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Abstract: A digitalization of business process through utilizing Digital Twins is an approach that
assists companies to align themselves with changes of technology development, and accordingly,
improve their outcomes. To take full advantage of implementing Digital Twins, the importance of
the creative phase role as pillars of this technology on the performance of the other parts and overall
outcome should not be overlooked. This research addresses the lack of an integrated framework
for setting up the creative phase of digital twins. To design the proper framework, by relying on a
qualitative empirical method, an interview with persons who are experts in the Digital Twin area
was organized to collect the information about all obvious and hidden aspects of this phase and
manifest what kind of entities participate in this phase, what potential challenges and obstacles exist
and what solution is effective to overcome them. The structural feature of the proposed framework
continuously prepares the system for changes, aiming to adopt improvement within. The findings
of this study can be used as instruction by all companies that want to take the first steps toward
the digital representation of physical assets, or for those who deal with Digital Twin and want to
improve their systems’ interactions.

Keywords: digitalization; Digital Twin (DT); Internet of Things (IoT); data collection

1. Introduction

Digital Twin is the virtual representation of something that is physical, including not
only the structural parts but also the dynamics and behaviors of the system along the
lifecycle [1]. The interesting point about this presentation was that it included all the basic
components related to Digital Twin, consisting of real space, virtual space, the link for data
flow from real space to virtual space, the link for information flow from virtual space to
real space and virtual sub-spaces. The introduced concept could be implemented through
various ways into the processes. The most general one is the digital model, where there is
just the virtual representation and automated communication with the physical system is
absent. A deeper implementation of it could be attributed to the digital shadows, where
changes in the physical system can be applied in the virtual system, but it is not possible
vice-versa. At the highest level, implementing the entire concept of Digital Twins requires
bidirectional automated communication. The latter allows changes starting from both the
physical and the virtual system [1].

The main motivations that encourage the industrial sector to employ Digital Twins
technology could be referred to its striking benefits. Continuous improvement along
the product lifecycle phases, monitoring the physical system for the sake of preventing
problems [1], simulating the physical system and tracking the system performance under
the influence of changing a series of parameters in the digital system before adopting the
in the physical system, predicting about problems or future possible scenarios, analyzing
the operation and manufacturing process in real-time [2] and resolving several problems
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originating from insufficient information are a small sample of advantages of the Digital
Twins technology [3].

One of the big challenges that companies are faced with is maintaining, and in the
further steps enhancing, the market share of companies, and actually, it depends on how
well they can identify the customers’ requirements and accordingly upgrade the current
products or develop new products. Overcoming this challenge entails a huge amount of
information and data that goes from the clients’ order to the product delivery [4]. The
big objective of most companies, which are working in digitalization, is to digitalize the
information lifecycle process [4]. Digital Twin assists companies to achieve this goal in
different phases.

Digital Twin technology, like other technology, has its own lifecycle that involves
four phases, including the creative phase, productive phase, support phase and disposal
phase [5].

The creative phase is where there is a huge amount of work to be done. The creative
phase is the fundamental stage of using Digital Twin, which has many details that need
to be carefully considered. This phase has four emergent concepts which should be taken
into account, including predicted desirable (PD), predicted undesirable (PU), unpredicted
desirable (UD) and unpredicted undesirable (UU).

The productive phase is about the construction of physical systems with the specific
configurations that are the result of the previous phase. The main goal of this step is to
allow and optimize the communication of the information between the virtual world and
the physical one.

In the support phase, there are several analyses about the behavioral concepts of the
system that were defined in the creative phase. The connections between the real and the
virtual system are maintained. Here, it is important to take into account possible changes in
order to optimize the actual situation or to eliminate the unpredicted undesirable behaviors
that were not identified in the creative phase [6].

The disposal phase is taken into account because information about a product is of
huge value for the business, even after that the product is retired from the market. Next-
generation products could have similar problems and companies can save cost and time by
taking care of this information.

Digital Twin can be classified into two types, as follows, Digital Twin Prototype
(DTP) and Digital Twin Instance (DTI). Digital Twin works in a Digital Twin Environment
(DTE) [5].

DTP considers the prototypical physical artefact. It takes into account all the informa-
tion needed to reproduce the product in the physical world after defining the prototype
in the virtual one. Here, the information flow ideally goes from the virtual model to the
physical model. The goal of this type is to improve the efficiency in terms of time and cost.

DTI means the digital representation of a physical product. This process needs
continuous connections throughout the entire lifecycle to optimize the virtual model over
time. Here, the information flow has the opposite direction of DTP because in this case, it
goes from the physical to the digital model.

DTE is a multi-domain application used for managing the Digital Twin for different
purposes. Predictive purpose means the possibility to perform forecasting about future
scenarios and performance of the physical product. Here, we can analyze the predictive
purpose in the two types of Digital Twin described before. Prediction about DTP might be
the analyses of product tolerances in order to be sure that the as-designed product met the
proposed requirements in the physical one, while predictions in DTI take into account the
historical processes of product components and performance, providing a range of possible
future states. The interrogative purpose is used basically on DTI. The use of interrogative
purposes is related to the prediction of future states. For example, the aggregate of actual
failures could provide probabilities for predictive uses [5].
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As the traditional method of designing a new prototype, DTP aims to verify and
validate the PD result and eliminate the PU output. In addition to this, DTP provides the
capability of identifying UU scenarios that might create problems for the system.

The creative phase has a great significance because it is the first stage where the
validation and verification must firstly take place to ensure that every decision being
made will actually positively affect the investment and maximize it. Moreover, data is
collected and analyzed in this phase to obtain the needed information to define areas of
improvements, and to develop all possible solutions. Therefore, Digital Twin in the creative
phase allows simulations, real-time analyses in the operations and manufacturing process,
predictions about problems or future possible scenarios and other applications that create
several benefits for the organization [2]. Due to the undeniable importance of this phase
and the lack of studies and research on this area [7], the main concentration of the current
study has been dedicated to developing a comprehensive framework for implementing
Digital Twins in the creative phase. Real-time understanding and simulation of changes in
data is considered as one of the main challenges of the implementation of Digital Twins,
which is carried out mainly by the creative phase, and this reflects the novelty of this
research, which is the presentation of the first of a kind of “fully integrated” framework to
assist in the process of implementing Digital Twin technologies in any business and guide
the implementation through an agile and a precise step-by-step approach that takes into
consideration the real-time analysis of data and its effect on the overall performance.

The rest of the paper is structured as follows. Section 2 includes theoretical background
analysis. Section 3 introduces the methodology which has been utilized in this research
work. Section 4 discusses the results, and finally, Section 5 provides a discussion of research
directions for future work.

2. Theory

In this section, a detailed analysis of the importance of the creative stage of Digital
Twin is presented. The main part of this section is attributed to data as the fuel of the
Digital Twin. Fuel quality and distribution have a direct effect on the final performance
of the system. In order to ensure the mentioned characteristics, all aspects related to how
data should be collected, analyzed and managed and in what situations data should be
used have been scrutinized under the following headings.

