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Abstract: In the era of digital manufacturing, digital technologies are rapidly revolutionising the automotive
industry. Among these, the digital twin, an enabling industry 4.0 digital technology first introduced two
decades ago, is characterised by the seamless integration of physical and cyber realms. The digital twin is
undergoing extensive investigations within the automotive sector, covering various perspectives including
design, manufacturing, and application. By leveraging the big manufacturing data captured by spatially
distributed sensing networks, the digital twin shows the capacity to create high-fidelity models of actual
manufacturing practices, thereby significantly improving the precision and efficiency of production
processes. Integrated with other digital technologies such as big data analytics (BDA) and the Internet of
Things (IoT), the digital twin mirrors components in the physical world into the virtual environment and
facilitates the exchange of real-time information to achieve fully converged cyber-physical spaces. This in
turn minimises costs and improves the overall product quality, flexibility of manufacturing processes, and
system integration. This work reviewed recent advancements in digital twin applications in the automotive
industry focusing on automotive products, manufacturing processes, and manufacturing systems. Insights
were provided into the future of digitally enhanced technologies in automotive manufacturing towards digital
manufacturing and developing digital product passports (DPPs) for circular economy (CE).

Keywords: digital twin; automotive; industry 4.0; digitally enhanced technology; digital product passports
(DPPs); circular economy (CE)

1. Introduction

In the digital manufacturing era, digital technologies are transforming various industries, including the
automotive industry, at an unprecedented pace [1]. Representative promising strategies are Industry 4.0
(Germany) [2], Industrial Internet Consortium (USA) [3], Made in China 2025 (China) [4], and Society 5.0
(Japan) [5], coupled with the rapid advancement of cutting-edge digital technologies, including digital twin [6,7],
digital product passports (DPPs) [8,9], Internet of Things (IoT) [10,11], Cyber-physical systems (CPS) [12—-14],
Artificial Intelligence (Al)-enhanced technologies and methods [15—17], big data analytics (BDA) [18-20] and
cloud computing [21,22], are revolutionising the automotive industry at practically every aspect of the automotive
sector, from the design and manufacturing to application phases. These technologies enable a more integrated and
intelligent approach to facilitate enhanced efficiency, customisation, and innovation [23]. Empowered by these
advanced digital tools, the automotive industry is experiencing significant enhancements in current manufacturing
processes and paving the way for the next generation of automotive solutions, marking a significant advancement
in the conception, production, and utilisation of vehicles.

The concept of the digital twin was first introduced in 2003 in a course entitled ‘Conceptual Ideal for
Product Lifecycle Management (PLM)’ representing the linkage between real space and virtual space given
by Prof. Michael Grieves from the University of Michigan [24]. National Aecronautics and Space
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Administration (NASA) unified the term ‘digital twin’ of this kind of concept in its ‘2010 technology
roadmap’ [25]. For now, the digital twin has become one of the most promising technologies for realising
Industry 4.0 in every manufacturing sector [26]. The global digital twin market, valued at USD 5 billion in
2020, is expected to surge to USD 86 billion by 2028, with a compound annual growth rate of 42.7% [27].
The past decades have seen significant advancements in computer technology, enabling the development of
intricate virtual models of physical entities and their subsequent integration within systems engineering [28].
Leveraging these advancements, the digital twin mirrors the physical entity (e.g., a manufacturing process, or
an entire life cycle of the manufactured product) through various lifecycle phases. Through the establishment
of a sophisticated high-fidelity model as the virtual entity, big data information is captured via spatially
distributed sensing networks and includes diverse dissemination of real-time information, decision-making
algorithms and methodologies, functional modules, or information platforms for industrial activities [29].
This high-fidelity model may be used in various simulations using the real-time captured data which can lead
to potential enhancement [30].

