
Digital twin
A digital twin is a digital model of an intended or actual real-world physical product, system, or process
(a physical twin) that serves as a digital counterpart of it for purposes such as simulation, integration,
testing, monitoring, and maintenance.[1][2][3]

A digital twin operating without real, continuous data from its physical counterpart is widely considered a
contested and largely marketing-oriented interpretation of the concept, since authoritative definitions
consistently require dynamic synchronization with the real system for the virtual model to qualify as a
true digital twin.[4][5][6]

A digital twin is "a set of adaptive models that emulate the behaviour of a physical system in a virtual
system getting real time-data to update itself along its life cycle. The digital twin replicates the physical
system to predict failures and opportunities for changing, to prescribe real time actions for optimizing
and/or mitigating unexpected events observing and evaluating the operating profile of the system."[7]

Though the concept originated earlier (as a natural aspect of computer simulation generally), the first
practical definition of a digital twin originated from NASA in an attempt to improve the physical-model
simulation of spacecraft in 2010.[8] Digital twins are the result of continual improvement in modeling and
engineering.

In the 2010s and 2020s, manufacturing industries began moving beyond digital product definition to
extending the digital twin concept to the entire manufacturing process. Doing so allows the benefits of
virtualization to be extended to domains such as inventory management including lean manufacturing,
machinery crash avoidance, tooling design, troubleshooting, and preventive maintenance. Digital
twinning therefore allows extended reality and spatial computing to be applied not just to the product
itself but also to all of the business processes that contribute toward its production.

The first digital twin, although not labeled as such, came about at NASA during the 1960s as a means of
modelling the Apollo missions. NASA used simulators to evaluate the failure of Apollo 13's oxygen
tanks.[9] The broader idea that became the digital twin concept was anticipated by David Gelernter's 1991
book Mirror Worlds.[10][11] In 2002, the digital twin concept – which tied PLM approaches to the real
world – would be formalized by Dr. Michael Grieves of the University of Michigan. The term "digital
twin" itself was first coined by NASA engineer John Vickers in 2010. The digital twin concept has been
known by different names (e.g., virtual twin).

The digital twin concept consists of three distinct parts: the physical object or process and its physical
environment, the digital representation of the object or process, and the communication channel between
the physical and virtual representations. The connections between the physical version and the digital
version include information flows and data that includes physical sensor flows between the physical and
virtual objects and environments. The communication connection is referred to as the digital thread.
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The International Council of Systems Engineers (INCOSE) maintains in its Systems Engineering Body of
Knowledge (SEBoK) that: "A digital twin is a related yet distinct concept to digital engineering. The
digital twin is a high-fidelity model of the system which can be used to emulate the actual system."[12]

The evolving US DoD Digital Engineering Strategy initiative, first formulated in 2018, defines a digital
twin as "an integrated multiphysics, multiscale, probabilistic simulation of an as-built system, enabled by
a Digital Thread, that uses the best available models, sensor information, and input data to mirror and
predict activities/performance over the life of its corresponding physical twin."[13]

Digital twins are commonly divided into the three subtypes: digital twin prototype (DTP), digital twin
instance (DTI), and digital twin aggregate (DTA).[14] The DTP consists of the designs, analyses, and
processes that realize a physical product. The DTI is the digital twin of each individual instance of the
product once it is manufactured. The DTI is linked with its physical counterpart for the remainder of the
physical counterpart's life. The DTA is the aggregation of DTIs whose data and information can be used
for interrogation about the physical product, prognostics, and learning. The specific information
contained in the digital twins is driven by use cases. The digital twin is a logical construct, meaning that
the actual data and information may be contained in other applications.

