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 A B S T R A C T

The development of electric vehicles (EVs) depends on effective and secure battery systems in high current 
scenarios like fast charging and acceleration. The effects of these incidents are excessive heating, mechanical 
stress and failure of electrical connections. This study presents a prototype of a multi-physics Digital Twin that 
is a model of electromagnetic, thermal, and structural environments that evaluates the functionality of copper 
busbars operating at EV operating current levels (100–500 A). The framework will consist of a combination 
of cross-domain corroboration as simulations with the use of finite-elements and experimental testing. The 
measurements indicate steady operation up to 200 A, small voltage drops (0.009–0.047 V), contact resistances 
(12.4–18.7 μΩ), and magnetic emissions (8–40 mT), all within the IEC 60269-1, IEC 61439-1 and CISPR 
25 limits. Localized heating (273 ◦C) and deformation (>1 mm) at 500 A transient loads are characteristic 
of critical conditions, leading to design changes in the form of increased cross-sectional thickness, integral 
cooling, and laminated structures. The paper presents an experimentally evaluated prototype of a Digital Twin 
which is a bridge between simulation and physical experiment and can be used as a predictive instrument in 
safer and more dependable busbar design in future EV battery systems.
1. Introduction

The global transition towards electric mobility is attributed to grow-
ing environmental concerns, thereby driving advancements in battery 
technology. However, the performance and safety of electric vehicles 
(EVs) remain critically dependent on the reliability of their battery 
packs [1,2]. Within these battery packs, busbars are crucial compo-
nents for distributing high currents between cells and modules. Their 
failure under extreme operational loads, such as during fast charging 
or acceleration, can lead to increased resistance, localized overheating, 
and even thermal runaway, thus presenting a significant barrier to 
reliability and safety [3–7].

The selection of the material composition (e.g. aluminum, cop-
per) of busbars and their joining methods (e.g., ultrasonic welding, 
laser welding, etc.) are critical for optimizing performance, guaran-
teeing durability, and preventing localized hotspots that could lead 
to premature degradation or thermal runaway [8–11]. Consequently, 
the deployment of high-performance busbars is vital to extend the 
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lifetime, safety, and efficiency of electric vehicle battery systems. Cop-
per has excellent electrical conductivity, low resistive losses and is 
also quite corrosion resistant, which guarantees long term reliability 
with harsh EV battery operating conditions [12–14]. The ductility of 
the metal allows for design flexibility when using in high current 
applications [15].

Traditional prototyping and testing methodologies, though foun-
dational, involve significant time and cost limitations, which restrain 
comprehensive assessment of multi-physical interactions under opera-
tional conditions [16,17]. To resolve such problems, the Digital Twin 
(DT) approach is being recognized as an important innovation in the 
context of Industry 4.0 by bridging the gap between virtual models and 
physical systems [18–25]. For instance, cell-to-cell heat transfer and 
interconnect resistance significantly influence current distribution and 
anode potential in Li-ion modules, potentially leading to lithium plating 
during fast charging [26,27]. Thermal topology optimization methods 
for laminated busbars can minimize copper use while maintaining 
temperature limits, improving cost-performance ratios [28,29].
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Even though there is extensive research on busbars, all the literature 
is mostly based on isolated studies of electrical, thermal, or mechanical 
properties [15,30], and thus the literature does not acknowledge the 
interaction effect on busbars in the context of the actual electric vehicle. 
This fragmented approach to analysis can result in less than optimum 
designs, or heavy over-engineering, but more importantly, unexpected 
failures due to multiple dynamic multi-physical loads. In order to 
help mitigate this problem, the current research explores an integrated 
multi-physics DT prototype. Virtual replica of the physical busbar was 
created and simulation was performed to analyze the complex inter-
actions between the electromagnetism, thermodynamics and structural 
mechanics under realistic operating conditions. It is important to note 
that, even though the current study focuses on the busbar element, 
the current profiles (100–500 A) used in the testing process essentially 
represent current profiles in modern high-capacity NMC/Gr (lithium-
nickel-manganese-cobalt-oxide/graphite) Li-ion battery packs utilized 
in electric vehicles.