From the formation stage of the concept of a digital twin (year 2003 to year 2011) through to the
incubation stage (year 2011 to year 2014) and now towards the rapid growth stage (year 2014 to the present),
various interpretations and investigations of the digital twin exist within the academic communities [26]. Of
these, some studies concentrate on simulations within the realm of digital twin research [31,32]. Other studies
have explored a broader scope, encompassing physical, virtual, and internal connectivity elements, which are
widely recognised as mainstream by the majority of researchers [6,33]. These digital twin elements are not
isolated and closely interact with one another to achieve unified and comprehensive outcomes [34]. As shown
in Figure 1, the digital twin concept can be characterised by five dimensions, which consist of the physical
entity, virtual entity, service for physical and virtual entities, digital twin data, and connections of these
parts [35].

Service for
physical and
virtual entities

o v o TNEERT v

O . .
& %
N
00 I‘ ‘\ Qo
()o :" “‘ (}'
< Iterative A . Iterative \ °¢
. optimisation Connection optimisation %
v v v
Digital
v g v..

twin

optimisation

-
________

Connection
Figure 1. Five-dimensional demonstration of the concept of digital twin.

Figure 2 shows the key technologies and their corresponding domains for digital twins [36]. Therein, the
technology architecture for digital twins is structured into three key domains: data-related technologies, high-
fidelity modeling, and model-based simulation. Data-related technologies form the foundation by enabling
data collection through Industrial IoT, sensors, RFID, cameras, and 3D scanning, while data mapping
techniques such as XML, AutomationML, and OPC UA facilitate seamless communication. Data processing
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methods, including data fusion, blockchain, and edge computing, refine and enhance data quality, whereas
data transmission technologies like Bluetooth, wireless sensor networks, and 5G ensure efficient connectivity.
High-fidelity modeling serves as the core, incorporating physics-based models (e.g., geometrical, mechanical
and material models), semantic modeling (e. g., machine learning, deep learning and expert systems), and
model integration approaches such as flexible and multiphysics modeling to enhance accuracy and
functionality. The model-based simulation plays a critical role in optimising performance by enabling multi-
scale simulation, discrete event simulation, finite element analysis, exchange interfaces and bidirectional
interaction, ensuring that digital twins accurately represent and predict real-world behaviours.
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Figure 2. Digital twin key technologies and domains [36].

To date, few worldwide manufacturers have already explored integrating digital tools into their
production workflows, which presents tremendous obstacles to realising the industry-scale transformation of
digital manufacturing [37]. In this work, recent frontier studies—primarily from the past five years—were
reviewed to examine the advancements of digital twins in the automotive industry, with a focus on their
applications in varying levels of complexity addressed by automotive products, manufacturing processes, and
manufacturing systems. In addition, perspectives were provided based on the review towards the future of
digitally enhanced automotive manufacturing technologies towards digital manufacturing transformation.

2. Digital Twin in Automotive Products

In the rapidly evolving automotive industry, the advent of the digital twin demonstrates a significant
advancement in automotive products [38], detailing their design, materials, components, functionality, and
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application. This approach enables the creation of a virtual replica of each automotive product or component
in the physical world. This comprehensive physical-digital mapping facilitates real-time monitoring, analysis,
and optimisation of vehicle performance under various environmental conditions (e.g., weather, temperature,
and road condition) or different process parameters. The digital twin accelerates the product R&D phase and
significantly reduces both the time and cost associated with the testing and validation of automotive
components [39]. The adoption of a digital twin framework has created an adaptive and efficient development
environment for automotive body control systems and their related components [40]. This strategy
demonstrates exceptional adaptability, characterised by short development cycles, low complexity, reduced
costs, enhanced scalability, and high flexibility. By mirroring real-world conditions in the virtual space, the
digital twin facilitates a more responsive design process, leading to the optimised quality and performance of
automotive products.

The Body in White (BIW) is a crucial component of the automotive manufacturing process, as it
significantly influences the final appearance of a vehicle [41]. The digital twin was implemented into the
design, pre-production, and production phases of the automotive BIW for real-time geometry assurance [42].
Figure 3 shows the digital twin input, activity, and final objective in this application. Specifically, in the
design phase, finite element analysis (FEA) technology was embedded into the digital twin technology to
conduct sensitivity and variation analyses for all sheet metal components. During the pre-production phase,
the digital twin facilitated the update or generation of inspection features and inspection programs, and in the
production phase, the digital twin enables the development of an assembly model for the automotive body
informed by inspection data scanning the components geometries for adjusting locators and clamping
positions [42].
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Figure 3. Digital twin input and functionality in the application of automotive component production [42].

