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Abstract: Digital Twins (DT) as digital representations are increasingly becoming operational design
tools in a variety of contexts. Although a common understanding of the concept and the underlying
development procedure would facilitate DT applications, only limited information has been published
on the essential stages of development and fundamental development activities. This paper examines
the extent to which an abstract, and thus generally applicable model for the development of Digital
Twins can be identified. In order to come up with such a reference procedure, a structured analysis of
published development experiences has been performed. Three major application domains, namely
product lifecycle management, manufacturing, and predictive maintenance, could be detailed and
cross-checked. For each of these domains, a contextual development model could be derived from
empirically valid design and engineering practices. The data also allowed for the determination
of which way each model corresponds to existing Digital Twin concepts. The use of a standard
modeling notation enabled the integration of the domain-specific models into a single Digital Twin
development model. As a result, developers are guided by domain-independent and -dependent
development steps. Due to its generic structure, the model can serve for further domain explorations.

Keywords: reference modeling; digital twin; process modeling; process analysis

1. Introduction

The role of Digital Twins (DTs) as key enablers for the implementation of cyber-
physical systems (CPSs) in the context of Industry 4.0 is becoming increasingly important [1].
The underlying concept of DTs has already been described extensively in the literature.
Conceptual knowledge stems from a variety of studies, including those on autonomous
vehicles [2], product development [3], manufacturing [4], intelligent production [5], and
model-based development [6].

However, most sources provide limited insight into the essential steps and fundamen-
tal activities for developing and maintaining the respective implemented concept. For this
reason, a cross-domain analysis should shed light on underlying organizational structures
and processes supporting the development and advancement of DTs. The demand for a
model, distilling major stakeholder roles and tasks along fundamental development steps,
has been articulated in several studies, including industrial application [7] and surveys [8],
and application frameworks [9].

Once these steps stem from valid empirical studies, an integrated model across do-
mains can be constructed to facilitate further development projects. However, the chal-
lenges of such an endeavor are

• to identify relevant information (roles, activities, etc.) from empirical studies
• to abstract from domain-specific particularities and specify a proper level of abstraction

in order provide a frame of reference for further DT developments.

The objectives of this study are first to identify reliable empirical data sources from
published DT development experiences (we term them in-depth studies in this work), and
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then to analyze the provided information describing the development practice in a contex-
tual form, in particular defining the domain of the DT, the roles of involved stakeholders,
the development activities, the data to be processed for design and engineering, and the
steps to follow to complete a development procedure.

On that basis, the next objective is to create a development model based on the (domain-)
specific approaches in the sense of an integrated model for the development process of a
DT as independently as possible of the respective application domain. Accordingly, we are
interested in the following two research questions:

• Research Question 1: What empirically valid knowledge (in form of in-depth studies)
exists (in different application domains) about the process for developing DTs?

• Research Question 2: In how far can a generally applicable model be defined for the
construction and further development of DTs?

On the one hand, the first research question serves to understand the development
processes in the context of the currently applied DT concepts, while on the other hand,
it provides the prerequisites for answering the second research question by identifying
process-relevant information, including stakeholder roles, development activities, relevant
information, and development steps.

We proceed as follows. After a brief introduction of DTs as development assets and
their current development practice in Section 2 (Literature Review), Section 3 addresses
research question 1 for the identified categories of application domains—product life cycle
management, manufacturing, and prediction. For each domain, a generalized process
model for development is presented. We build on the three models when addressing the
second research question. Consequently, in Section 4, we define a cross-domain model as a
reference for constructing and developing Digital Twins. It captures domain-independent
as well as domain-specific development steps, and has been evaluating running a test
case. A critical reflection of the results and proposed further research are given in Section 5
(Discussion). Section 6 concludes the paper.

2. DT Literature Review

In this section the understanding of Digital Twins and the state of affairs for this work,
in particular what challenges should be met with respect to the development process, is
provided. We show the diversity of approaches to conceptualize DTs and development
challenges in the context of Cyber-Physical Systems (CPSs). These conceptualizations also
represent the context of the subsequent analyses.

Digital twinning is becoming key for Industry 4.0 developments, including Cyber-
Physical Systems (CPSs), and Internet of Things (IoT) applications [10]. The authors of
“Digital Twin-driven smart manufacturing: Connotation, reference model, applications
and research issues” recognize a significant increase in the importance of the DT concept
in recent years as having the potential for transforming current and future production [5].
The term DT originated in the field of aeronautics; however, in recent publications the
underlying concept is mainly associated with applications in manufacturing [5].

According to [6], the concept of DTs was first mentioned in 2000 by Michael Grieves
in the context of manufacturing. He dates the concept back to a presentation on the devel-
opment of a Product Lifecycle Management (PLM) center at the University of Michigan, [3]
while [4] dates this work to 2003. The concept is based on the idea that a digital information
construct can be created using a physical system as an independent object. This digital
information is called a “twin”; it forms the virtual representation of the physical object and
is linked to this physical object throughout its lifecycle by mutual data synchronization [3].
Hence, the underlying research area deals with PLM [4]. After the first multi-physical,
multi-scalable, and probabilistic simulation of a vehicle using a physical model that was con-
tinuously updated by sensors [2], a first conceptualization of DTs enabled the development
of DTs in several industries, which has led to a variety of further DT understandings [10].

Meanwhile, DT applications are reported in numerous industries, such as industrial
manufacturing, aviation, healthcare, and the communications industry, for which the con-
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cept must meet different requirements [4]. In addition to smart manufacturing and Industry
4.0 and thus the development of cyber-physical systems in production [10]—machine learn-
ing, mobile communication and cloud computing were drivers of DT development in the
direction of simulation [5].