This study makes two main contributions: (1) The proposed coupled 
electro-thermal-mechanical model to quantify nonlinear interactions, 
e.g. Joule heating — caused deformation. (2) The developed DT pro-
totype supported by experimental testing serve to connect simulations 
and physical measurements and provide capabilities for prospective 
real-time optimization of the design of the busbars. The research offers 
a scientific contribution in establishing a busbar electro-thermal perfor-
mance/deformation-driven reliability limit multi-physics coupling. This 
provides a predictive modeling method that can predict degradation of 
performance before failure occurs, and an improved theoretical under-
standing of the coupled field behavior in current carrying conductors. 
The work also explains how components of the current distribution 
affect the efficiency, life and safety of energy-storage systems used in 
electric vehicles.

2. Materials and methods

2.1. Busbar materials and selection justification

Copper busbars (supplied by Mista S.p.A, Italia) were selected in the 
current study. Three types of copper busbar resources were tested, in 
order to represent important electrical paths in EV battery systems:

• Type I (large): 216 mm × 14 mm × mm (large) Laser welded 
busbars for primary current distribution

• Type II (medium): 108 mm × 14 mm × 3 mm Rigid busbars for 
inter-module connection

• Type III (small) 83 mm × 64 mm × 3 mm, for inter-cell links 
(subtypes A–C by geometry)

Dimensions and surface finishes were in accordance with IEC 61439-1 
making them industrially relevant.

2.2. Laser welding process

In case of laser welded copper busbars (Type I), the laser welding 
process was carried out using a high-precision laser welding machine 
(FL 8000–ARM 100/290) according to the BS EN ISO 13919-1-2019 
standard. Selective laser parameters, such as power (8 kW), focus 
position (0 mm), and speed (50 mm/s), were used to acquire the 
optimum possible weld quality. The welding process was carried out 
carefully to ensure uniformity and reliability in the welded joints.
2 
Table 1
COMSOL® interfaces, governing equations, and boundary conditions used in 
the multi-physics Digital Twin prototype.
 COMSOL Interfaces Governing Equations Assumptions and Boundary 

Conditions
 

 AC/DC (i) ∇ ×𝐇 = 𝐉
(ii) 𝐉 = 𝜎𝐄
(iii) 𝑄 = 𝐉 ⋅ 𝐄

• Current density (𝐽0) from 
experimental range 
• Zero initial electric 
potential 
• No external magnetic 
field 
• Known 𝜎

 

 Heat Transfer (iv) 𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡

= ∇ ⋅ (𝑘∇𝑇 ) +𝑄 • 𝑇0 = 𝑇𝑟𝑒𝑓 = 22 ◦C
• Known 𝑘, 𝐶𝑝
• Joule heating coupling

 

 Solid Mechanics (v) ∇ ⋅ 𝐒 + 𝐅𝑣 = 𝟎
(vi) 𝜖 = 𝜖𝑒𝑙 + 𝛼𝛥𝑇 𝐈

• Fixed bolted regions 
• Known 𝐸, 𝜈
• Thermal expansion 
coupling

 

2.3. Governing equations and simulation framework

A multi-physics simulation framework was developed using the 
COMSOL® Multiphysics 6.3 simulation software package for coupling 
the electromagnetic, thermal and structural domains to analyze the 
behavior of copper busbars when operating at high currents. The model 
combines four physics interfaces — Magnetic and Electric Fields, Heat 
Transfer in Solids, Solid Mechanics and Electromagnetic Heating/ Ther-
mal Expansion nodes, as the DT prototype of the busbar. The busbar 
geometry was imported via the STEP file, surrounded by an air box for 
magnetic field modeling. Table  1 shows the details of governing equa-
tions. The evaluation of important phenomena such as voltage drop, 
magnetic flux density, Joule heating and thermally induced mechanical 
strain was obtained under realistic boundary conditions.

Boundary conditions were fixed bolt constraints, ambient temper-
ature 22 ◦C and applied current densities for 100–500 A. Material 
parameters 𝜎, 𝑘, 𝜌, 𝐶𝑝, 𝝐, and 𝛼 were taken from the built-in copper 
and air material data in COMSOL® Multiphysics 6.3.