2.1. Creative Stage of Digital Twin

The creative (or design) phase in Digital Twins sets its foundation on the basis of the
creation of the digital model [8]. The digital model could be about something that exists in
the real world, as a process, or about something that does not yet exist in the real world, as
a product prototype. The latter might be based on data and information that comes from
previous experience or different physical models with similar characteristics. In this stage,
the main goal is the digital creation that can allow analyses and virtual verification, which
provides its user with the possibility of identifying defections, behaviors and structures of
the digital prototype [9].

The creation of the Digital Twin starts with a new pipeline of manufacturing data. In
fact, the integration of historical data about operations, performance and system interaction
acts as the support for Digital Twin [10]. This data provides the industrial owners with a
special opportunity to simulate the system and its processes and evaluate how well they
will perform in the physical word under various what-if scenarios. In this regard, having
no high cost in prototype is the notable point that influences companies to utilize this
opportunity. The concept of feedback to design is compatible with this situation, which
also represents solutions based on historical design systems that were used in the past [11].

To exert Digital Twin on the position in which the physical system has an external
presence, various technologies have been developed that assist the process of simulation.
One of the popular technologies is the Internet of Things (IoT). IoT is the concept of connect-
ing different objects to the Internet, and it has accelerated the movement from connecting
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devices to the Internet to collecting and analyzing data by using sensors to extract data
throughout the lifecycle of the product, in order to create value and knowledge from the
huge amount of the collected data, such as the knowledge of the product performance
and conditions [12], and this has enabled the transformation in several industries to move
toward selling these collected value-added data to obtain more revenue and higher margins
instead of selling their final product [13,14].

The related sensors and devices are positioned and are in charge of exploiting data
from products and processes. RFID is one of the most commonly used sensors in IoT.
The RFID implementation is relatively cheap, and it improves not only the communica-
tion quality between physical and digital models, but also the practicability of sensing
systems [15].

One fascinating detail in the creative phase of Digital Twin is following the design-
driven approach, which compensates for the inefficiency of the traditional design ap-
proaches. Through identifying the behaviors of the system, Digital Twin forms the digital
prototypes that align with the requirements of the considered business. The goal of this
procedure is to improve decision-making by way of generating information. Meaningful
information comes from data and data come from the physical model through sensors and
devices. Regarding the undeniable importance of quality of data, placing sensors, which
are responsible for optimally collecting data, in the right position has great sensitivity.
Fortunately, the simulation capability of the digital model could govern them toward the
luminous direction.

The role of Digital Twin in the product design process is also outstanding. The process
of designing a product can be divided into three stages, including conceptual design,
detailed design and virtual verification [9]. The conceptual design phase is where the
designers identify the characteristics as aesthetic and main functions of the final product.
Here, designers have to take into account several data types, such as customer satisfaction,
investment plans, product sales, etc. In this situation, Digital Twin can help not only by
taking into account all these data but also by establishing more efficient and transparent
communications, such as communication between clients and designers to get feedback
and identify problems. The detailed design phase is focused on completing the product
design prototype, taking into account appearance, functions, configuration, parameters
and tests. Digital Twin is helpful for the simulation of this prototype in a faster and cheaper
way. The virtual verification is conducted based on the pointing out of performances and
defects through the use of Digital Twin.

Xu et al. [16] analyzed how Digital Twin can assist the fault diagnosis using deep
transfer learning (DTL), which allows the extraction of knowledge from one or more sources
for using it in another target domain. Here, the Digital Twin creation process starts with
the creation of a virtual system that obtains data and insights from the simulation of the
physical system that will be built. This is the intelligent development phase. As always in
statistical scenarios, high-quality input data are needed to obtain high-quality output; when
the virtual entities achieve a satisfactory level, the second phase is the construction of the
physical entity, meanwhile DTL is used to create a diagnosis model using the knowledge of
the previous phase. The problem of insufficient training data for high-quality diagnosis is
addressed here by the DTL solution. Therefore, DTL improves the diagnosis quality in the
first stages, and it could also be used to establish new working conditions in the future [16].

2.2. Data Acquisition for Digital Twin

The role of data in today’s digitized systems is more prominent than ever. In fact,
data plays the role of fuel for the system and causes it to run and survive. Since fuel
quality plays a significant role in system performance, data quality will also affect system
performance and output. As a result, the process of data acquisition needs to be carefully
taken into account.

Systems have their own data sources. Most of the time, the structure of data coming
out of these sources are not the same. In addition to sources that generate and store data,



Processes 2021, 9, 1307 5 of 19

there are other important sources whose data is valuable but difficult to store, such as
human experiences and personal behaviors. Collecting all these types of data for the
creation of digital representation [17] and better simulations of the physical system in
different scenarios is necessary [18].

For better implementation of digital representation, the acquisition of information
should not be confined to only data originating from machines and should encompass a
comprehensive perspective of the process through a multi-modal data acquisition [19].

Data acquisition could be conducted by two main approaches, including sensor-based
tracking and machine vision. The sensor-based tracking approach provides information
about the position and the moves of employees, products and devices around the orga-
nization, while machine vision is used to identify products in certain processes, and this
implementation enables the use of a single sensor or tag for each product. The machine
vision approach could be employed in certain conditions, for example, when the number
of the product is high, or the process characteristics are not compatible with sensor-based
tracking. From the economic point of view, the cost of the sensor-based tracking approach
is proportional to the number of devices that have to be tracked, while the machine vision
approach has different steps considering the number of devices, but generally, the cost of it
is fixed and does depend on quantity [19].

The challenge of data storage is an issue that needs to be addressed in addition to
data collection. Companies can decide to store data in-house or use a cloud-based system.
The latter scenario is well-described by Alam and El Saddik. They analyzed the cloud-
based system for the scalability of storage, computation and cross-domain communication
capabilities [20]. In this case, every physical system has a Digital Twin hosted in the cloud.
They also argued about a one-to-one connection between physical and digital systems. The
changes in the real world are updated through sensors in the virtual one. In their study,
there is a unique ID for an object and a relation ID for every communication.

Hofmann and Branding described four different data sources that are used for simula-
tion in Digital Twin. These sources include an existing system that contains daily useful
information, a historical database that includes data from the past, external sources from
the surrounding environment and real-time data from sensors technologies [21].

While abundance of data (big data) improves the quality of simulation in digital
models, their analysis will be faced with greater challenges. The three main challenges
that need to be managed in this direction are volume storage, velocity and variety. To
conquer them, three brilliant responses or scenarios for questions, including how to reduce
the stored set of data, how to speed up data collection and real-time analysis and how to
combine multiple data sources respectively, are required [22].

The data collection could be established on two platforms, one is concerned with the
prediction service and the other one is related to the production management and control
service. Enterprise information system, big data-based prediction and analyses system and
Digital Twin technology-based prediction and analyses system are all requirements for
setting up these platforms [23].

2.3. Data Management for Digital Twin

Data collection will have no added value without the right implementation. This is
why the data management process needs to be meticulously taken into account.