The digital representation of DTs can map the entire product life cycle of the physical
item and also take dynamic changes into account through ongoing synchronization with
virtual mapping [5]. As a virtual representation of a physical asset, DTs have become a
digital reference point for the development of production, services and business organi-
zations. This is enabled by data and simulation for the purpose of real-time prediction,
optimization, monitoring, control, and improved decision-making [6]. The step towards
real-time operation has been accompanied by a differentiation of DT categories [6]:

• Virtual Twin—a virtual representation is created based on a physical asset (in the cloud)
• Predictive Twin—physics, data, or hybrid models based on a virtual twin in order to

predict behavior of a physical asset
• Twin Projection—the data obtained through the predictive twin is analyzed in order

to gain insights in terms of underlying operations and processes

Although DT, CPS, and IoT are different concepts, they share some common character-
istics. According to [5], all of them have in common that they use networks and sensors to
communicate with or retrieve data from other systems and their environment. The CPS
fundamentally encompasses the physical assets, such as a plant or production facility, and
the digital representation of that physical object.

Since the DT is limited to the digital model, it cannot exist without a connection to
the physical world or without the existence of the physical asset itself. If in control of
the physical asset, the DT needs to be considered as an inherent part of a CPS and its
development, with IoT representing the network for exchanging data between physical
assets [5]. In Figure 1 the relationship between the digital twins and physical assets in
cyber-physical settings is illustrated.
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Figure 1. Digital twins and corresponding physical assets in cyber-physical settings in line with [5].

The DT is characterized by a two-way dynamic mapping between a physical object
and a virtual model in cyberspace. In this context, the DT represents a kind of middleware
architecture, which is an abstraction of the physical object and claims that the system can
make a decision in nearly real-time [5]. From a technical point of view, three different
building blocks are required for the development of a DT.
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First, there needs to be an information model that represents an abstraction of the
physical object. Secondly, a communication mechanism must exist that enables communi-
cation between the physical asset and its virtual representation in both directions and in
real time. Status changes of the physical asset are detected by sensors and transmitted to
the DT. Finally, a module is required that can extract and process the data collected in the
process in order for the model of the virtual representation to be created [5]—see Figure 2.
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Although depending on the application domain, the requirements for a DT may vary,
simulation and prediction of behavior is a key aspect of DTs [10]. The authors of “Require-
ments Driven Digital Twin Framework: Specification and Opportunities” [11] cross-checked
requirements for DTs, and could identify (i) general requirements, such as the clear defini-
tion of boundaries and relationships with the physical object; (ii) requirements stemming
from existing DT implementations, including re-usability, interoperability, interchange-
ability, and maintainability; and (iii) anticipated requirements derived from trend studies,
including support for the entire ecosystem for detection, prediction, and analysis.

Although the DT concept is already in practical use in some areas, there are numerous
challenges associated with its implementation. The overarching challenge here is to develop
the DT in such a way that it is hardly different from its physical counterpart, which results
in considering a variety of design and engineering solutions [6]:

• With respect to data handling, issues of protection, security, and quality should be
supported by cryptography, blockchain, and Big Data technologies.

• Real-time communication should be supported through compression techniques or
proper communication technologies including 5G and IoT protocols.

• Real-time modeling and modeling the unknown requires combined sensing, symbolic
regression, reduced order modeling, or multivariate data-driven models along cyber-
netic life cycles in order to continuously update an existing model.

• Interfacing physical assets technologically and organization-wise should be enabled through
sensor technologies, physics-based simulation, data-driven models, and human-
accessible interaction mechanisms such as natural language interfaces, augmented or
virtual reality features.

• The variability of system topologies requires edge, fog, and cloud computing approaches.
• Maintainability should be based on transparent and interoperable architecting, allowing

for hybrid analysis and modeling



Processes 2022, 10, 1490 5 of 25

In summary, it can be stated that the DT concept has so far not led to some uniform
understanding of DTs. Following this insight, no generally valid approach can be expected
with regard to the procedure for the construction and further development of DTs. As will
be shown by our analysis, product lifecycle management is still a major application area
and thus leads to considering development procedures from this perspective.

3. Material and Research Methods

In this section we first provide insight into the selection and identification of studies
that finally provided (i) sound empirical evidence in terms of one or more development
cases in a specific domain, and (ii) a sufficient level of detail to extract relevant information
on DT-construction and development processes. The latter included looking for the four
main constituents of information required for structuring the development process, namely,

(1) concerned development stakeholders,
(2) development phases and activities to be set,
(3) information to be processed along the activities, and
(4) the flow of control and information in the course of design and engineering tasks,

addressing the sequence of activities to be set.
The literature search included as basic term ‘digital twin’ when looking for processes

or models for the development of DTs. The other terms either refer to the objects of concern
in DT development, such as ‘product’, or empirical evidence of development practices,
such as ‘case study’, ‘life cycle’, ‘implementation’, ‘validation’, ‘improvement’, ‘learning’,
and ‘tuning’. As shown in Table 1, combining these terms with ‘digital twin’ helped to
focus on detailed reports on DT development.

Table 1. Results when searching for empirical evidence concerning structured DT development.

Search No. Database
Search Terms Including
Designation and Link

Sources from 2014

Number of Entries
Found Note

1 Google Scholar digital twin AND “product” 12,100 3 in-depth sources
selected

2 Google Scholar digital twin AND “implementation”
AND “case study” 17,200 7 in-depth sources

selected

3 Google Scholar digital twin AND “tuning” 2110 0 Sources selected

4 Google Scholar “case study” AND “digital twin”
AND “tuning” 859 2 in-depth sources

selected

5 Google Scholar case study AND “digital twin” AND
“learning” 5150 0 Sources selected

6 Google Scholar case study AND “digital twin” AND
“improvement” 6710 0 Sources selected

7 Google Scholar case study AND “digital twin” AND
“lifecycle” 4950 2 in-depth sources

selected

8 Google Scholar case study AND “digital twin” AND
“validation” 6210 1 in-depth sources

selected

From the resulting fifteen sources, it was possible to obtain in-depth information with
regard to DT development processes. The selected studies stem from three different do-
mains: product lifecycle management (PLM), manufacturing, and predictive maintenance
(see Table 2). In the area of PLM, five in-depth studies were selected, and in the area
of production 10 in-depth studies are selected. The latter focus on the one hand on the
monitoring of manufacturing processes in real time (seven selected in-depth studies in
Table 2), and on the other hand on predictive maintenance (three selected in-depth studies
in Table 2).
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In the following we analyze each of the selected sources in the context of its domain
and provide a consolidated, and thus domain-specific development model. The resulting
three domain-specific DT development models (PLM, manufacturing, and predictive
maintenance) served as inputs to an integrated development. In Section 4 we present the
cross-domain development model. In this section we also determine which type of DT the
domain-specific DT development models address.