2.4. Experimental characterization

2.4.1. Mechanical testing
Performance evaluation of laser-welded Cu busbars (Type I) was 

carried out using different mechanical tests, including 3-point bend 
tests, bending tests, and torsional tests following the ISO 7438 (bend 
test) and ASTM E143 (torsion testing) protocols. Each test was repeated 
three times per condition (n = 3), and mean ± standard deviation values 
are reported. 3-point bend tests, and bending tests were performed 
using a Galdabini Universal Testing Machine (UTM) with a load cell 
of 30 kN and at testing speed of 25 mm/min. The bending test was 
performed by applying force using a round stainless steel pin on the 
specimen clamped firmly with the metallic clamps of the machine. 
Torsion tests were performed on Instron Torsional Test Equipment. 
Further, torsional forces and associated properties were evaluated to 
examine the response of the welded region to twisting forces.

2.4.2. Electrical and magnetic characterization
The magnetic flux density near small copper busbars (Type III) 

was measured using an ACS37612 Hall-effect current sensor (Allegro 
Microsystems), selected for its contactless current measurement capa-
bility as shown in Fig.  1. The test was carried out at 40 A discharge 
current with a 3.3 V sensor supply. Sensor placement (e.g., over holes 
or narrowed sections) was optimized through simulations and vali-
dated experimentally as discussed in Section 3.3. Measurements were 
repeated to verify consistency (variation below ± 3%), which confirms 
the reliability of the sensor.
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Fig. 1. Magnetic flux density measurement setup using ACS37612 Hall-effect sensor on small copper busbars (Type III). The sensor captured near-field flux at 
40 A for Digital Twin corroboration.
Table 2
Characterization matrix summarizing simulation and experimental methods for 
large (Type I), medium (Type II), and small (Type III) copper busbars.
 Busbar Type Simulation Experimental  
 Type I Electrical Performance 3-point Bend Test  
 Thermal Endurance Torsion Test  
 Electromagnetic– Edge Bending Test  
 Compatibility Optical Microscopy 
 Type II – Contact Resistance  
 Type III Electromagnetic– Electromagnetic–  
 Compatibility Compatibility  

2.4.3. Microscopic analysis
Welded region of laser welded busbars (Type I) were analyzed using 

an Olympus DSX 1000 microscope. Cross-sections were prepared by 
sequential grinding with emery paper (grit sizes: 120, 500, 1000, 2000) 
and etched with FeCl3 solution (10% w/v, 25 ◦C, 10 min) to enhance 
grain boundary visibility. Images were taken in both bright-field (BF) 
and differential interference contrast (DIC) modes of the microscope to 
enhance the visibility of the area of interest, i.e. welded regions in large 
busbars (Type I).

2.4.4. Contact resistance measurement
The contact resistance of medium copper busbars (Type II) was mea-

sured using both two-probe and four-probe techniques, in accordance 
with IEC 60269-1 guidelines. Busbars were bolted to a silver busbar 
using a torque of 3.2 Nm. A DC current source (10 A, two-probe) and 
(1 A, four-probe) provided current for resistance measurements. Results 
are discussed in Section 3.2. Each measurement of the resistance was 
repeated 3 times and the values reported represent the average (mean). 
Measurement error was not more than 0.2 μΩ.

Evaluation of Cu busbars through various simulations using
COMSOL® Multiphysics and experimental characterizations using dif-
ferent equipment are summarized in Table  2.

The combination of experimental and simulation framework allows 
qualitative and quantitative validation of the developed DT prototype. 
This integration means that each of the physical parameters measured 
experimentally (magnetic flux, deformation, resistance) has a direct 
relationship with its simulated counterpart for cross verification. Each 
of the experimental tests was repeated three times and under the 
same conditions to ensure reproducibility. Mean values and standard 
deviations of all measurements were calculated and coefficients of 
variation were calculated and were less than 8%. This low variability is 
an indication of the repeatability and stability of the measurement pro-
cedures, which provides adequate confidence level in the experimental 
data used in supporting the trends in the simulation.
3 
3. Results and discussion

3.1. Type I: Large laser-welded busbars - Digital twin and experimental 
study

3.1.1. Multi-physics simulation predictions
In alignment with practical EV battery operational profiles, the sim-

ulations were carried out under operational current values (100–500 
A) using COMSOL® Multiphysics. The selected current range, 100 A, 
150 A, and 200 A, represents typical pack-level continuous operation, 
while 500 A accounts for peak transient loads observed during initial 
vehicle startup or high acceleration events. In the simulations, cur-
rent was applied to one terminal/end with the other grounded, to 
study the behavior of the Cu busbar for electric potential, magnetic 
fields, temperature changes, and structural displacement under these 
conditions.