After the data collection, all these resources need to be implemented efficiently in
the digital system, in order to have a continuous data flow. Nowadays, software tech-
nologies make Digital Twin data implementation more feasible and affordable [24]. The
key to giving power to Digital Twin simulation is a complete data-model that includes
the features of the Cyber-Physical System (CPS) [25]. In order to establish data flow, the
Centralized Support Infrastructure is needed. It supports the semantic metadata model, the
simulation framework and the communication layer. Data acquisition and data evaluation
are characterized by location-independence. This is helpful to contrast the low level of
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knowledge about industry 4.0 and Digital Twin. In fact, companies do not need employees
to be inside the company to do their job. Technologies help with remote working [19].

Other than the manner of collecting, storing and transmitting data, it is important to
clarify for what purpose these data are going to apply. The purpose has a direct effect on
the type of data. For example, if the purpose is about maintenance, Digital Twin needs
historical available knowledge, and it needs to be close to the process [26].

Digital Twin’s performance is not limited to its entities, but the people who put these
components together and manage them also have a significant impact on the final perfor-
mance. The bottom level of Digital Twin implementation is of course composed of people,
engineers and scientists that have both software development skills and engineering skills
to implement these technologies. West and Blackburn support the idea that an engineer
with deep engineering knowledge about the physical system and basic software devel-
opment skills can do a better job than a professional software developer with a limited
understanding of the engineering part of the system that has to be modeled [27]. A compre-
hensive understanding of the process allows the data to be transformed into meaningful
information and insights and implemented properly. Effective information management
across the built environment provides overall improvement [28] and several benefits. The
most important of these benefits are better decision-making and financial savings.

One factor that affects the correct use of data in the digital model is aligning the
upstream data (from the physical to the digital system) with the requirements of the
downstream (from the digital to the physical system) process operation. This wide view
will lead to effective data management [29]. Blockchain is one of the best creative solutions
for managing the data flow of digital currency, Bitcoin, which provides the possibility
to trace information through the entire lifecycle and protect the security of the artifacts
through hashes [30]. A comprehensive assessment of whether the concept of Blockchain
could be implemented in Digital Twins is provided by Heber and Groll [31].

Continuous improvement of Digital Twin depends on rectification of the deviation
between the simulated signal and the measured signal using data management, which will
eventually lead to an upgrade of the Digital Twin’s system. There are two main phases in
order to have an updated Digital Twin, including local data processing and global data
processing. The first is used for simple feedback such as data cleaning, data storing in a
private database and the data used to make local decisions. The second is used from the
shop floor-level management. It includes the transmission of clean data in public databases
and data exploitation in order to extract information and knowledge [32].

Data management provides assistance to the built-in data flow to improve the actual
situation of the physical and the digital systems. In order to achieve these expectations,
several aspects of data flow need to be adjusted properly according to the strategy behind
data management. Data synchronization between different resources, low latency data
transfer to the cloud, data security and privacy, reliability in data transfer, low energy
consumption in data transfer and interconnectivity between different smart objects are all
entities associated with data flow that need to undergo special kinds of regulation [32,33].

2.4. Digital Twin-Driven Product Design

Product design through utilizing Digital Twin requires ascertaining some entities. At
the initial step, the main ideas behind the considered product should be determined, and
following this, the related criteria need to be structured into the Digital Twin vision. In
order to set up the virtual model, the main resources which represent the physical part into
a virtual one should be identified, and product data coming out of tests, prototypes and
similar components from the past should be organized to support the digital model [22].

The design phase of Digital Twins has been supported by two pillars, including design,
theory and methodology (DTM), as well as the data lifecycle management (DLM).

The Digital Twin in this phase takes into account existing DTMs with the aim of
optimizing and customizing them for the specific product. DTMs are also helpful in order
to identify conflicts and contacts through the different design phases. DLM exploits data
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that comes from the physical model. It improves data quality through cleaning and mining
processes. The Digital Twin-Driven Product Design (DTPD) is an engine that enables the
use of a huge quantity of data transformed by the DLM into beneficial information to be
used in order to make decisions aligned with the DTM [34].

An interesting design approach is the FBS framework. FBS stands for function (F),
behavior (B) and structure (S). Function means “what the object is for”, the behavior means
“what it does” and the structure means “what the object is”. It has the aim to integrate the
knowledge of the design agent in order to have a dynamic and open vision of the system.
The design phase of a Digital Twin needs to consider the connections between these aspects
in order to have a logical and rational system view.

Geri and Kannengisser well-described the FBS framework as a process for designing.
The process includes eight steps (need, analysis of the problem, statement of the problem,
conceptual design, selected schemes, the embodiment of schemes, detailing, and finally,
working drawings) based on the information flow between different entities that contain
sets of information. These sets include expected behavior, behavior derived from the
structure, function and design description. In the phase of designing the external world,
expected world and interpreted world, there are three domains that are constantly interact-
ing with each other. These domains are constructed on the basis of an interpreting process,
which creates the interpreted world based on the external world, a focusing process, that
allows the designer to create actions based on the interpreted world in order to reach the
goals of the expected world, and an action process, that is the result of these connections
and is responsible for changing the external world in order to achieve the predefined
objective [35].

In order to deeply define the design of a final product or process, it is important to
consider the concept of Virtual Commissioning (VC). This is the verification and validation
of the virtual model against the real one [36]. VC can be carried out during the development
of the physical system, and it is helpful to define the real commissioning.

3. Materials and Methods

The more realistic the information, the more enforceable the framework based on
it. Following this, for the current research, an interview with fourteen persons who are
experts in the Digital Twin area was organized. These specialists are aware about all aspects
and challenges of implementing the Digital Twin technology, and since their information
is highly valuable and applicable, the Mayring Content Analysis approach was applied
to their responses to extract the meaningful information. The goal of the interviews was
strictly related to the research question: “Fo the creative phase of implementing digital
twin as the first step, what framework should be adopted??” The aims of this research are
achievable through the personal experience of experts [37], therefore, in order to answer
the former question, interviews with experts in the field of the digital twin implementation
have been organized, because the literature does not cover all the exact aspects of the
creative phase of the Digital Twin technology. Moreover, in order to interpret the collected
data accurately and categorize it in a precise way, qualitative content analysis has been used
throughout this research since it has proven its efficiency over the quantitative method.
Moreover, qualitative content analysis using the Mayring inductive category development
approach has been adopted for this research to analyze the interviews, because the classical
quantitative content analysis cannot provide clear answers of how the categories were
defined and developed [38]. However, the qualitative approach proves its capability in
content analysis and the interpretation of data and the development of categories that
are highly similar to the original content/material, and one of the procedures that were
developed by the qualitative content analysis is the inductive category development, which
is based on a group of reductive processes to the original text in order to be able to develop
and extract the final categories [38].

The inductive approach was used in order to create a general framework from specific
cases. The presentation of new information in a real scenario provides the possibility to
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easily link new knowledge with an existing cognitive structure [39]. The reason behind
adopting an inductive approach is that Digital Twin is a quite new technology, so there
are different points of view about certain concepts of this technology. Using a deductive
approach (from a general theory to a specific case) was not feasible, because it is not
compatible with the purpose of the research, which is related to designing a general
framework for the creation of a Digital Twin. The inductive approach required analyses
about state-of-the-art Digital Twin technology. It was a fundamental step in order to have a
wider view of this topic and to be more specific about the inductive research [39].