Table 2. Selected in-depth studies on the development of DTs in domain context.

Product-Lifecycle
Management Manufacturing Predictive

Maintenance Indepth Study Year

x An application framework of Digital Twin and
its case study [9] 2019

x Digital twin-driven product design
framework [12] 2019

x Digital twin-driven product design,
manufacturing and service with big data [13] 2018

x

A state-of-the-art survey of Digital Twin:
techniques, engineering product lifecycle
management and business innovation
perspective [14]

2020

x Digital Twin—proof of concept [15] 2018

x
Design and implementation of a Digital Twin
application for a connected micro smart
factory [16]

2019

x Data construction method for the application of
workshop Digital Twin system [17] 2020

x Digital Twin design for real-time monitoring—a
case study of die cutting machine [18] 2020

x Development and operation of Digital Twin for
technical systems and services [19] 2019

x

A Digital Twin for production planning based
on Cyber-Physical Systems: A case study for a
Cyber-Physical System-based creation of a
Digital Twin [20,21]

2019

x
Digital Twin of manufacturing systems: a case
study on increasing the efficiency of
reconfiguration [22]

2020

x Requirements-driven Digital Twin framework:
Specification and opportunities [11] 2020

x The design of a Digital-Twin for predictive
maintenance [23] 2020

x
Methodology for enabling Digital Twin using
advanced physics-based modelling in
predictive maintenance [24]

2019

x The use of Digital Twin for predictive
maintenance in manufacturing [25] 2019

Figure 3 shows the process of model development based on the selected in-depth stud-
ies. Evidence from each domain has been consolidated in terms of involved stakeholders
or stakeholder groups, activities to be set in the course of DT design and engineering, data
required and produced for DT development, and the sequence or flow of control to be fol-
lowed for successful DT development. Finally, an integration of domain-independent and
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domain-dependent development processes has be performed to provide a cross-domain
reference for DT development.
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4. Results

In this section we present for each domain the presented information and the derived
development process model.

4.1. Product Lifecycle Management

In this section we describe the DT development approaches and abstract process-
relevant findings from the empirical studies selected in the domain product lifecycle
management (PLM). According to Table 2, three in-depth studies concern product lifecycle
management and are included into this part of the domain analysis. They either tackle the
entire product life cycle or part of it.

Zheng et al. [9], while recognizing the lack of a general application framework or
reference solutions of successful implementations, consider DTs relevant for product design,
operation, and maintenance. Since DTs have not yet widely been used in the production
and test phases [9], the application development framework for DTs presented by the
authors focused on a production-line case. The framework consists of three parts, the
physical space, the virtual space, and the information/process layer. They enable a fully
physical system mapping, dynamic lifecycle modeling, and the real-time optimization of
the entire process. Bidirectional interoperability of the physical and virtual space is enabled
through data interaction [9].

The virtual space comprises two parts. The first one is a virtual environment platform
to represent a unified 3D model of the application with a library for algorithms, and a
second one is a DT application subsystem for product lifecycle management. The virtual
environment platform provides different virtual models, such as for simulations or work-
flow for the DT application subsystem. The subsystem, in turn, accumulates data from the
physical space and feeds it into the virtual environment platform. A model of a physical
object in virtual space is thus made possible by the attributes of the virtual model stored in
the database.

The derived process model (Figure 4) can be used to illustrate the individual steps
required in the development of the virtual model according to [9]. The rectangle shapes
contain activities, the x-connector an exclusive control flow relation between activities,
and the +-connector a parallel control flow of activities. The directed links represent the
sequencing of activities between a start event (circle) and an end event (bold circle). For the
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sake of readability, the sequence ‘Analysis, Integration, and Visualization of Data’ has been
bundled into the second part of the figure.
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physical object and its digital representation. The latter includes a consistency check against
domain requirements.

The “Digital twin-driven product design framework” [12] contains a framework for
DT-based product development which was also given proof-of-concept in a case study.
Here, IoT services are used to collect data from smart products, which can then be trans-
ferred to the cloud in real time and analyzed accordingly using cig data analytics. To
coordinate the behavior in virtual and physical space, the framework synchronizes inter-
actions. It allows improving a physical product in real time through a DT model. Again,
a physical space is coupled with a virtual one by means of data links. The latter enable
predicting the future behavior of the physical object, and thus continuous development
through the DT—see the corresponding process model in Figure 5.

In the study on “Digital twin-driven product design, manufacturing and service with
big data”, Tan et al. [13] explore opportunities for smart and sustainable manufacturing
of product design and required services. For the optimization of the product lifecycle,
the DT development focuses on users and their active participation in the design process.
As a result, the product design process is increasingly transforming into a virtual and
networked process.

Big data-driven product design is thus being used, as is cloud-based manufacturing—
see figure on DT-based product design that has been derived from the data provided in [13].
The process model contains two major bundles, ‘creating the virtual representation of the
physical product’, and ‘analysis, visualization and integration of data’, before a ‘virtual
representation model’ is constructed. It requires simulation, behavior control, and setting
up connectivity relations between the physical and digital twin.