Static simulation of the busbar showed stable electric potential dis-
tribution (Fig.  2a) with voltage drops increasing linearly with current: 
0.00948 V (100 A), 0.0142 V (150 A), 0.019 V (200 A), and 0.0474 
V (500 A). All values remain well within the safety limits prescribed 
by the IEC 61238-1 standard for power components. While the 500 A 
startup surge causes a larger drop (0.0474 V), it remains acceptable for 
short durations; however, for frequent high-current events, designs with 
a larger cross-sectional area could be considered to further minimize 
resistive losses. Detailed maps of voltage drop at 100 A, 150 A, 200 
A and 500 A are given in supplementary material (Figures S1–S4) for 
reference.

Fig.  2b shows the magnetic flux densities values due to operational 
currents (A). Peak magnetic flux densities were observed as 8 mT 
(100 A), 12 mT (150 A), 16 mT (200 A), and 40 mT (500 A). These 
values scale proportionally to the current according to Ampère’s law. 
Moreover, the symmetric flux pattern verifies the suitability of the 
geometric design, preventing eddy currents. For typical operational 
conditions (up to 200 A), the flux density remains well below the 
regulatory thresholds as per CISPR 25 and ISO 11452 (commonly 30–40 
mT for fixed installations).

As shown in Fig.  2c, the temperatures increased from 30 ◦C to 
273 ◦C during 100 A–500 A. At current value ≤ 200 A, the increased 
temperature across busbar was within safe limits while 500 A led to 
the formation of localized hot-spots (≈273 ◦C) near the weld region. 
The critical temperature of 273 ◦C at 500 A is significantly higher than 
the maximum long-term service temperature of common insulating 
materials and can lead to a high risk of material degradation, copper 
annealing and possible connection lines. This outcome identifies the 
need for mitigation strategies for applications that include transient 
peak loads are: (1) using active cooling channels along beneath the 
busbar; (2) using thermal conductive interface materials to redirect 
heat to the cold plate of the battery pack; or (3) making laminated 
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Fig. 2. Multi-physics simulation of large laser-welded busbar (Type I): (a) electric potential, (b) magnetic flux, (c) temperature field, (d) thermal deformation. 
Results form the Digital Twin prototype framework.
busbar structures. Corresponding simulations for temperature field un-
der different loads of current are shown in the supplementary material 
(Figures S5–S8), which reveals the localized heating trend close to the 
welded joints.

The thermomechanical simulations (Fig.  2d) evaluated busbar re-
liability under combined thermal-electrical loads, predicting thermal 
expansion and deformation patterns. Associated mechanical deforma-
tion due to thermal expansion was predicted as 43 μm at 100 A, 
97 μm at 150 A, 174 μm at 200 A, and 1090 μm at 500 A. At lower 
currents, the structure exhibits minimal deflection, indicating stable 
thermomechanical behavior. However, at 500 A, the large deformation 
necessitates design revisions for mechanical reinforcements or thermal 
expansion joints, especially in weld-sensitive areas.

While the simulated and experimental tests have been concerned 
with different domains of responses, they involve the same physical 
system and the same material behavior. The simulating part is able 
to predict the electrical, thermal and mechanical response facing high 
current loading but experiments capture the actual structural, magnetic 
and resistive features of the same copper busbars. The trends seen 
and the consistency of findings – such as localization of heating zones 
corresponding to weaker zones in the weld, and the predicted magnetic 
flux distributions in line with measurements of the sensors – are cross-
domain corroborations. This way it is possible to ensure that the 
DT framework will have the same effort to approximate the realism 
of the performance envelope of the busbars even though individual 
parameters may not have been directly measured in the same bound-
ary conditions. High resolution field distributions in support of these 
findings are also included in the supplementary material.