In 2019 Sheremetyevo International Airport started developing and implementation of a digital twin
model aimed to forecast and plan all the airport operations. Even being launched on pilot level it already
resulted in more than 1 billion rubles savings (more than US$120 million)[15]

In the design phase, a Digital Twin Prototype (DTP) is often created before a physical product
exists.[16][17] This virtual model is used for extensive simulation to test design choices and manufacturing
processes. For example, in virtual commissioning, a digital twin of a proposed production line can
simulate its operation to identify bottlenecks, optimize the layout of machinery, and validate automation
logic before any physical equipment is installed.[16] For complex processes like welding, a digital twin
can be used for process planning by simulating the heat distribution and material properties of a proposed
weld joint, allowing engineers to define and qualify a Welding Procedure Specification (WPS) virtually,
thereby reducing the need for costly physical tests.[18]
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During production, digital twins use data from sensors connected to manufacturing equipment via the
Internet of Things (IoT) to monitor and optimize operations. A distinction is sometimes made between a
Digital Shadow, where data flows one way from the physical asset to the digital model, and a true Digital
Twin, where the data flow is bidirectional, allowing the twin to also send control commands back to the
asset.[19][20] Applications in this phase include process monitoring and control, where sensors measuring
force, temperature, vibration, or power consumption feed data to a digital twin to monitor a process in
real time. In friction stir welding, for instance, force sensor data can indicate whether sufficient contact is
being made between the tool and workpieces to ensure a quality weld.[18] In machining, acoustic
emission signals can be analyzed to differentiate a worn tool from a new one, allowing for automated
quality control.[21] Another application is real-time quality inspection, where vision systems integrated
with a digital twin can automatically inspect products for defects on the production line. These systems
can process images to detect surface defects, such as cracks or porosity in a weld, or measure geometric
dimensions to ensure they meet specifications.[18]

After a product is manufactured and in service, its digital twin continues to collect performance data,
often referred to as a Digital Twin Instance (DTI).[16] This is particularly valuable for high-value
industrial assets like jet engines, wind turbines, or industrial machinery. One key application is predictive
maintenance, where the digital twin analyzes operational data (e.g., temperature, vibration) to predict
when a component is likely to fail. For example, a gearbox twin can analyze vibration signals to detect
the future breakage of a tooth.[18] This allows maintenance to be scheduled proactively, reducing
unplanned downtime and preventing catastrophic failures. Another application is performance
optimization. By aggregating data from a whole fleet of assets—a Digital Twin Aggregate (DTA)—
manufacturers can understand how their products perform under different real-world conditions. This
information can be used to provide operational guidance to users or to inform the design of future product
generations, creating a closed feedback loop from the service phase back to the design phase.[16]

Digital twins are transforming construction by creating dynamic digital replicas of physical assets. They
support health monitoring, ergonomic risk assessment, and predictive maintenance of structures like
bridges and historical buildings. Applications also optimize building energy and carbon performance.
Case studies, such as Weihai Port, highlight their practical success. Digital twins rely on robust system
architectures and tailored, requirements-driven designs. Advanced models like LSTM enable predictive
capabilities, though challenges in integration and scaling remain.[22]

Recent studies have emphasized their role in enabling real-time operational control of HVAC, lighting,
shading, and renewable systems, contributing significantly to decarbonization strategies. Layered system
architectures typically comprising sensing, data processing, simulation, and visualization layers that
support scalable and interoperable solutions for these applications.[23]

Geographic digital twins have been popularised in urban planning practice, given the increasing appetite
for digital technology in the Smart Cities movement.[24] These digital twins are often proposed in the
form of interactive platforms to capture and display real-time 3D and 4D spatial data in order to model
urban environments (cities) and the data feeds within them.[25]
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Visualization technologies such as augmented reality (AR) systems are being used as both collaborative
tools for design and planning in the built environment integrating data feeds from embedded sensors in
cities[22] and API services to form digital twins. For example, AR can be used to create augmented reality
maps, buildings, and data feeds projected onto tabletops for collaborative viewing by built environment
professionals.[26]

In the built environment, partly through the adoption of building information modeling (BIM) processes,
planning, design, construction, and operation and maintenance activities are increasingly being digitised,
and digital twins of built assets are seen as a logical extension - at an individual asset level and at a
national level. In the United Kingdom in November 2018, for example, the Centre for Digital Built
Britain published The Gemini Principles,[27] outlining principles to guide development of a "national
digital twin".[28]

One of the earliest examples of a working 'digital twin' was achieved in 1996 during construction of the
Heathrow Express facilities at Heathrow Airport's Terminal 1. Consultant Mott MacDonald and BIM
pioneer Jonathan Ingram connected movement sensors in the cofferdam and boreholes to the digital
object-model to display movements in the model. A digital grouting object was made to monitor the
effects of pumping grout into the earth to stabilise ground movements.[29]