Processes 2022, 10, x FOR PEER REVIEW 9 of 26 
 

 

Figure 4. The sequence of steps (i.e., process model) of Product Lifecycle Management for imple-

menting a product life cycle, specified in an enriched Business Process Model & Notation (BPMN) 

(https://www.bpmn.org/ accessed on 30 June 2022), data derived from [9]. 

The “Digital twin-driven product design framework” [12] contains a framework for 

DT-based product development which was also given proof-of-concept in a case study. 

Here, IoT services are used to collect data from smart products, which can then be trans-

ferred to the cloud in real time and analyzed accordingly using cig data analytics. To co-

ordinate the behavior in virtual and physical space, the framework synchronizes interac-

tions. It allows improving a physical product in real time through a DT model. Again, a 

physical space is coupled with a virtual one by means of data links. The latter enable pre-

dicting the future behavior of the physical object, and thus continuous development 

through the DT—see the corresponding process model in Figure 5.  

In the study on “Digital twin-driven product design, manufacturing and service with 

big data”, Tan et al. [13] explore opportunities for smart and sustainable manufacturing 

of product design and required services. For the optimization of the product lifecycle, the 

DT development focuses on users and their active participation in the design process. As 

a result, the product design process is increasingly transforming into a virtual and net-

worked process. 

Big data-driven product design is thus being used, as is cloud-based manufactur-

ing—see figure on DT-based product design that has been derived from the data provided 

in [13]. The process model contains two major bundles, ‘creating the virtual representation 

of the physical product’, and ‘analysis, visualization and integration of data’, before a ‘vir-

tual representation model’ is constructed. It requires simulation, behavior control, and 

setting up connectivity relations between the physical and digital twin. 

 
Figure 5. Cont.



Processes 2022, 10, 1490 10 of 25Processes 2022, 10, x FOR PEER REVIEW 10 of 26 
 

 

 

 

Figure 5. Sequence of steps (i.e., process) for developing a PLM-DT derived from [13], specified in 

an enriched BPMN (https://www.bpmn.org/, accessed on 30 June 2022).  

Complementing the studies mentioned previously, Lin et al. [14] considered several 

aspects in the area of PLM and business innovation when integrating DTs into existing 

ecosystems. In this case, ontologies or the NoSQL database are used for data representa-

tion or computation, as well as models for extraction and analysis for the automation of 

decisions by DTs [14]. In the proof-of-concept study [15], a laboratory test was used to 

investigate the practicality of a DT concept.  

To demonstrate the DT concept under laboratory conditions, a bending beam test rig 

was selected as the physical counterpart. The developed test bench consisted of a physical 

object, its DT and a communication interface to exchange data between the physical and 

virtual environment. The architecture allows additional clients to be included without 

having to modify the underlying system to exchange data between the physical and vir-

tual object in a synchronized manner during operation. A dashboard (IoT (Internet of 

Things) platform) was created to control the physical and virtual object and display cal-

culation results [15]. 

Based on the contextual descriptions of the construction and further development of 

DTs, a process model for the PLM domain could be derived. It is presented in Figure 6, 

Figure 5. Sequence of steps (i.e., process) for developing a PLM-DT derived from [13], specified in an
enriched BPMN (https://www.bpmn.org/, accessed on 30 June 2022).

Complementing the studies mentioned previously, Lin et al. [14] considered several
aspects in the area of PLM and business innovation when integrating DTs into existing
ecosystems. In this case, ontologies or the NoSQL database are used for data representation
or computation, as well as models for extraction and analysis for the automation of decisions
by DTs [14]. In the proof-of-concept study [15], a laboratory test was used to investigate
the practicality of a DT concept.

To demonstrate the DT concept under laboratory conditions, a bending beam test rig
was selected as the physical counterpart. The developed test bench consisted of a physical
object, its DT and a communication interface to exchange data between the physical and
virtual environment. The architecture allows additional clients to be included without
having to modify the underlying system to exchange data between the physical and virtual
object in a synchronized manner during operation. A dashboard (IoT (Internet of Things)
platform) was created to control the physical and virtual object and display calculation
results [15].

Based on the contextual descriptions of the construction and further development of
DTs, a process model for the PLM domain could be derived. It is presented in Figure 6,
and was constructed as follows. Tan et al. [12] contributed a comprehensive process
description for the creation of digital twins. The reference process for PLM is therefore
predominantly based on this model. From [9] an alternative approach to the creation of

https://www.bpmn.org/
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the virtual representation could be integrated, which is supplemented by the fundamental
steps for the creation of a DT in the area of product design from [13] as well as [14].
The model coincides with the approach described in [15] for the development of DTs
capturing the creation of virtual representations, the simulation of product behavior in
a virtual environment, and the creation of a real-time connection between virtual and
physical object.

Although the analyzed in-depth studies on PLM do not provide detailed stakeholder
and data object information, the tasks could be bundled to identify role-specific behavior
bundles. They are indicated by the rectangles in the process specification, and allow for
the assignment of functional development roles, such as DT designer, which have not
been provided by the original data. The reference process itself can be decomposed into
three phases as already recognized by [13] for product design or may lead to two different
variants of PLM DTs.

4.2. Manufacturing

In this section we derive a development model from in-depth findings published in
the domain manufacturing, as constituent part of production processes. All manufacturing-
relevant studies as indicated in Table 2 have been included in the analysis of this domain.
They are described in the following.

Park et al. [16] introduce a development model for implementing a DT application
for a smart factory. Here, a DT is designed and implemented as a digital representation
of the process, and the presented DT application realizes tracking of past-related data,
real-time monitoring of the production facility via IoT services, and a computational kernel
for decision making with a view to the future [16]. For DTs in manufacturing, stable
and efficient data integration and data management is a key success factor, which can be
supported using frameworks for data construction. Kong et al. [17] identified three required
modules of such frameworks, namely for data representation (ontologies), organization,
and management.