3.1.2. Experimental evaluation and correlation
Fig.  3 shows the specimen during 3-point bend test, and correspond-

ing results, respectively. The 3-point bend tests were conducted on both 
the flat and welded regions of the busbar to evaluate the maximum 
force and yield force endured by laser welded busbar by applying force 
through loading span on the specimen supported by two support spans 
of a fixture. 3-point bend test results of laser welded copper busbars 
4 
indicated that the maximum force (kN) and yield force (kN) endured 
by the flat region of copper busbar without weld were higher compared 
to the laser welded region of the copper busbar.

Particularly, the flat region showed a maximum force of 2.43 ± 0.05 
kN and the yield force of 1.60 ± 0.02 kN, while the welded region 
of the copper busbar exhibited a maximum force of 1.53 ± 0.11 kN 
and the associated yield force as 0.78 ± 0.05 kN. These results signify 
that the welded region of the copper busbar, although strong, is slightly 
less resistant to the bending forces compared to the bulk material. This 
means a loss of mechanical strength of about 37% for the maximum 
force and 51% for the yield force at the welded joint. This degradation 
is directly related to the changes in the microstructure of the weld zone 
(e.g. grain coarsening, micro-void formation, etc.) as discussed later.

The primary objective of the bending test (Fig.  4) was to measure 
the force required to bend the laser-welded region to understand the 
flexibility of the welded region. The bending test revealed that the force 
required to bend the laser welded region was 362 ± 50 N, indicating 
that the laser-welded joint maintained sufficient strength to resist the 
bending force, preserving the mechanical integrity of the copper bus-
bars, and ensuring the overall reliability of battery systems. Moreover, 
by further improving the quality of the weld, it is possible to improve 
the strength of the Cu busbars thereby increasing their reliability and 
performance in high-demand applications, such as electric vehicles 
and renewable energy systems. In addition, the enhancement in weld 
quality could facilitate significant reduction in maintenance costs as 
well as increasing the lifespan of critical components.

Fig.  5 illustrates the laser welded Cu busbar under torsion test 
providing rotational force (N) endured by the Cu busbar and the 
resultant associated properties calculated by selecting maximum load 
value acquired during torsional testing. Load (N) denotes the torsional 
force applied, while displacement (mm) measures angular twist. Eval-
uating mechanical performance of the laser-welded Cu busbar region 
under torsional load of 1200 N, the associated key parameters were 
calculated, including the torsional constant (J) equal to 144 mm4, twist 
angle (𝛽) equal to 20.1◦, torsional stiffness (C) equal to 33.6 Nm/ 
rad, and torque (T) achieved equal to 675 Nm. Results show that the 
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Fig. 3. Three-point bend test of laser-welded copper busbar: (a–b) setup, (c–d) force–displacement results. Welded zones show reduced strength compared to 
bulk copper.
Fig. 4. Bending test of welded busbar: (a) deformation during loading, (b) mean bending force (n = 3, ±1 SD). Welded region retains sufficient flexibility for 
EV applications.
measured torsional stiffness (33.6 Nm/ rad) and acquired torque value 
(675 Nm) signify the mechanical endurance of the welded joint for high 
loads in EV cycles.

Optical microscopy analysis of the welded region showed a distinct 
difference in grain structure compared to the bulk material. The fusion 
zone, i.e., welded region in laser-welded copper busbar as shown in 
Fig.  6, contains coarse grains, which contributed to reduced mechanical 
strength compared to the base metal. However, as suggested by some 
researchers, grain refinement techniques, such as double-pass welding, 
can disrupt the growth of these coarse grains, and ultimately could lead 
to improvement in the mechanical properties of the welded region [31]. 
5 
In addition, micro-voids present in the welded region as visible in 
Fig.  6, could also be substantial contributors towards mechanical and 
electrical performance degradation. These defects can lead to crack 
formation, which further compromising the laser weld integrity.