Moreover, the qualitative content analysis based on the Mayring approach was used
to carry out a step-by-step systematic text analysis and interpret texts within any kind of
recorded communication, such as interviews, by dividing the text into content analytical
units, in order to be able to develop the appropriate categories [38].

The questionnaire was strictly designed based on a research gap in the creation phase
of Digital Twins. The answer to the question of how a Digital Twin implementation
framework in the first stages of the Digital Twin creation should be set up “considering the
data collection process” is the foundation of the proposed framework. It has been designed
according to the hypotheses and reflections emerging during the literature review analysis.
In order to eliminate redundancy and make the answer more efficient, only three questions
were presented in the interviews. These questions are as follows:

1. There are two main scenarios for the creation of a Digital Twin. The first is when we
have a physical system and the second is when we do not. What is the difference in
the framework for Digital Twin data collection between these two scenarios?

2. Data is the fuel of Digital Twin. Therefore, data collection systems need to be im-
plemented in order to enable an efficient data flow. How do companies choose the
right systems for Digital Twin data collection? Which are the main systems? (e.g.,
sensor-based system, machine vision system).

3. One of the main challenges in Digital Twin data collection is the diversity of data
that come from the physical world (e.g., structure, size, frequency, noise). How
can different types of data be implemented into a single Digital Twin system? (e.g.,
lake databases).

After defining interview questions, 14 interviews were conducted with an average
duration of 26 min. These interviews were recorded and stored to undergo analysis. The
software application used for the interview was Skype, which provides the opportunity of
having high-quality video and audio interviews [40].

The next step after recording the responses is the analysis, that is, extracting the
meaningful insights and directions, which was structured following the qualitative content
analysis-based Mayring inductive approach, and the main steps taken for this approach
are as follows:

1: Definition of the material, which is the interview text in our case.
2: Determination of the units of analysis.
3: Paraphrasing of content-bearing text passages.

3.1: Determining the envisaged level of abstraction, generalization of paraphrases
below this level of abstraction.

3.2: First reduction through selection, erasure of semantically identical paraphrases.
3.3: Second reduction through binding, construction, integration of paraphrases

on the envisaged level of abstraction.

4: Generalization and collection of the new statements as a category system.
5: Re-testing of the new statements as a category system.

Therefore, the development of the categories was a step-by-step systematic qualitative
text analysis process that was performed during the text interpretation using an inductive
approach (Mayring approach).

In more detail, the identification of the right Digital Twin experts was one of the
main challenges. This is a critical step for the quality of qualitative research. The choice
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of the right interviewers was a step-by-step process. The research on these people was
carried out using the network of researchers that came out of the theoretical background
academic papers. A message was created that well-described who the researcher is, what
the researcher is doing and the purpose of this research. This message was sent to the
e-mail addresses of the network of researchers that were found during the theoretical
background research. These contacts were available online or directly on the research
papers. Social media such as LinkedIn and Twitter were used for discovering other experts
and Digital Twin researchers. This research is composed of fourteen qualitative interviews,
and each one was anticipated by a phone call in order to understand if the respondent had
the requirements needed for the interview questions. It was a crucial step to ensure the
quality of the answers.

After recording the interviews, the first action was the transcription of the fourteen
interviews into a text paragraph. The interview transcription was divided initially into the
three questions. The transcription was made by the researcher following the clean read
or smooth verbatim transcription method description in the Mayring approach [38]. This
transcription takes into account all the words of the respondents, but all the utterances
were left out. The choice of this transcription rules system was based on the research
question requirements. All the possible information from the experts can be useful for
improvements and for the creation of the framework.

After the choice of the transcription method, the next step was the analysis of the text
content. The analyses started with the division of the whole text of each interview into
segments, called units. The division analysis of the text was performed in three levels.
The first was the coding unit, that represents the minimum portion of text that can fall in
one category. The second was the context unit, that represents the largest portion of text
that can fall in one category. The third one was the recording unit, that determines the
text portions confronted with other categories. This classification was performed with an
inductive method for the first round of reduction of the entire text. This means that the
different units were defined throughout the content analysis process.

The original text was reduced into paraphrases, then these paraphrases were general-
ized, and in the end, the generalizations were classified into categories. The coding unit
was around 40 words because there were cases where the text was so clear and valuable
that it had to be highlighted as a category.

The context unit was the answer to a question that is composed of approximately
180 words for the shortest answers (e.g., answers for question number three). This choice
was based on the fact that some interviewees had a really clear vision of Digital Twin and
they summarized a meaningful and linear message related to a specific question. Therefore,
some answers did not need something more to be added and they formed a category.
Having a context unit bigger than these means that the level of detail would have been too
general, and it would not have been in line with the research question.

The recording unit was the same as the context unit for the same reason—some
answers were so clear and logical that they can be confronted with one system of categories.
It never happened that a shorter piece of text could be confronted with another system
of categories.

The reduction process was performed two times. This is because the amount of infor-
mation was huge, and the first reduction was not enough for creating balanced categories.
The second reduction had as first text the output of the previous reduction, which means
the first category. The latter were reduced into paraphrases, and then generalized, and
finally, the generalizations fell into five categories. These five categories will be the pillars
for the framework. The quality of the final results was ensured by the repetition of con-
tent data analyses. In fact, this process led to the categories that will be addressed in the
next section

In Table 1, an example about how the Mayring approach was applied to the research
analysis is provided.
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Table 1. Qualitative content analysis—Mayring approach for one of the interviewees.

Questioner
Number 1 Paraphrase Generalization Reduction

1

P1. Awareness and knowledge are
important; better everybody
understands the process, easier the
implementation will be

Importance of knowledge and
awareness

Critical concepts of the Digital Twin
framework:
- Awareness and setting

company goals
are fundamental

- Data collection related to the
company purpose

- Cloud-based system
preferences

- Purpose-driven approach
- Continuous improvement and

agile view

1

P2. Setting company goals is also
very important, and also this part
needed to be related with the
awareness about the goal

Importance of setting company
goals

1
P3. Data classification is very helpful,
and it needs to be related with the
goal of the Digital Twin

Data classification related to the
overall purpose

1

P4. The use of sensor-based system
and machine vision system are
applicable only of we have a physical
system

Physical system is needed for the
communication with the digital one

1

P5. Cloud-based data storage system
is better because there are less
limitations,
it is more secure and less hardware
that could fail

Cloud-based system is better for
data storage

1
P6. Communication between physical
and digital system is applicable only
if we have a physical system

Physical system is needed for the
communication with the digital one

1

P7. The software choice needs to be
more specific in relation to the goal,
the process owner needs to be aware
of that

Software choice related to the
company goals

1
P8. The platform reads the digital
twin model and the software creates
information out of the data collected

Relation between platform for data
collection and software

1
P9. Implementation of data collection,
data storage and software through
the processes is needed

Importance of data collection, data
storage and software throughout
the processes

1
P10. The last steps of the framework
are as a lessons-learned flow
(continuous improvement)

Continuous improvement view in
the feedback loop

4. Results

The results of the qualitative analyses and Mayring approach are classified into
five categories, with the titles of Digital Twin definition and classifications, Digital Twin
framework, Data collection process, Data diversity problem, and Scenario 1 “DT based
on existed physical object” and Scenario 2 “no physical object” analyses, aligning with
the research question, which inquires how a Digital Twin implementation framework
in the first stages of the Digital Twin creation should be set up “considering the data
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collection process”. All these categories have to take into account the aspects throughout
the creation phase of Digital Twin. The level of details between these categories in some
cases is different because what emerged from the interviews was that it is important to
have a wide awareness of the process (low level of details), but also, more precise analyses
about specific parts of Digital Twin are critical.