While digital twins offer significant potential, they are not essential for every automotive product [30].
Not all products are complex enough to justify the extensive sensor networks and data flows required by
digital twins. Additionally, from a financial perspective, investing substantial resources in developing a
digital twin is not always cost-effective [30]. However, overall, digital twins are already used in many
automotive industries, and the digital twin market in the automotive industry will continue to increase in the
near future [43].

3. Digital Twin in Automotive Manufacturing Processes

In the context of processes, a digital twin focuses on the modelling of operations and workflow of the
manufacturing process. Through simulating, analysing, and optimising the manufacturing process flow,
identifying bottlenecks, and testing the impact of various conditions without disrupting the actual operations,
the digital twin enhances the automotive manufacturing process including the blanking, pressing, and
assembly processes for increasing efficiency, reducing costs, and improving product quality [44]. Various
processes can be effectively modelled using different approaches, e.g., the automotive components forming
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process modelled using finite element (FE) simulation [45,46].

The utilisation of digital twin technology has significantly improved welding completeness in
automotive BIW panels [47]. By adopting this approach, a mixed reality-oriented framework was developed
specifically for the detection and configuration of welding completeness. Additionally, the widespread
application of metal forming processes, such as the hot stamping process, significantly contributes to the
manufacturing process of automotive parts like B-pillars and door inner panels. Advanced metal forming
techniques, such as solution heat treatment, forming, in-die quenching (HFQ) [45,48], and fast light alloy
stamping technology (FAST) [46, 49, 50], facilitate mass production of sheet components with high raw
material usage and post-form material strength. In a case study, a digital twin-driven method was developed
to monitor the tool wear behaviours in the stamping process [24]. Therein, the digital twin model consists of
the punch force model, the forming quality model, and the model update strategy with consideration of the
evolutionary tool wear. In addition, a digital twin-based stamping system was developed and verified in the
incremental bending test with good accuracy and efficiency [51]. In a separate study, through the
incorporation of deep learning algorithms, a digital twin was developed for the monitoring, control, and
visualisation of welding joint growth, which significantly advances smart welding manufacturing [52]. This
deep learning component substantially enhances the digital twin’s analytical capabilities, achieving a state-of-
the-art accuracy in predicting the top-side bead width (TSBW) and back-side bead width (BSBW) from
composite weld images.

A collaborative data management framework, enabled by digital twin technology, was conceptualised
for the metal additive manufacturing (AM) process, a metal forming process gaining increasing attention due
to superior design flexibility [53,54]. Figure 4 maps the number of published articles focusing on the essential
elements of the AM digital twin in the past decade [55]. The data shows a significant rise in research
publications over time, especially in higher-level digital twins (Levels 2 & 3), indicating a shift from basic
modelling towards intelligent, adaptive systems with learning capabilities. The effectiveness of this
framework was demonstrated through a cloud-based application scenario, which utilises deep learning for the
analysis of layer defects in metal AM. The digital twin hierarchy was proposed for AM with four distinct
tiers [55]. Level 0 is the Implicit digital twin, modelling a specific metal AM machine; Level 1 is the
Instantiated digital twin which takes sensing technology as its interconnecting method; Level 2 is the
Interfaced digital twin that enables the real-time monitoring, controlling and optimising; and Level 3, the
Intelligent digital twin, which realises the sophisticated real-time decision making empowered by Al This
further emphasises the significance of digital twin technology in AM in developing high-fidelity, multiscale-
multiphysics models, all of which are essential for enhancing the capabilities of Al in optimising AM
processes [56]. Specifically, metal AM is a critical element of intelligent production systems and can be
enhanced through the integration of Al-enhanced digital twins [57—59], which enables the optimisation of
process parameters and topological designs [60]. In comparison, Level 0 digital twins focus primarily on
static modelling, where physics-based simulations and computational models replicate the geometry and
behaviour of a system without real-time data integration. These models are useful for initial design and
testing but lack dynamic adaptation to operational conditions. In contrast, Level 3 digital twins incorporate
intelligence and learning capabilities, enabling real-time data processing, predictive analytics, and
autonomous decision-making. By integrating Al, machine learning, and advanced control mechanisms, Level
3 digital twins continuously refine the models based on live sensor data, optimising performance, detecting
anomalies, and enabling self-improving systems [61]. This transition from passive representation (Level 0) to
active intelligence (Level 3) enhances efficiency, reduces downtime, and supports adaptive manufacturing,
making it a crucial advancement for future industrial applications.
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Figure 4. The number of published articles focusing on essential elements of the AM Digital Twin in the past
decade [55].