Digital twins have also been proposed as a method to reduce the need for manual visual inspections of
buildings and infrastructure after earthquakes or other extreme events, using unmanned aerial vehicles
(UAVs), LiDAR scanning, and photogrammetry to automatically update the virtual model and support
rapid damage assessment and response planning.[30][31]

Healthcare has been recognized as an industry being disrupted by the digital twin technology.[32][33] The
concept was originally proposed and first used in health care product or equipment prognostics.[33]

With a digital twin, it has been predicted that lives could be improved in terms of medical health, sports
and education by taking a more data-driven approach to healthcare. Personalized models for patients,
continuously adjustable based on tracked health and lifestyle parameters could ultimately lead to a virtual
patient, with detailed description of the healthy state of an individual and not only on previous records.
Furthermore, the digital twin could enable individual's records to be compared to the population in order
to easier find patterns with great detail.[32] The biggest benefit of the digital twin on the healthcare
industry would be the fact that healthcare could be tailored to anticipate the responses of individual
patients. Digital twins have been expected not only to lead to better resolutions when defining the health
of an individual but also change the expected image of a healthy person. Previously, 'healthy' was seen as
the absence of disease indications. Now, 'healthy' patients can be compared to the rest of the population in
order to really define healthy.[32] However, the emergence of the digital twin in healthcare also may lead
to inequality, as the technology might not be accessible for everyone by widening the gap between the
rich and poor. Furthermore, the digital twin will identify patterns in a population which may lead to
discrimination.[32]

As of 2025, digital twin applications in healthcare have expanded to include real‑time AI‑driven patient
monitoring systems, personalized surgical simulations, and predictive diagnostics using multimodal data
(e.g. imaging + wearables).[34][35]
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The automobile industry has been improved by digital twin technology. Digital twins in the automobile
industry are implemented by using existing data in order to facilitate processes and reduce marginal costs.
Currently, automobile designers expand the existing physical materiality by incorporating software-based
digital abilities.[36] A specific example of digital twin technology in the automotive industry is where
automotive engineers use digital twin technology in combination with the firm's analytical tool in order to
analyze how a specific car is driven. In doing so, they can suggest incorporating new features in the car
that can reduce car accidents on the road, which was previously not possible in such a short time
frame.[37] Digital twins can be built for not just individual vehicles but also the whole mobility system,
where humans (e.g., drivers, passengers, pedestrians), vehicles (e.g., connected vehicles, connected and
automated vehicles), and traffics (e.g., traffic networks, traffic infrastructures) can seek guidance from
their digital twins deployed on edge/cloud servers to actuate real-time decisions.[38]

Digital twins are increasingly employed in the renewable energy industry to monitor and optimize
systems such as wind farms, solar installations, microgrids, and battery storage. These virtual models help
operators simulate real-world conditions, forecast issues, and enhance operational efficiency in a low-risk
environment.[39]

Recent reviews emphasize that digital twins support advanced management strategies for microgrids,
such as day-ahead scheduling and real-time coordination across renewable assets, enhancing grid
resilience.[40] Systematic analysis further shows that combining digital twins with predictive analytics in
smart energy systems can reduce energy consumption by up to 30%, thanks to optimized load balancing
and proactive maintenance.[41]

Real-world applications are growing. A UK-based demonstrator project used a digital twin for voltage
control simulations in a microgrid, showing a reduction of renewable curtailment by approximately 56%
in typical operation.[42] Utilities and technology providers worldwide are now piloting twin platforms to
anticipate turbine maintenance, improve battery storage usage, and simulate grid behavior under extreme
or variable conditions, indicating a trend toward more automated and resilient energy systems.

Digital twin technology is used in heritage and archaeological contexts to anticipate heritage loss and
ensuring that an accurate record exists for heritage assets at risk, and engaging with planners to anticipate
the needs of the cultural heritage sector.[43] Twins can also be drivers for tourism and urban heritage
trails, where they can act as introductions to significant or iconic monuments, thereby using heritage to
draw people into urban centres.
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