All the following considerations are based on the information that emerged from the
14 interviews of Digital Twin experts. Based on the answers that were collected from these
interviews, we were able to define four main ideas and concepts that need to be covered by
any framework for the Digital Twin implementation at the creation phase. These concepts
are purpose-driven approach, agile and step-by-step approach, trade-offs through the
framework and feedback loop. More details about each of these concepts are discussed in
the following sections.

4.1. Digital Twin Framework

As mentioned above, this section defines the answers to the research question. It
contains the four important concepts that emerged from the qualitative interviews that a
framework for the Digital Twin needs to be able to cover.

4.1.1. Purpose-Driven Approach

The main concept that was underlined by almost all interviewees was about the
purpose of Digital Twins. It means that all the decisions that are made during all phases
of the framework must be consistent with the overall purpose of the Digital Twin. At this
point, the question is “How should a company set the purpose of the Digital Twin?” and
also “Is Digital Twin the right investment/solution for the considered business?” Referring
to insight obtained through analysis, companies should start from market needs. Once
companies identify the market needs that they want to satisfy, it is critically important
to consider the possible Digital Twin directions based on the digital capabilities that are
required for those specific market needs. This means that companies need to take into
consideration the market and the digital system needs for the data collection process, to be
able to collect the required and right data related to their previously defined purpose.

4.1.2. Agile and Step-by-Step Approach

Digital Twin creation is a long and time-consuming process. What emerged from the
interviews was that having an agile approach is necessary for the correct creation of Digital
Twin. This is because an agile approach is continuously prepared for changes throughout
the process in order to improve the actual situation [41]. Another concept that emerged
from the interviews was the step-by-step method. The benefit of this method is that it
allows for meaningful digital representation. All the interviewees believe that everything
starts from a raw representation of the ideal physical system. This representation can be
created digitally using simulation software and different data sources [42]. Consider that
in order to ensure a decent quality level of the first representation, having awareness and
knowledge of the physical system is required.

4.1.3. Trade-Offs through the Framework

The Digital Twin framework provides various kinds of possible scenarios, and in
some cases, there is not always a right or a wrong decision. A common approach that
interviewees noted in this situation was trade-offs. The pros and cons of each option
completely depend on the companies’ priorities, which could be attributed to three main
entities, including data storage system (cloud storage system vs. on-premise storage
system), sensors (value received vs. costs) and data collection system (machine vision
system vs. sensor-based system).

Some interviewees considered these data analyses as out of the company domain,
because what the company must do is to understand the purpose of the Digital Twin and
data needed. Then, the technical parts should be developed by external partners. This is a
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key part of the interview results because it adds a certain level of detail to the framework.
It shows that there is not a technology problem for the companies, but there is a value
and purpose defining problem in the process of the implementation of the Digital Twin.
Therefore, companies need to focus more on the purpose of extracting the value-added
data instead of thinking and investing in the technical solutions to extract and analyze this
data, because technical solutions can be achieved easily by external partners nowadays.

4.1.4. Feedback Loop

The Feedback is the ability to continuously extract and feed data to and from the
system in a closed loop in order to be able to improve the digital representation.

Continued improvement in digital representation occurs by relying on feedback loops.
The procedure of the feedback loop is that in the first step, a Digital Twin data workflow is
simulated, in the second step, the deviation between the physical and digital systems is
calculated, and in the last step, according to deviation, a new possible variable is proposed,
and again, all these steps are repeated.

Two important points were noted by interviewees which should be considered in the
feedback loop. The first point is related to deviation, which emphasizes that a deviation
should be considered only if it could affect the purpose of the Digital Twin. If the predefined
purpose is achieved, it means that the received value from the Digital Twin is at the highest
level, so it does not matter if there is a deviation between the physical and the digital
systems. As claimed by interviewees, physical changes and digital changes are two main
reasons which cause the deviation between the systems. Therefore, it is important to search
the problem through both physical and digital systems to identify where the problem is.
The second point for improving the feedback loop was about including variables related to
the purpose. This means that the level of details for the data analysis can be increased or
decreased based on the purpose defined by the companies. In other words, if the Digital
Twin needs to be used only to simulate the prototype of the object (in the pre-design phase
of the object’s lifecycle), then this requires a basic data analysis. While, if the purpose
of the digital twin is to perform a bi-directional aggregation of the data and to mirror
the performance in real-time, in this case, this means that the level of details for the data
analysis increases during the Digital Twin lifecycle in order to have more sophisticated
analyses related to the purpose.

4.2. Framework for the Creation of a Digital Twin

After carrying out this research and obtaining the results discussed above, it is impor-
tant to have a structured theoretical framework for the implementation of the digital twin
in the creative phase. The proposed framework is discussed in further detail in this section.

The goal of this theoretical framework (Figure 1) is the creation of the Digital Twin,
and it includes all the concepts that emerged from interviews.

Figure 1. Framework for the creation of Digital Twin.

As it has been shown in Figure 1, the cornerstone of the proposed framework for the
creation phase of Digital Twin is the purpose. It affects all subsequent components and
needs to be precisely identified. According to Figure 2, the purpose could be identified
from different points of view. Identifying market needs, creating new business assets and
solving problems throughout processes all are dimensions through which purposes could
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be defined. Digital Twin implementation requires a huge workforce to be implemented
through processes. To properly organize all components and interactions among various
entities, the identified purpose needs to be analyzed from two aspects, time horizon
(long, medium, short) and decision level (strategic, tactical, operational), with continuous
checking for the correctness of the purpose.

Figure 2. Identifying Digital Twin purpose as the first step in the creation phase of Digital Twin.

In order to achieve the purpose, it is important to have awareness about the process
that you want to digitally reproduce. According to Figure 3, achieving this awareness
depends on two prerequisites, including acquiring knowledge about process workflow
and analyzing the required data. The latter should undergo the minimum viable concept
to hierarchically classify the importance of the data that the system could reproduce.
An obtained minimum viable dataset includes the required data that enables a first raw
digital representation. In this phase, the company starts considering hypotheses about
the structure of the digital system. The agile approach and a step-by-step vision enter this
field to evaluate different variables that are needed for the digital representation. Three
different data sources, including human knowledge, IT systems and sensors, are in charge
of supporting this phase.

Figure 3. Being aware of the process as the second step in the creation phase of Digital Twins.

The company’s role in implementing the digital twin is based on the purpose identifi-
cation, the implementation of the technologies through the processes and the continuous
improvement of Digital Twin. Therefore, the company that wants to create Digital Twin has
to leave the technological aspects to external partners that can offer the right solutions for
the case needs. The technological aspect requires time and cost. Therefore, if the companies
outsource this part, they will have more opportunity to focus on the rest of DT. According
to Figure 4, all the technical aspects, such as how to collect data, how to store data and how
to transmit data, are developed by the technology partners.