4. Digital Twin in Automotive Manufacturing Systems

Encompassing a broader integration of multiple products and processes, the automotive manufacturing
systems, such as the entire plant of an automotive manufacturer, are best represented in a virtual environment
through the utilisation of digital twin for providing a holistic view of the system’s performance [62,63]. For
instance, tailored for automotive body production lines, an integrated digital twin structure enabled immediate
visualisation of daily production validations on a cloud platform, accelerating the decision-making process [64].
This technological framework enhanced operational and production prediction efficiency within the automotive
body production lines. Another case study on digital twin was carried out in the commercial production phase of
an automotive production line [65]. The digital twin architecture adopted consisted of several key modules
including the data generation module enabled by sensing networks, data collection and distribution module, data
visualisation module, data analysing module, and database communication module for interconnecting these
elements via Al enhanced techniques. Results demonstrate a significant enhancement in operational efficiency,
with a 6.01% increase in the commercial production line efficiency and an 87.56% gain in downtime.

The framework of digital twin-driven production line was designed for automotive micro-electro-mechanical
system pressure sensors [66]. This framework encompasses key elements of a digital twin and ensures continuous,
real-time data exchange between the physical production line and its digital counterpart, aiming to achieve digital
manufacturing with minimal investment and labour costs. However, one of the considerable challenges presented
is the development of prediction models and optimisation algorithms, driven by big data, to effectively manage
and analyse a large array of process parameters. Additionally, a two-phase digital-twin-assisted fault diagnosis
method was developed using deep transfer learning for a car body-side production line [67]. Therein, a virtual entity
with virtual design and manufacturing platform was established, characterising manufacturing features, processes,
resources and standards. The fault diagnosis model embedded in the digital twin was fully trained using the
simulation data to improve prediction performance. Subsequently, the physical entity was established and
connected to the virtual counterpart, and the DTL was used to generate a diagnosis model by transferring the
knowledge obtained in previous phases.

A digital twin of the BIW production system was developed for initial and conceptual planning projects
utilising current information from the CPS and a 3D scan [68]. Within this framework, the automated generation
of a resource bill, facilitated by integrating data from robotic simulation and the CPS, significantly enhances the
accuracy of digital twins in conceptual planning. Research within the automotive sector indicates a critical demand
for digital twin technology in enhancing production and integration planning [69]. Consequently, employing digital
twins for integration planning emerges as a pivotal area for future exploration in manufacturing settings. The
escalating complexity, especially with the incorporation of electric vehicles, necessitates the creation of an
automated method for generating digital twins to effectively address these challenges. In Figure 5, the components
and functionalities of the digital twin ecosystem tailored for smart electric vehicles are showcased [63]. This
includes a cloud-based interconnection framework that is augmented by technologies associated with physical
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entities, namely sensing, intelligent actuation, augmented reality, edge computing, and vehicle health monitoring,
alongside virtual entity technologies such as Al, 3D CAD modeling, big data analytics, machine modeling, and
predictive simulation.
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5. Digital Twin towards Developing Digital Product Passports (DPPs) for Manufactured Products