Figure 6. Cont.
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For the integration of physical machines, tools, material handling, warehousing, and
real-time manufacturing using DT, Wang et al. [18] proposes a framework for real-time
monitoring of conventional machines. It includes three different modules, two of which
are ascribed to digital space. The data-capture module is used in physical space and is
responsible for capturing the data of the physical object, and is connected to virtual (digital)
space for a two-way data transfer [18].

For ongoing digital monitoring and functional improvement of products, devices
or machines, Stark et al. [19] were able to derive 8 dimensions for the design of the DT.
The context is captured by integration breadth, connection mode, update frequency and
product life cycle, while the behavior of the DT is addressed by CPS intelligence, simulation
capability, digital model richness and human interaction [19].

When planning in production is addressed, especially for the integration of new
products into an already existing production system, DTs can be created automatically. For
body-in-white production in the automotive industry, i.e., the production stage for joining
different shell parts [20], a concept for asset generation of the CPS of the production plant
was developed by [21].

The CPS represents a set of embedded systems, which are interconnected via a
network and thus can communicate and interact with each other. The goal is to reduce the
time it takes to integrate new products into an existing system and optimize production.
With the help of a bus system, it is possible to send information from a component of
the CPS to a client, such as the DT. This message flow allows conclusions to be drawn
about the latency of the production network by evaluating the timestamps of individual
messages [21].

Increased efficiency in reconfiguration of manufacturing systems through the use
of DTs is additionally expected to increase system availability and minimize setup time,
as well as enable the production of customized products. Enablers are data warehouse
architectures that have sensors for active data acquisition [22].

Reconfigurability addresses a key factor of DT lifecycles. These have already been
captured in an object-oriented manner, and consider reusability, extensibility, and interoper-
ability based on an offline development phase, and an online deployment and maintenance
phase [11]—see also the enriched BPMN-model (https://www.bpmn.org, accessed on 30
June 2022) in Figure 7. There, yellow and green tasks denote on-line and off-line activities,
respectively. However, the development model serving as reference for the manufactur-
ing domain in Figure 8 was mainly derived from [22] due to the higher level of detail as
required for general use. The individual steps for creating the DT are detailed according to
the sub processes or phases in Figure 8, and described below.

• Envision: Ideas and inputs to implement them are collected and documented.
• Design: (i) Creation of 3D CAD models of the mechatronic components of the system

with some modeling tool; (ii) Instantiate the 3D models using a design tool, such as
Line Designer, by accessing the base data model; (iii) The functional groups are added;
(iv) The mechanical dependencies of the system are created; (v) The finished 3D CAD
model is stored as a higher-level system model in the base data model.

• Develop: (i) Creation of an electronic model based on the 3D CAD model; (ii) Using a
direct interface between Automation Designer and other tools, the input and output
signals of the components as well as the control functions, controllers and functional
groups are created; (iii) After the electrical model has been created, the signal and
function blocks are transferred from Automation Designer to a portal; (iv) The PLC
control programs are also created in this portal.

• Verify/Validate: (i) The PLC programs are tested by virtual test runs; (ii) As different
models of DTs are created, they are now integrated into an overall system; (iii) The
overall system is again tested by virtual test runs, checking whether the overall system
meets the requirements.

• Deploy: After completion of the previously described model, it is deployed and can
then be used.

https://www.bpmn.org
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• Use: After the system has been deployed, it can be used.
• Evaluate: The system is continuously monitored and maintained if necessary, see

subsequent step Maintain.
• Maintain: The maintenance of the DT model can be achieved in two different ways,

either by step Tune or step Rebuild.
• Tune: The already existing model can be improved.
• Rebuild: If maintenance requires rebuilding, re-design or re-development has to be performed.
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The specification of tasks on that high level of abstraction allows to structure the
studied contributions of the manufacturing domain, as they address specific tasks and thus
support their implementation:

• Park et al. [16] describes a DT architecture, which can be divided into four layers.
The first two layers, including the IoT network, can be assigned to the physical
environment, aside from the manufacturing application and the cloud application
that can be assigned to the virtual environment. Utilizing the described architecture,
Design, Development, and Verification are affected for the construction of the DT. It
supports considering the efficiency in terms of cost and production, and affects the
Use of DTs, and their further development (Deployment, Evaluation, Maintenance,
Tuning, and Rebuilding).
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• Kong et al. [17] address the storage, integration, and analysis of data, which are major
challenges in the development of DTs. The proposed framework for managing the
data fits into the DT development model for production systems.

• Wang et al. [18] show, analogous to [16], an architecture with three modules to im-
plement the DT concept. The data capture module is responsible for capturing data
from the physical space. The data module is used for data management and data
processing. Lastly, the DT Intelligence module can be seen as the service part, where it
also contains the logic for the dashboard to display the information. The connection
between physical and virtual space for data transfer is solved via an IoT network. The
described architecture thus coincides in its basic characteristics with the previously
discussed work.

• Stark et al. [19] defined 8 dimensions that contribute to the description of the behavior
and context of a specific DT. With regard to specifying a DT development model of
the manufacturing domain, no specific process steps can be derived from this study,
but understanding the creation of DTs is facilitated which is an essential aspect for
development—it affects Evaluation and further development activities, leading to
redesign and improvements. The latter is indicated in the DT development model for
activities like asking for the fitness of design (Figure 8).

• The architecture of [21] coincides with the other sources, and focuses on the processing
of information for the integration of real-time data and the evaluation of the sys-
tem component for information retrieval. This is intended to enable optimization of
throughput times. In terms of the development model, this source provides informa-
tion on how to automatically create a DT, but also to optimize the lead time of the
production process.

• Moyne et al. [11] introduced two adopted phases, that have been embedded, providing
for the development of the DT in an off-line mode, and its productive use in an on-
line mode.