The external partners provide the company with the solutions regarding data collec-
tion methods, data storage method, software and platforms for data management. The
platforms enable the transmission of the data, and here, it is important to consider the
compatibility of the new software with the previous ones.

According to interviewees’ responses, there are two main challenging issues for a
technology partner in this phase. One problem is with data diversity and the other is with
cyber security. For the former challenge, the interviewees underlined that it would be better
to look for a solution from the beginning to prevent it from happening. A common solution
is creating the standardization of data structure and communication layers to enable the link
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of different data. Nowadays, various kinds of software and technological solutions have
facilitated the process of harnessing the data diversity [43]. The cyber security problem is
a real challenge that requires a lot of attention from the company. The warning point in
this situation is that all kinds of processes and knowledge are digitized and there is the
possibility that they get hacked. Therefore, technology partners are responsible for offering
an appropriate cyber-security solution for companies which ensures that the Digital Twin
implementation will not endanger their systems.

Figure 4. Identifying technology partners as the third step of the creation phase of Digital Twin.

When the partners are identified and the technological solutions are selected, the
process can move forward and technology solutions can be implemented. According to
Figure 5, there are three main operations to which the company has to dedicate more
concentration in order to organize them in the perfect way. The first one is related to
choosing the right type and right place for sensors, which are the foundation of data
collection. The second one is associated with establishing the proper way to ensure the
expected quality level for transmitting data and the right time requirements. The last but
not least is concerned with training workers who need to learn about how they should work
with the new technology. Without training, interaction with the system will be confusing
for them, and taking incorrect action could cause trouble for the system.

Figure 5. Technology implementation as the fourth step of the creation phase of Digital Twin.
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Interviewees emphasized that there are pivotal principles that must be followed in
technology implementation. Data in the Digital Twin system is a kind of fuel, and data
loss is an inevitable problem in this regard. Therefore, it is better to employ the standards
through the system from the beginning to avoid any problems. Digital Twin systems
could take the advantage of a step-by-step approach and establish a balance between the
overview of the system and operational actions to make a standardized, connected and
integrated process from the beginning of the implementation until the end.

The next step according to Figure 6 is the Digital Twin representation. At this stage, we
have the entire infrastructure for collecting, storing and managing the data. Therefore, the
company can start with the first raw representation of the Digital Twin. This interpretation
will reveal what is going on in the system. In order to realize the realistic interpretation of a
system, by relying on human knowledge, the helpful data must be selected and interpreted.
From the interviews, it emerged that in some cases, having the right level of detail is not
easy, and in complex systems it could be useful to divide the overall system into smaller
ones. This approach enables a more precise result, where the output of the small systems
generates the overall Digital Twin. The selection of the right data is important for the digital
representation and the continuous improvement in the feedback loop. The use of human
knowledge enables us to exploit the data and obtain an efficient digital representation. In
fact, the training of the employees about using software and the new technologies is an
activity of the previous phase.

Figure 6. Digital twin representation as the fifth step of the creation phase of Digital Twin.

Figure 7 indicates the feedback loop as the prime part of Digital Twin. This loop
is extremely important because the continuous improvement of Digital Twin is directed
by it. In the first stages of the Digital Twin creation, the first representations are raw
and not precise. Using this loop, the company can identify the deviation between the
measured value and the expected value. Here, the company analyzes where the problem
is. After these analyses, the companies can modify and improve their physical products’
performance based on the real-time presentation of the collected data.

Figure 7. Feedback loop as a prime part of the creation phase of Digital Twin.

The use of visual and design software, such as CAD, is important in order to have
an overview about how the system works and which data the company needs in order to
achieve the purpose.
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5. Discussion

Digitalization is an intelligence response of business owners to the rapid changes
resulting from technology development. The Digital Twin is one of leading technologies
that enables companies to align themselves with competitive flow that exists in the market.
In order to take full advantaging of Digital Twin, the pivotal step related to the creation
phase of Digital Twin should be precisely organized. Since the influence of this step in the
final performance of Digital Twin is undeniable, the main motivation behind carrying out
this research work was identifying the entities that are impressive and designing them as
the integrated framework. The qualitative empirical method was the basis of the adopted
methodology of the current study. Following this, interviews with fourteen persons who
were specialists in the Digital Twin area were performed and the Mayring content anal-
ysis approach was employed on their responses to extract the helpful information. The
foundation of the questionnaire was based on the question: ”How should a Digital Twin
implementation framework in the first stages of the Digital Twin creation be set up “consid-
ering the data collection process””. Analyzing the interviewees’ responses revealed some
striking insights related to successful implementation of Digital Twin. Through utilizing
an accurate and deep intuitive understanding of interviewees’ responses, a comprehensive
framework, which includes 5 main phases, was designed. This framework provides a
guideline for implementing the creation phase of Digital Twin. The implementation of
each phase faces challenges, and in order to overcome them, effective dimensions need
to be properly evaluated and defined. One of the striking advantages of the proposed
framework is that all the possible challenges were identified via the interviews, and their
proper reactions were proposed. In this regard, the users could avoid any challenge before
its occurrence, which leads to saving time and costs in the long run.

One of the main philosophical aspects that emerged is that the failure in the implemen-
tation of digital technologies, such as Digital Twin, is due to mistakes in the prioritizations
of the activities. You cannot look for a solution if you do not know the problem. This
behavior comes from the IT industries that have to sell things and advise standard solutions
for not standard problems. Here, one of the experts said: “The biggest reason why inno-
vations fail is because people jump into solutions too quickly, without first analyzing the
problem they want to solve. It is necessary to analyze the problem deeply before jumping
into solutions”.

There are several small- and medium-sized enterprises (SMEs) that need to make the
first move into digitalization. Digital Twin not only continuously improves the system,
but also provides an exceptional opportunity for business owners to learn about possible
scenarios that could lead to development of the existing businesses. An increased profit
margin stemming from continuous improvement plus more profit originating from business
development are two distinguished benefits of Digital Twin implementation.

Implementing the proposed framework in real-life practical cases, such as in the man-
ufacturing industry, can help managers and decision-makers in prioritizing their solutions
and improving the quality of products/services and the performance of their processes,
especially the maintenance process for their products/services. As mentioned above, this
framework is focused on the real-time data analysis and the continuous feedback improve-
ments to the system, which is considered as one of the main challenges of implementing
Digital Twin technology. Therefore, the right implementation of the creative phase through
this proposed integrated framework will improve the performance of the manufacturing
companies through the right data collection and analysis feedback loops proposed in
this framework.