3.2. Type II: Medium rigid busbars - Contact resistance performance

The contact resistance measurements of Cu busbars showed values 
within the acceptable range (< 20 μΩ) in accordance with IEC 60269-
1 for the final application. The two-probe test of Cu busbars (Fig.  7) 
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Fig. 5. Torsion test of laser-welded busbar showing rotational load–displacement response. Measured torque capacity (675 Nm) confirms strong joint integrity.
Fig. 6. Optical micrographs of laser-welded region: (a–b) bright-field, (c) DIC mode. Coarse grains and voids explain the local strength reduction in welded zones.
performed at the value of current equal to 10 A showed a contact resis-
tance of 14.7 μΩ - 18.7 μΩ, while the four-probe test (Fig.  7) performed 
at the value of current equal to 1 A for the same specimens showed 
contact resistance values 12.4 μΩ - 18.0 μΩ. This indicates that the 
oxide layer formed on the surface of the busbars did not significantly 
impact their electrical functionality. The oxide layer, although affecting 
the aesthetic appearance, acted as a passivating film that protected 
the underlying copper from further oxidation and corrosion. Therefore, 
thin oxide layers on copper surfaces can enhance long-term reliability 
without compromising significantly electrical performance [32,33].

3.3. Type III: Small busbars - Geometric influence on magnetic flux

Magnetic flux densities (mT) were simulated and experimentally 
measured using current value 40 A for three distinct small copper bus-
bar configurations (Fig.  8, Table  3) labeled as A, B, and C, respectively. 
Simulated and measured flux density at 1.6 mm from center showed 
excellent agreement (0.40 mT (simulated) vs 0.426 mT (measured) for 
Sample A - Samples B and C showed 1.85 and 2.1 mT respectively 
still within ICNIRP 2010 and UNECE R10 (10 mT limit). The findings 
validate the significance of geometry in the distribution of the field 
and support the simulation method. The observed difference in the 
magnetic flux values of B and C may attribute to the edge effects and 
current crowding phenomena due to thin cross-section compared to 
busbar A. Magnetic flux distributions for all Type III geometries (A–C) 
and details on sensor attachment as well as streamline distributions are 
shown in supplementary material (Figures S9–S11).
6 
Table 3
Comparison of simulated and experimentally evaluated magnetic-flux distribu-
tions for small busbars (Type III) at 40 A current at a distance of 1.6 mm from 
the central point.
 Sample Variation Sensitivity Magnetic Field Magnetic Field  
 ID (mv) (mV/A) (mT)–Sensor (mT)–Simulation 
 A 42.6 1.065 0.426 0.40  
 B 76.5 1.913 0.765 1.85  
 C 69 1.725 0.69 2.1  

3.4. Performance benchmarking and designing implications

The results for performance measurements from our study are in 
agreement with the latest results in the literature on high-current 
interconnects. The measured contact resistance of 12.4–18.7 μΩ is on 
the low end of 15–25 μΩ for ultrasonic Al–Cu joints [11] and perfor-
mance of advanced joining-by-forming processes [10]. The important 
increase in the terminal temperature found at 500 A (∇T ≈ 248 ◦C) is 
in agreement with literature, for example Mypati et al. [7] recorded 
high joule heating in busbars of similar designs, while Kalkan [6] 
covered the importance of thermal management being an integral part 
of the solution. Deformation larger than 1 mm at 500 A signifies the 
importance of electro-thermo-mechanical coupling as also observed by 
Werling et al. [15]. Similar approach for EV components was adopted 
by Ling et al. [23] for full vehicles systems and Muslu et al. [22] 
for power electronics. Validation of our magnetic flux simulations 
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Fig. 7. Contact-resistance measurements for medium busbars (Type II): (a) test setup, (b) results. All values (12.4–18.7 μΩ) meet IEC 60269-1 thresholds.
Fig. 8. Simulated magnetic-flux distributions for small busbars (Type III) at 40 A current: (a) Sample A, (b) B, (c) C. Showing current crowding phenomena in 
the mid region of busbars.
with sensor information enhances confidence in the reliability of the 
developed framework in the context of EMI compliance as per CISPR 
25 and UNECE R10. Moreover, the mechanical strength retention of 
about 65% in welded areas is a vital finding in the research area of 
integrity of laser welded joints as also studied by Kumar et al. [9] 
and Ramachandran et al. [34] who examined the impact of the mi-
crostructure on performance. Our 40 A measurements of the near-field 
magnetic flux (with probe 1.6 mm distance) are consistent (within 
order) with literature on busbar geometry/inductance and magnetic 
flux control, including literature on the effects of aperture position, 
terminal layout and lamination in reducing B and stray inductance 
as explained in city-bus field surveys (larger local values in closer 
standoff, as in ours) [35]. This complete comparison not only confirms 
the validity of our experimental and simulation results but also specifies 
our integrated methodology of Digital Twin as a powerful tool to 
solve the multifaceted and multiphysical design issues facing the EV 
battery system in modern EVs. The concluding section summarizes 
these implications as well as future extensions of the developed Digital 
Twin prototype.
7 
4. Conclusion