The sources used to create the DT development model for manufacturing, like the
previously discussed domain, do not contain an explicit information about roles. However,
the following role assignments can be derived from the described bundles of activities: the
development steps for creating the 3D CAD model, which were captured in the Design
subprocess, can be assigned to the role 3D CAD technician.

The steps of the Develop, Verify/Validate and Deploy subprocesses can be assigned
to both software architects and software developers. The Usage process step could be
assigned to staff from operation, and the Tuning of the DT lies within the scope of soft-
ware development.

4.3. Predictive Maintenance

In this section we derive a development model from the findings published in the
domain of predictive maintenance. All in-depth studies relevant to predictive maintenance
(see Table 2) have been included into this part of the domain analysis and are described in
the following.

The area of predictive maintenance is particularly interesting in terms of reducing
unplanned downtime and extending the lifespan of related machinery. In order to op-
timize the production processes accordingly, the use of DTs can be of great importance.
Consequently, Centomo et al. [23] refer to predictive maintenance as a strategic require-
ment to avoid unplanned production downtime as well as to maintain high quality in
production. Two different classes of maintenance could be identified, time-based and
condition-based maintenance.

The main difference between these classes is the different maintenance strategy. Time-
based maintenance is mainly based on periodic maintenance cycles, while condition-based
maintenance depends on the status of the equipment. To predict equipment failures, it is
necessary to monitor the status of the equipment by, measuring temperature, vibrations, or
power consumption, and the like [23].
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Aivaliotis et al. [25] present an approach that calculates the expected remaining lifespan
of a machine, using physics-based simulation models as part of DTs [25]. The authors base
their approach on a three-step process for generating the DT [24] which can be regarded
as a domain-specific development model as shown on Figure 9. With regard to the roles
and data, the studies do not contain explicit information. Again, based on the available
information, software architect, developer, and designer can be assigned to the respective
sub-processes as shown in Figure 9.
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The domain-specific process for creating a DT starts with the specification of com-
ponents of a physical machine. After determining the scope and level of detail of digital
representation based on the availability of (required) data, i.e., the achievable level of detail
of modeling, the model of the machine is specified. Then, the data management of the DT
has to be clarified and defined (definition of the required virtual data), before the virtual
sensors are modeled, and integrated into the model of the physical machine.

The final part of development is dedicated towards tuning. After selecting the compo-
nents to be tuned, the data actually being used for tuning need to be selected and made
available, before the tuning process is finally implemented.

4.4. Towards a Cross-Domain, Unifying DT Development Model

This section reports on the development process of specifying the cross-domain model
for the creation and further development of DTs, including determining the addressed
type of DT. Due to the different approaches to creating DTs and the goal of identifying
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a generally applicable DT development procedure, the literature has been reviewed to
identify categories of DTs that exist independent of the domain they are built for.

Three different categories of DTs, Digital Model, Digital Shadow, and Digital Twin were
identified through analyzing relevant work on categorizing creating DTs, stemming from
industry, as described in servitization projects, such as [26], survey studies like [7,8,27], or
digital production contexts like [28], some of them with special attention to data integration
between physical and digital twins:

• Digital Model—it is understood as a digital representation of an existing or planned
physical object. It is essential that this category does not have an automated way of
exchanging data between the physical and virtual model. The digital representation
can have a more or less comprehensive description of the physical object. In addition,
the digital representation can consist of simplified simulated models, planned factories,
mathematical models of new products, but also other models of physical objects,
provided that these do not exhibit any form of automated digital integration. A change
in the status of the physical object has no direct effect on the digital object, and vice
versa [28].

• Digital Shadow—it is an extension of the Digital Model definition. A Digital Shadow
was created if, in addition to the definition of the Digital Model, there is an automated
data flow starting from the physical object towards the virtual object, but not vice
versa. A status change in the physical object therefore leads to a status change in the
digital object, but not vice versa [28].

• Digital Twin—in contrast to a digital shadow, the automated data flow is bidirectional,
and thus a change in the status of the digital object also results in a change of status in
the physical object [28].

Each of the selected in-depth sources for this study describes models and concepts that
can be assigned to the category Digital Twin from the list above. Based on this classification,
the cross-domain model considers Digital Twin development in the sense of the above
given concept (according to [28])—it targets the dynamic coupling of physical and digital
objects through automated bidirectional data flows.

The overarching DT development model is the formation of an integration to be ap-
plied for general purpose, so that it can be used for exploring to further domains. However,
since the integrated development process contains domain-specific phases, it is advisable to
start the development process with the selection of a domain-specific procedure—product
lifecycle management, manufacturing, or predictive maintenance. Based on that domain-
specific pre-selection, certain process steps are then skipped or additional process steps
need to be executed to create a DT in the selected domain. For example, DT construction
for manufacturing requires 3D CAD models. Hence, a corresponding step needs to be
processed according to the manufacturing DT development model. It could not be taken
from any other source or domain.

An essential property of the DT development model is that the represented process
does not terminate after the execution of all steps, but continues cyclically. The reason for
this is rooted in the characteristic of DTs, since the virtual model is continuously developed
further and the corresponding changes are incorporated into the physical object. According
to the findings from the relevant literature, the DT is not only continuously evolving, but
may also require an adaptation of the general design or development of the underlying
system. Thus, it is not a determinant process, but rather a cyclic procedure.

When merging the DT development models of the different domains into a single
model, neither further abstraction nor concretization was required, since modeling the
process steps at a certain level of abstraction was already taken into consideration during
the creation of models for each of the domain categories. In the following we discuss
the major steps of the DT development model and refer to the inputs from each of the
domain models.

After the lead domain of the DT that is to be developed has been selected in the first
step, the next step is the design subprocess, which differs depending on the domain. The
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goal of this subprocess is to create the virtual representation of the physical counterpart. In
case the DT is a predictive maintenance DT, the following process steps need to be executed
in sequence:

• Definition of the components of the machine;
• Definition of the degree of modeling;
• Creating the model of the machine.