Some viewpoints have been neglected in the current research study and could be
considered and evaluated in the future research work. The first one is associated with
the boundary of the proposed framework and its internal feedback loop. The proposed
framework starts from the purpose of implementing the Digital Twin and ends with the
feedback loop about the performance of the products reflected by this Digital Twin (starting
from the ore-design phase of the product and ending in the service phase). Future study
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could go through the disposal phase of the product lifecycle (after the life of the product
ends) and develop a more detailed framework. The second one could be attributed to the
technological nature of the system. Since the technological nature of the whole system was
outsourced to other technological partners, the companies did not do all the technological
work by themselves. Following this, future work could consider that companies need to
carry all the technological aspects within their boundaries, without any outsourcing. Some
businesses implement a network of Digital Twins, “more than one”, for different purposes
and difference objectives, therefore, the third research direction could be to investigate the
practical implementation of this framework through businesses with more than one Digital
Twin presented, and improve it to consider the connection of different Digital Twins in the
same business use case. The fourth one could be regarding the cybersecurity issue, which
is one of the main challenges in the implementation of such technology. Therefore, future
research could analyze the implementation of this framework in a secure way by taking
into consideration a security audit for data encryption and identification of different users
and devices. The last but not least is related to the influence of the government on Digital
Twin’s implementation. In fact, government regulation for technological implementations
differs from one country to another, and each regulation imposes a special kind of burden
on its user. Digital Twin requires future research, and current research is just a step toward
the next considerations and future analysis and extension.
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because of the reasons discussed above.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Glaessgen, E.; Stargel, D. The digital twin paradigm for future NASA and U.S. Air Force Vehicles. In Proceedings of the 53rd

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference 20th AIAA/ASME/AHS Adaptive
Structures Conference 14th AIAA, Honolulu, HI, USA, 23–26 April 2012. [CrossRef]

2. Lu, Y.; Liu, C.; Kevin, I.; Wang, K.; Huang, H.; Xu, X. Digital Twin-driven smart manufacturing: Connotation, reference model,
applications and research issues. Robot. Comput. Integr. Manuf. 2020, 61, 101837. [CrossRef]

3. Rosen, R.; Boschert, S.; Sohr, A. Next Generation Digital Twin. atp Mag. 2018, 60, 86–96. [CrossRef]
4. Isaksson, A.J.; Harjunkoski, I.; Sand, G. The impact of digitalization on the future of control and operations. Comput. Chem. Eng.

2019, 114, 122–129. [CrossRef]
5. Grieves, M.; Vickers, J. Digital Twin: Mitigating Unpredictable, Undesirable Emergent Behavior in Complex Systems.

In Transdisciplinary Perspectives on Complex Systems; Springer: Berlin/Heidelberg, Germany, 2017; pp. 85–113. [CrossRef]
6. Miller, A.M.; Alvarez, R.; Hartman, N. Towards an extended model-based definition for the digital twin. Comput. Aided Des. Appl.

2018, 15, 880–891. [CrossRef]
7. Jones, D.; Snider, C.; Nassehi, A.; Yon, J.; Hicks, B. Characterising the Digital Twin: A systematic literature review. Cirp J. Manuf.

Sci. Technol. 2020, 29, 36–52. [CrossRef]
8. Tharma, R.; Winter, R.; Eigner, M. An approach for the implementation of the digital twin in the automative wiring harness field.

In Proceedings of the DESIGN 2018 15th International Design Conference, Dubrovnik, Croatia, 21–24 May 2018. [CrossRef]
9. Tao, F.; Cheng, J.; Qi, Q.; Zhang, M.; Zhang, H.; Sui, F. Digital Twin-Driven Product Design, Manufacturing and Service with Big

Data. Int. J. Adv. Manuf. Technol. 2018, 94, 3563–3576. [CrossRef]
10. Kharat, R.; Bavane, V.; Jadhao, S.; Marode, R. Digital Twin: Manufacturing excellence through virtual factory replication. Glob. J.

Eng. Sci. Res. 2018, 6–15. [CrossRef]
11. Erikstad, S.O. Merging physics, big data analytics and simulation for the next-generation digital twins. In Proceedings of the

HIPER 2017, High-Performance Marine Vehicles, Zevenwacht, South Africa, 11–13 September 2017; pp. 139–149.
12. Coppo, M.; Dongiovanni, C.; Negri, C. Numerical analysis and experimental investigation of a common rail-type diesel injector.

J. Eng. Gas. Turbines Power 2004, 126, 874–885. [CrossRef]
13. Bianchi, N.P.; Evans, S.; Revetria, R.; Tonelli, F. Influencing factors of successful transitions towards product-service systems:

A simulation approach. Int. J. Math. Comput. Simul. 2009, 3, 30–43.
14. Tonelli, F.; Taticchi, P.; Sue, E.S. A framework for assessment and implementation of product-service systems strategies: Learning

from an action research in the health-care sector. WSEAS Transit. Bus. Econ. 2009, 6, 303–310.
15. He, Y.; Guo, J.; Zheng, X. From surveillance to digital twin: Challenges and recent advances of signal processing for industrial

internet of things. IEEE Signal. Process. Mag. 2018, 35, 120–129. [CrossRef]
16. Xu, Y.; Sun, Y.; Liu, X.; Zheng, Y. A Digital-Twin-Assisted Fault Diagnosis Using Deep Transfer Learning. IEEE Access 2019, 7,

19990–19999. [CrossRef]
17. Singh, S.; Shehab, E.; Higgins, N.; Fowler, K.; Tomiyama, T.; Fowler, C. Challenges of Digital Twin in High Value Manufacturing.

In Proceedings of the SAE International—Aerospace Systems and Technology Conference 2018, London, UK, 6–8 November 2018;
pp. 25–33. [CrossRef]

18. Coronado, P.D.U.; Lynn, R.; Louhichi, W.; Parto, M.; Wescoat, E.; Kurfess, T. Part data integration in the Shop Floor Digital Twin:
Mobile and cloud technologies to enable a manufacturing execution system. J. Manuf. Syst. 2018, 48, 25–33. [CrossRef]

19. Uhlemann, T.H.-J.; Lehmann, C.; Steinhilper, R. The Digital Twin: Realizing the Cyber-Physical Production System for Industry
4.0. Procedia Cirp 2017, 61, 335–340. [CrossRef]

20. Alam, K.M.; El Saddik, A. C2PS: A Digital Twin Architecture Reference Model for the Cloud-Based Cyber-Physical Systems. IEEE
Access 2017, 5, 2050–2062. [CrossRef]

21. Hofmann, W.; Branding, F. Implementation of an IoT-and Cloud-based Digital Twin for Real-Time Decision Support in Port
Operations. IFAC-Pap. 2019, 52, 2104–2109. [CrossRef]

22. Wärmefjord, K.; Söderberg, R.; Lindkvist, L.; Lindau, B.; Carlson, J.S. Inspection Data to Support a Digital Twin for Geometry
Assurance. In Proceedings of the ASME 2017 International Mechanical Engineering Congress and Exposition, Volume 2:
Advanced Manufacturing, Tampa, FL, USA, 3–9 November 2017. [CrossRef]

23. Zhuang, C.; Liu, J.; Xiong, H. Digital twin-based smart production management and control framework for the complex product
assembly shop-floor. Int. J. Adv. Manuf. Technol. 2018, 96, 1149–1163. [CrossRef]

24. Zhou, M.; Yan, J.; Feng, D. Digital twin framework and its application to power grid online analysis. CSEE J. Power Energy Syst.
2019, 5, 391–398.