Our study have developed a multi-physics DT prototype for the 
design and evaluation of copper busbars in EV battery packs. The 
framework couples electromagnetic domain, thermal and mechanical 
domains in order to capture the inter-dependence of the current distri-
bution, Joules heating and deformation. The simulations, which have 
been supported by mechanical and magnetic and contact resistance 
experiments, provide support from several areas cross-domain corrob-
oration of the predicted trends as well as verification of the physical 
realism of the model.

Key results indicate that copper busbars continue to operate safely 
up to 200 A that complies with IEC 61238-1 and CISPR 25 require-
ments. At higher transients longer term currents e.g. 500 A or so are 
exceeded localized heating and expansion occurs and design measures 
such as thick cross-section or embedded cooling channels or laminated 
structures will be required. Laser welded joints contain approximately 
65% of the strength of the base metal thereby marking areas of welds 
as mechanically sensitive areas.



U. Farooq et al. Journal of Energy Storage 147 (2026) 120036 
The contribution of the study is scientific as we quantify the coupled 
electro-thermo-mechanical response in a validated implementation en-
vironment and highlight how this approach can be used to predict 
thresholds related to failure before physical testing. Rather than being a 
fully-data linked Digital Twin the current model is a high fidelity virtual 
prototype and can be evolved to a real-time twin once integrated with 
operational sensing data.

Future work will involve time-dependent thermal-cycling and fa-
tigue analyses, environmental effects (vibration and humidity), as well 
as the inclusion of real-time information for predictive health moni-
toring of busbar systems at the battery pack level. The proposed work 
bridges the numerical modeling and experimental testing and thus 
offer a scalable methodology for future electric vehicles energy storage 
research and industrial design optimization.

5. Nomenclature

 Symbol Description  
 Roman Symbols
 𝐁 Magnetic flux density (T)  
 𝐶 Torsional stiffness (Nm/rad)  
 𝐶𝑝 Specific heat capacity (J kg−1 K−1)  
 𝐄 Electric field (V m−1)  
 𝐅𝑣 Volume force (N m−3)  
 𝐼 , 𝐼0 Current, Applied current (A)  
 𝐉, 𝐽0 Current density, Applied current density (A m−2)  
 𝑘 Thermal conductivity (W m−1 K−1)  
 𝑄 Joule heating source term (W m−3)  
 𝐒 Stress tensor (Pa)  
 𝑇 Temperature (◦C, K)  
 𝑇𝑟𝑒𝑓 Reference temperature (◦C, K)  
 𝑉 Electric potential (V)  
 Greek Symbols
 𝛼 Thermal expansion coefficient (K−1)  
 𝛽 Twist angle (degrees, rad)  
 𝜖 Total strain tensor  
 𝜖𝑒𝑙 Elastic strain tensor  
 𝜇0 Permeability of free space (H m−1)  
 𝜈 Poisson’s ratio  
 𝜌 Density (kg m−3)  
 𝜎 Electrical conductivity (S m−1)  
 𝛥𝑇 Temperature change (K)  
 Abbreviations
 CISPR Comité International Spécial des Perturbations 

Radioélectriques
 

 DT Digital Twin  
 EMC Electromagnetic Compatibility  
 EMI Electromagnetic Interference  
 EV Electric Vehicle  
 FEM Finite Element Method  
 IEC International Electrotechnical Commission  
 ISO International Organization for Standardization  
 Units
 kN Kilonewton  
 mT Millitesla  
 Nm/rad Newton meter per radian  
 μΩ Microohm  
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