For the PLM domain, two different design procedures could be derived from the
literature, variant 1 according to [9], and variant 2 according to [8]—see Section 4.1. The
design process of the DT for the manufacturing domain consists of five process steps. In
the first step, 3D CAD (Computer-Aided Design) models of the mechanical components
are created. Then, these 3D CAD models are instantiated in parallel, and the functional
groups and mechanical dependencies are created. In the last step, the completed 3D model
is maintained in a data base.

The aim of the next sub-process is to develop the DT based on the previously defined
design. This process again differs significantly from domain to domain. If the DT belongs to
the predictive maintenance domain, the following tasks need to be performed in sequence:

• Definition of the required virtual data;
• Selection of the model for virtual sensors;
• Integration of the virtual sensors into the model of the machine.

If a DT is created as part of a product life cycle, the data need to be analyzed, integrated,
and visualized. Specifically, the steps of collecting data, analyzing data, integrating data,
and visualizing data must be performed. Finally, the virtual representation of the product
is created. If it is a manufacturing DT, the first step is to develop a digital model based on
the 3D CAD model saved in the design process. Then the input and output signals, control
functions, controllers and functional groups are created. Finally, the signal and function
blocks are transferred for further evaluation, and finally the PLC control programs are
worked out.

For the product lifecycle management and manufacturing categories, three process
steps are each performed in the Verify and Validate subprocess. For product lifecycle DTs,
the simulation of the product behavior in the virtual environment is done first, then the
behavior of the physical product is controlled, and in the last step the real-time connection
between physical and virtual product is created. For manufacturing DTs, the PLC (Pro-
gramable Logic Controller) programs are tested in a virtual test run. The different models
are then integrated into a single one which is also evaluated by test runs in the last step.

In the Deploy stage, the fully developed and verified DT is installed and configured for
use. Subsequently, the following steps are to be performed for DTs for predictive maintenance:

1. Selection of the components to be coordinated with each other;
2. Definition of the real data;
3. Selection of the parameters that are to be matched.

The DT can be used productively once all the process steps described above have been
completed. The literature shows that product-relevant data is continuously collected in the
area of product lifecycle management.

In the Evaluate step, it is confirmed whether the DT delivers the intended benefit in
a sufficient way with reference to the goal and metric. If this is the case, the DT can be
used further. In this case, the next process step is Use again. If this is not the case, the
DT management system must be maintained, and Maintain must be executed as the next
process step.

If the adjustment is minor, the existing model can be developed further in certain cases
and the Tune process step is carried out. If the model needs to be revised, the Rebuild pro-
cess step follows. If the basic design has to be revised, the next step is Subprocess Design. If
the existing design can be used further, the process continues with the Develop subprocess.

Since the integrated DT development process model is too large for an inclusion of the
overall picture, it is presented as set of sub processes in Figure 10 and partially detailed in
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Figures 11 and 12. The DT development model has been specified in an enriched BPMN
(https://www.bpmn.org/, accessed on 30 June 2022), validated and executed with the
Camunda platform (https://camunda.com, accessed on 30 June 2022).
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Figure 11. ‘Verify/Validate and Deploy’ subprocess of the integrated DT development model.

The current version of the integrated DT development model is under evaluation. The
pilot use case concerns a dispatching unit as part of a smart logistics process including
a CPS. It concerns the transportation of critical goods, such as vaccines to be distributed

https://www.bpmn.org/
https://camunda.com
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from some storage location to a vaccine center. The dispatching unit is based on a CPS to
implement packaging and transport requirements based on a specific order.
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Figure 12. Use and further development subprocess of integrated DT development model.

We can assume the vaccine being delivered to the dispatching station with (order)
information on what needs to be taken into account for its transportation, such as position-
ing in a transportation box and cooling. The dispatching unit has the task to package the
vaccine in a transportation box fitting to the order and transportation requirements, so it
can be picked up by a delivery service.

Once the vaccines are received by the dispatching station, a robot carries it to a
dispatching bench monitored by sensors to ensure that proper temperature conditions are
met. There, the vaccine is packaged using storage containers that can be equipped with IoT
devices to ensure the transportation requirements are satisfied. A robot system equips the
transportation container according to the transportation requirements and puts the vaccine
into the container before carrying it to a pick-up place once the transport can start.

As the use case qualifies for DT development in terms of digital threads, the integrated
DT development model can be applied as follows. The first step of applying the DT
development model requires to check whether a domain-specific set-up procedure can
be followed. For the smart transportation case it is possible to follow the development
procedure due to the high level of abstraction of the developed integrated DT development
model. The smart transportation use case can be handled close to the manufacturing
procedure for Prepare, Design, and Verify/Validate.

In the following we provide the results on the level of identified subprocesses as
defined in Figure 10.

• Prepare includes not only a use case description as provided above, but also the
collected inputs to develop a DT. For the transportation case, the major rationale was
the objective of designing all devices in way that a minimum of stationary equipment
and information for dispatching is required, so that the process can be applied in
various physical settings, and thus does not require a certain physical environment.
The goods and devices should ‘carry’ all process-relevant information to trigger the
next step. For instance, the vaccine to be dispatched contains information under which
conditions it needs to be transported.

• Design: In this step the virtual representations of the physical counterparts is modeled
following the procedure of manufacturing DT design. For equipping containers with
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IoT systems to transport vaccines as required, 3D CAD models of the mechanical
part to plug in sensors into container are created. In addition, the storage system
for containers and IoT systems is constructed. Finally, these 3D CAD need to be
instantiated to identify the mutual interaction and functional dependencies. The final
step includes the completion of a 3D model including the three models. These models
lay the groundwork for developing the DT including the business logic required to
operate the CPS. All incoming and outgoing message, control functions, and functional
groups are specified in this step. It includes abstractions for the robot movements to
accomplish packaging after picking up the vaccine.

