-
ios, the applied loads in the simulation are set based on the typical operating conditions of
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the electric shovel during open-pit mining tasks as shown in Figure 13. The load conditions
used in the simulation are summarized in Table 4.

  
(a) (b) 

  
(c) (d) 

Figure 13. Actual service load of electric shovel bearings: (a) Frequency Distribution of Cycle Mean
and Range, (b) Time Histories of Radial and Axial Bearing Loads, (c) Polar Representation of Radial
Bearing Load, (d) Polar Representation of Axial Bearing Load.

Table 4. Load conditions used in simulation.

Operating Parameters Value

Frictional heat generation 1632.608 W
Radial Load 684.0922 kN
Axial Load 95.831 kN

The total generated heat is distributed to the bearing components in a ratio of inner
ring: outer ring: rollers = 1:1:2, consistent with earlier thermal modeling assumptions. The
ambient convection temperature is set at 25 ◦C, and the initial structural temperature is set
at 22 ◦C to simulate the early start-up phase of the equipment.

5.3. Parametric Analysis Methodology

In this study, the geometric parameters of the embedded groove—namely groove
depth and the axial distance from the large end face—are defined as variables in a paramet-
ric model. The combinations of groove geometry parameters are shown in Table 5.

Table 5. Groove geometry parameter combinations.

Parameter Value

Distance from the
large end face 10 mm 20 mm 30 mm

Groove depth 7 mm 8 mm 9 mm 10 mm 11 mm 12 mm 13 mm
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A total of 21 parameter combinations were generated. For each configuration, steady-
state thermo-mechanical coupled simulations were conducted. Key response values—
including maximum temperature, maximum equivalent stress, and maximum principal
strain—were extracted and substituted into the composite performance function for scoring
and ranking.

5.4. Influence of Groove Structure on Thermo-Mechanical Responses

Based on the results of 21 parametric simulations, the effects of different combina-
tions of groove depth and groove position were evaluated in terms of three performance
dimensions: temperature, stress, and strain. Each response characteristic was analyzed
individually, followed by a composite performance evaluation based on the previously
defined function.

(1) Thermal Response Analysis:

As shown in Figures 14a and 15a, the thermal response of the bearing structure
with embedded grooves exhibits significant dependence on groove depth and axial posi-
tion. When the groove depth is between 7–9 mm and the distance from large end face is
10–20 mm, the heat transfer path from the frictional heat source to the external environment
is relatively short, leading to lower thermal resistance and facilitating efficient heat dissi-
pation. In contrast, increasing groove depth or shifting the position farther from the end
face increases the thermal diffusion path and resistance, resulting in a more pronounced
temperature rise. The optimal thermal range is therefore 7–9 mm in depth and 10–20 mm
in position.

  
(a) (b) 

  
(c) (d) 

Figure 14. Statistical analysis of simulation data for embedded grooves: (a) maximum temperature
distribution by groove depth and distance from large end face, (b) maximum strain distribution by
groove depth and distance from large end face, (c) maximum stress distribution by groove depth and
distance, (d) Composite performance index for groove configurations.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 15. Statistical analysis of Simulation Data for bearings and embedded grooves: (a) maximum
steady-state temperature versus groove depth and distance from large end face, (b) maximum stress
versus groove depth and distance from large end face, (c) maximum strain versus groove depth and
distance from large end face, (d) maximum deformation versus groove depth and distance from
large end face, (e) maximum bearing strain versus groove depth and distance from large end face,
(f) maximum bearing deformation versus groove depth and distance from large end face.

(2) Structural Stress Analysis:

As illustrated in Figures 14b and 15b, the maximum equivalent stress in the embedded
groove region rises with increasing groove depth, and this effect becomes more pronounced
at greater axial distances. When the groove depth is 8–9 mm and located 20 mm from
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the large end face, the minimum stress response is observed. This suggests that moderate
groove depth and central positioning contribute to structural reliability.

(3) Strain Sensing Analysis:

As shown in Figures 14c and 15c, the maximum principal strain increases with groove
depth, enhancing strain sensitivity. Greater axial distances also lead to higher strains.
Although a larger strain is favourable for signal acquisition, it must be balanced against
stress limitations. The configuration of 8–9 mm depth at 20 mm position provides both
high sensitivity and acceptable strength.

(4) Comprehensive Performance Evaluation:

Figure 14d presents the composite performance function f for all 21 parameter com-
binations. The configuration with an 8 mm groove depth and a 20 mm position achieves
the lowest function value, indicating optimal trade-offs across thermal, mechanical, and
sensing dimensions. Configurations such as 7 mm–20 mm and 9 mm–20 mm also show
good performance. In contrast, groove depths above 10 mm or axial positions at 30 mm
result in significantly increased f values and degraded overall performance.

6. Conclusions
This study presents an integrated research framework encompassing multi-physics

modeling, finite element simulation, experimental validation, and structural optimization to
investigate the thermo-mechanical behavior and multi-objective performance of embedded-
groove sensor-embedded rings in heavy-duty electric shovel bearings. The key conclusions
are summarized as follows:

(1) A multi-physics coupling model tailored to sensor-embedded bearing rings with em-
bedded grooves was developed and verified by experiments. The model incorporates
frictional heat generation, complex heat transfer boundaries, and contact stress distri-
bution. A sequentially coupled thermo-mechanical simulation strategy, along with
local slicing and mesh refinement, enables detailed analysis of interactions among
rollers, raceways, and grooves, providing a foundation for performance evaluation.

(2) The proposed model was validated through thermal and strain response experiments.
The results show high consistency between simulation and experimental measure-
ments, confirming the model’s accuracy.

(3) A multi-objective performance function was proposed to evaluate the synergy of
thermal–mechanical responses. The function integrates maximum steady-state tem-
perature, equivalent stress, and principal strain with weighting coefficients, allowing
for quantitative ranking of design configurations.

(4) A relatively optimal groove configuration was identified. Among 21 tested parameter
combinations, the configuration with an 8 mm groove depth and a 20 mm axial
position achieved the best overall performance in thermal dissipation, structural
safety, and strain sensitivity. This confirms the feasibility of the integrated structure–
sensing design strategy in intelligent bearing applications.

The proposed modeling and validation approach provides theoretical guidance for
the embedded design and performance assessment of intelligent heavy-duty bearings. The
findings offer practical insights into improving the safety of key components in large-scale
mining equipment.

Although the proposed method shows good ability in predicting the thermo-
mechanical behavior of the sensor-embedded bearing rings, some limitations remain.
The current analysis assumes steady operating conditions and does not fully capture the
influence of dynamic load fluctuations, which may affect the temperature and stress dis-
tributions in practical applications. Future research will focus on integrating real-time
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temperature and stress monitoring as well as advanced multi-physics coupling techniques
to further enhance the predictive capability of the model. In addition, experimental in-
vestigations under variable speed and load conditions will be conducted to validate and
generalize the proposed approach.
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