The digital product passports (DPPs), promoted by the European Commission as a system of potential circular
economy solutions [70], are unique product identifiers and serve as permanent traceable sources covering the entire
life cycle of the products. DPPs act as potential enablers in the transition to more sustainable and circular
production and consumption systems [71]. The DPPs highlight the importance of data, where three data tiers can
be classified, i.e., data collection, data curation and sharing, and data leveraging [70]. In the automotive industry,
integrating DPPs with digital twins provides real-time insights into a vehicle component, maintenance history,
and sustainability metrics. This enhances predictive maintenance, regulatory compliance, and end-of-life planning,
ensuring full lifecycle transparency. Aligned with the circular economy (CE), digital twins can optimise vehicle
design for recyclability and remanufacturing, reducing waste and environmental impact. Manufacturers can
leverage them to enhance resource efficiency and improve recycling processes, supporting sustainability in
automotive production.

Similar to a CPS and an IoT, data collection in digital twin technology is enabled by the widespread
installation of sensing networks, which is the mainstream data collection approach in Industry 4.0 [55]. The data
flow should be steady and continuous [65]. Based on this, the complete data chain collected from a digital twin,
across all stages of a product’s life cycle—from design and development to the end of life—enables the traceability
of targeted products or services across various features including origins, materials, components and reusability,
leading to the thorough data extraction for related DPPs [72]. Furthermore, data collection strategies can be
progressively optimised through successive iterations, leveraging the insights derived from the available data
collected by the digital twin [73]. This iterative optimisation refines the data collection policies to ensure maximum
efficiency and relevance of the collected data.

AI-ML enhanced techniques are widely used in data curation such as data sorting and pre-processing [74].
Note that the manufacturing metadata collection from sensing networks is mostly likely to be fragmental data,
consisting of a few (e.g., 1-2) information pieces, posing significant challenges to data curation and sharing. This
phenomenon is very common in the manufacturing process of automotive components, as evidenced by the
disrupted temperature readings of a workpiece. Imaging a factory equipped with 1,000 sensors transmitting signals
at 10-s intervals, the data inflow can reach 360,000 entries per hour, which translates to over 8 million entries daily,
significantly increasing the availability of fragmental data [75]. To address this issue, physics-informed data
processing techniques are being employed by integrating fundamental physical principles into the analysis of data
to enhance interpretability and general performance with a small volume of labelled data [76]. Furthermore, an
efficient cloud-based platform is necessary for data curation and knowledge sharing following the well-known
FAIR (Findable, Accessible, Interoperable, and Reusable) data principles [77-79]. For instance, a group of
researchers pioneered the cloud-based FEA technologies that enable advanced multi-objective FEA of
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manufacturing processes that effectively bridge the gap between fundamental research and industrial
applications [80—84]. Commercial cloud-based services, such as the AutoForm and ESI clouds, were developed
to enhance computational efficiency. Unlike the traditional Software-as-a-Service (SaaS), this cloud-based platform
is characterised by the framework of Model-as-a-Service (MaaS) for tackling future digital challenges. The
platform is decentralised and encourages users to share and exchange frontier knowledge by generating ready-to-
use models or scientific plugins, thus leading to tremendous CO, emission reduction during the model R&D
phase [84]. By using Al technologies, the uploaded models and published publications can be converted into
applications that are compatible with the platform for global users. The effectiveness of these models, complied
as ready-to-use functional modules, was successfully validated in peer-reviewed studies towards automotive
applications [80,81,83,85].

Leveraging data obtained from digital twins assists the overall process enhancement of generating sustainable
DPPs. As one of the data leveraging technologies, Blockchain technologies are increasingly used to guarantee the
traceability and data privacy [86,87]. In addition, mapping the complete data chain collected from a digital twin
enhances the traceability of the DPPs [88]. In this case, the digital characteristics (DC) were developed and defined
as the visualisation of manufacturing metadata for a targeted manufacturing process incorporating essential
information spanning the design, manufacturing, and application stages of manufactured products [89-91].