• Verify/Validate targets the CPS behavior for the entire dispatching procedure, in-
cluding testing its components in a virtual test run. Of particular importance is
the interaction between component to accomplish the packaging task. The different
behavior models are integrated into a network of processes.

• Deploy: The fully developed and validated DT becomes part of the transportation
workflow and can be installed and configured for practical use. For each component,
a corresponding runtime needs to be set up and successively integrated with the
other components to successfully enable the required interaction for picking up and
packaging. The transportation case also requires synchronization, which means to
couple the physical devices with their digital counterpart at runtime.

• Use: Once the DT can be used to control the dispatching process involving the physical
CPS components (robotic system fir picking up the vaccine and plug in IoT system
devices, container, IoT systems).

• Evaluate: When in use, the DT operation is evaluated in terms of successfully picking
up the vaccine by the robot system, equipping a container with the required IoT
systems, and packaging the vaccine for further transportation. Adaptation might be
required in case of adjusting components, changes in the physical handling, or the
logic to handle the business case. In this case, the DT management must be maintained.

• Tune: If the adjustment is minor, the existing DT model can be changed during runtime.
In other cases, the DT model changes lead to the redesigning of the CPS structure
and/or component behavior of the transportation components.

• Rebuild: Changing requirements or faulty behavior can lead to a total DT revision,
affecting the transportation workflow and its structure (including physical compo-
nents). For instance, the distribution of information and IoT devices could be affected
if dispatching information is not located on the vaccine to be packaged and/or IoT
systems need to be composed and tested before being plugged into the container.

5. Discussion

The aim of this study was to investigate procedures for the development of DTs based
on empirical in-depth studies and to put it into the context of existing DT concepts. It turns
out that, although the basic DT concept and operation of DTs have already been addressed
in several studies, empirical reports as targeted in this study provide only limited insight
into underlying development steps and role understanding in development.

Our analysis of the in-depth studies in DT development reveals that there are still
no uniform, generally applicable DT development models. However, the presented level
of abstract specification allows the various approaches for developing and refining DTs
stemming from different domains to be integrated in an integrated DT development model.
Hence, two research questions addressed in this work can be answered as follows.

• What empirically valid knowledge exists (in different application domains) about the
process for developing DTs?

By means of a literature search, fifteen sources were selected that detailed the experi-
ences in the creation and further development of DTs. While the concepts described therein
did not allow for straightforward process integration and aligned variants of development,
they did allow for domain-specific categorization: product lifecycle management, man-
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ufacturing, and predictive maintenance. For each of these categories, an integrated DT
development model could be specified based on the literature.

It captures DT development roles, activities, input and output data, as well as the
sequence of activities to create and further develop a DT. Accordingly, the first research
question could be answered in terms of a consolidated analysis comprising basic steps and
workflows for the creation and further development of DTs. However, the specification of
most of the generated and processed data (describing the structure and content of DTs) and
stakeholder roles specified in the domain-specific development models has been based on
information provided implicitly by the in-depth study authors.

• In how far can a generally applicable model be defined for the construction and further
development of DTs?

To answer this research question, the first step was to analyze which DT category
is concerned with the domain-specific development models, in order to check whether
the captured domain models target the same type of DT. Since all in-depth studies were
targeting the synchronized, dynamic coupling of physical and digital twins, the approaches
could be integrated without differentiating the type of DT twin to be developed.

With respect to cross-domain development, it could be shown that the process steps
differ in part from domain to domain for the studied domains (Product Lifecycle Manage-
ment, manufacturing, and predictive maintenance). Hence, when applying the integrated
development model, an initial selection of a development variant of one of these domains
is currently required. It concerns the preparation and design phase of DT development.
The subsequent steps, ranging from deployment to rebuilding DTs, have been found to be
domain-independent DT development steps. They represent a general frame of reference
for DT deployment, use, and further development.

Although we could demonstrate the application of the proposed integrated DT de-
velopment model for a transportation use case, further research is required to consolidate
the findings. Since the analysis of the published in-depth studies revealed mainly implicit
information with respect to technical development roles and the structure of DTs, further
studies need to explore the skill sets and structural constituents of DTs to develop a detailed
understanding of developer and consumer roles, including their needs to manage the DT
development process.

6. Conclusions

Recognizing the demand for a model detailing major stakeholder roles and tasks
along fundamental development steps, we could identify and select valid empirical studies
to define a unifying model across DT application domains. The challenges we had to
meet were:

• to identify relevant roles and processed information from the empirical data
• to determine the proper level of abstraction, both for domain-specific modeling, and

for providing a frame of reference for further DT developments

Although we could meet the objectives of this study in terms of capturing relevant
information sources, representing it in contextual process models, and testing their applica-
bility in another domain, further studies need to be performed to explore the full potential
of the presented results.
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Glossary
Digital Twin A digital twin is a digital representation of a physical asset
Process A process describes a value-generating procedure in terms of actors

or systems that perform activities in a sequential and logical order,
while processing data, in order to accomplish a business-relevant
task or objective

Stakeholder A stakeholder is a person in a specific role involved in the
development and/or operation of system or process

Domain A domain is an application sector of Cyber-Physical Systems
Cyber-Physical System A cyber-physical system is a socio-technical system composed of

information technology and physical elements. These components
are connected and have the capability to exchange data, in order to
control the system’s operation via a network, such as the Internet

Internet-of-Things The Internet-of-Things denotes interconnected computing devices
via an Internet communication protocol. The devices can thus
exchange data

Socio-technical System A socio-technical system is a system involving people and
technology. It comprises individuals, communities, digital and
physical technologies. Humans interact with these technologies to
accomplish their tasks and adapt them according to their needs
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