25. Negri, E.; Fumagalli, L.; Macchi, M. A review of the roles of digital twin in CPS-based production systems. Procedia Manuf.
2017, 11, 939–948. [CrossRef]

26. Cattaneo, L.; Macchi, M. A Digital Twin Proof of Concept to Support Machine Prognostics with Low Availability of Run-To-Failure
Data. IFAC Pap. 2019, 52, 37–42. [CrossRef]

http://doi.org/10.2514/6.2012-1818
http://doi.org/10.1016/j.rcim.2019.101837
http://doi.org/10.17560/atp.v60i10.2371
http://doi.org/10.1016/j.compchemeng.2017.10.037
http://doi.org/10.1007/978-3-319-38756-7_4
http://doi.org/10.1080/16864360.2018.1462569
http://doi.org/10.1016/j.cirpj.2020.02.002
http://doi.org/10.21278/idc.2018.0188
http://doi.org/10.1007/s00170-017-0233-1
http://doi.org/10.5281/ZENODO.1493930
http://doi.org/10.1115/1.1787502
http://doi.org/10.1109/MSP.2018.2842228
http://doi.org/10.1109/ACCESS.2018.2890566
http://doi.org/10.4271/2018-01-1928
http://doi.org/10.1016/j.jmsy.2018.02.002
http://doi.org/10.1016/j.procir.2016.11.152
http://doi.org/10.1109/ACCESS.2017.2657006
http://doi.org/10.1016/j.ifacol.2019.11.516
http://doi.org/10.1115/imece2017-70398
http://doi.org/10.1007/s00170-018-1617-6
http://doi.org/10.1016/j.promfg.2017.07.198
http://doi.org/10.1016/j.ifacol.2019.10.016


Processes 2021, 9, 1307 19 of 19

27. West, T.D.; Blackburn, M. Is Digital Thread/Digital Twin Affordable? A Systemic Assessment of the Cost of DoD’s Latest
Manhattan Project. Procedia Comput. Sci. 2017, 114, 47–56. [CrossRef]

28. Zdravkovic, J.; Stirna, J. Towards Data-Driven Capability Interface. IFAC Pap. 2019, 52, 1126–1131. [CrossRef]
29. Gohari, H.; Berry, C.; Barari, A. A digital twin for integrated inspection system in digital manufacturing. IFAC Pap. 2019, 52,

182–187. [CrossRef]
30. Nakamoto, S. Bitcoin: A Peer-to-Peer Electronic Cash System. bitcoin.org 20 November 2019. Available online: http://dx.doi.

org/10.2139/ssrn.3440802 (accessed on 28 June 2021).
31. Heber, D.T.; Groll, M.W. How the blockchain fosters E/E traceability for MBSE and PLM in distributed engineering collaboration.

DS 87-3. In Proceedings of the 21st International Conference on Engineering Design (ICED 17), Volume 3: Product, Services and
Systems Design, Vancouver, BC, Canada, 21–25 August 2017; pp. 321–330.

32. Ding, K.; Chan, F.T.; Zhang, X.; Zhou, G.; Zhang, F. Defining a Digital Twin-based Cyber-Physical Production System for
autonomous manufacturing in smart shop floors. Int. J. Prod. Res. 2019, 57, 6315–6334. [CrossRef]

33. Lee, J.; Azamfar, M.; Singh, J.; Siahpour, S. Integration of digital twin and deep learning in cyber-physical systems: Towards
smart manufacturing. IET Collab. Intell. Manuf. 2020, 2, 34–36. [CrossRef]

34. Tao, F.; Sui, F.; Liu, A.; Qi, Q.; Zhang, M.; Song, B.; Nee, A.Y.C. Digital twin-driven product design framework. Int. J. Prod. Res.
2019, 57, 3935–3953. [CrossRef]

35. Gero, J.S.; Kannengiesser, U. The situated function–behaviour–structure framework. Des. Stud. 2004, 25, 373–391. [CrossRef]
36. Ayani, M.; Ganebäck, M.; Ng, A.H.C. Digital Twin: Applying emulation for machine reconditioning. Procedia CIRP 2018, 72,

243–248. [CrossRef]
37. Whittemore, R.; Chase, S.K.; Mandle, C.L. Validity in Qualitative Research. Qual. Health Res. 2001, 11, 522–537. [CrossRef]
38. Mayring, P. Qualitative content analysis [28 paragraphs]. Fourm Qual. Soz. Forum Qual. Soc. Res. 2004, 1, 159–175.
39. Thomas, D.R. A general inductive approach for analyzing qualitative evaluation data. Am. J. Eval. 2006, 27, 237–246. [CrossRef]
40. Xjanghorban, T.; Latifnejad, R.; Taghipour, A. Skype interviewing: The new generation of online synchronous interview in

qualitative research. Int. J. Qual. Stud. Health Well-Being 2014, 9, 24152. [CrossRef] [PubMed]
41. Agarwal, A.; Shankar, R.; Tiwari, M.K. Modeling the metrics of lean, agile and leagile supply chain: An ANP-based approach.

Eur. J. Oper. Res. 2006, 173, 211–225. [CrossRef]
42. Liu, M.; Shuiliang, F.; Dong, H.; Xu, C. Review of digital twin about concepts, technologies, and industrial applications. J. Manuf.

Syst. 2020, 58, 346–361. [CrossRef]
43. Biesinger, F.; Meike, D.; Kraß, B.; Weyrich, M. A Case Study for a Digital Twin of Body-in-White Production Systems General

Concept for Automated Updating of Planning Projects in the Digital Factory. In Proceedings of the 2018 IEEE 23rd International
Conference on Emerging Technologies and Factory Automation (ETFA), Turin, Italy, 4–7 September 2018; Volume 1, pp. 19–26.

http://doi.org/10.1016/j.procs.2017.09.003
http://doi.org/10.1016/j.ifacol.2019.11.347
http://doi.org/10.1016/j.ifacol.2019.10.020
http://dx.doi.org/10.2139/ssrn.3440802
http://dx.doi.org/10.2139/ssrn.3440802
http://doi.org/10.1080/00207543.2019.1566661
http://doi.org/10.1049/iet-cim.2020.0009
http://doi.org/10.1080/00207543.2018.1443229
http://doi.org/10.1016/j.destud.2003.10.010
http://doi.org/10.1016/j.procir.2018.03.139
http://doi.org/10.1177/104973201129119299
http://doi.org/10.1177/1098214005283748
http://doi.org/10.3402/qhw.v9.24152
http://www.ncbi.nlm.nih.gov/pubmed/24746247
http://doi.org/10.1016/j.ejor.2004.12.005
http://doi.org/10.1016/j.jmsy.2020.06.017

	Introduction 
	Theory 
	Creative Stage of Digital Twin 
	Data Acquisition for Digital Twin 
	Data Management for Digital Twin 
	Digital Twin-Driven Product Design 

	Materials and Methods 
	Results 
	Digital Twin Framework 
	Purpose-Driven Approach 
	Agile and Step-by-Step Approach 
	Trade-Offs through the Framework 
	Feedback Loop 

	Framework for the Creation of a Digital Twin 

	Discussion 
	References