Furthermore, the DC space of manufacturing processes was developed by containing the most up-to-date
and comprehensive manufacturing DC, as shown in Figure 6 [92,93]. Therein, each process can be accurately
identified in the manufacturing DCS through calibrated angles (e.g., the forging process corresponds to an angle
range of 21.97°-37.66°) or normalised values (e.g., the forging process falls within a range of 0.24—0.42) [92].
These distribution characteristics of the DC serve as valuable references, offering the potential to extract
meaningful manufacturing insights even from fragmental data with extremely limited information [92]. By
capturing the very unique digital features, the DC serves as the ‘DNA’ of any specific manufacturing process,
thus the DCS serves as the ‘GenBank’ of the diverse manufacturing process [94-96]. The development of DC
and DCS of manufacturing processes is expected to visualise the DPPs, and enables the assessment and verification
of sustainability metrics, such as CO, footprint and compliance with social standards, as well as support circular
economy goals by minimising the CO, footprint of targeted manufactured products.

Manufacturing DC - -
Space (DCS) ] ‘ ] E— ]
. . B
Contains comprehensive up-to- .
date manufacturing DC. 3 !
o ¥
More. I ’§'
(«f_‘\’) i "," ; .’ ry
";::\r ) "’ \73 -
& _——— %

J

DNe

EBEDN
()
AN /K!/ -

[61)
,aEESaENE
-~
S
.28
LIS
. Y Lo
P
" “‘ )o
&,
%
%

N O [
.
™
& oh@sm‘
AL -
o

s = =
D Vi

B ‘g —r
] formiy
‘e[l\‘l
\_ » -h\(‘!""‘l‘

Figure 6. The concept of digital characteristics space (DCS) of manufacturing processes represented using temperature
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6. Discussion

The digital twin is rapidly transforming the automotive industry, serving as a key enabling technology
for optimisation of product quality, enhancement of manufacturing process performance, and establishment
of a digital framework for intelligent automotive manufacturing production lines and systems. Digital twins
provide virtual models that offer dynamic replicas of physical assets, facilitating real-time monitoring,
analysis, and simulation to drive efficiencies and innovations. Digital product passports (DPPs) can leverage
the simulation data from digital twins to provide stakeholders with deeper insights into the product’s
environmental impact, efficiency, and compliance with regulations. This relationship enhances the
traceability and transparency of products throughout the entire life cycle, contributing to better-informed
decision-making processes for manufacturers, consumers, and recyclers, leading to the realisation of circular
economy (CE) objectives.

However, the application of digital twins faces several key challenges. Ensuring real-time data flow
between physical robots and their digital twins is complex in the automotive industry. Digital twin
simulations, especially in robotics, require massive computational power for real-time processing [97]. In
some cases, automotive manufacturing still relies on older robotic platforms that were not specifically
designed for digital twins. Furthermore, data availability surges during daily automotive production and
variability in sensor precision can introduce data inconsistencies. Thus, data pre-processing procedures
including data cleaning and sorting are crucial to ensure that high-quality data is fed into the virtual
counterparts. This is essential to enhance the accuracy and reliability of simulations and predictions. As
digital twin technology evolves, its integration with emerging technologies such as artificial intelligence and
machine learning will further enhance its capabilities. The fusion with such technologies will address the
challenge of processing vast volumes of data in real time. Meanwhile, the increasing demand for
computational resources, data storage, and real-time data processing capabilities necessitates substantial
upgrades to existing IT frameworks. Ensuring robust, scalable, and secure IT infrastructure is essential to
fully unlock the potential of digital twins.

Despite these challenges, a crucial application of digital twins lies in smart manufacturing and supply chain
optimisation. By connecting real-time data from production lines with digital replicas, manufacturers can achieve
greater operational efficiency through adaptive process control and automated decision-making. This level of
connectivity supports agile and resilient supply chains, enabling rapid adjustments to disruptions, such as material
shortages or demand fluctuations. Furthermore, in the long term, the convergence of digital twins, artificial
intelligence (Al), and IoT will unlock unprecedented possibilities. Al-driven digital twins will facilitate autonomous
decision-making, while DPPs will enhance traceability and accountability throughout the supply chain. These
advancements will drive the automotive industry toward greater sustainability, efficiency and innovation, marking
a new era of intelligent manufacturing and lifecycle management.
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