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Abstract
Smart manufacturing, tailored by the 4th industrial revolution and forces like innovation, competition, and changing demands,
lies behind the concurrent evolution (also known as co-evolution) of products, processes and production systems. Manufacturing
companies need to adapt to ever-changing environments by simultaneously reforming and regenerating their product, process,
and system models as well as goals and strategies to stay competitive. However, the ever-increasing complexity and ever-
shortening lifecycles of product, process and system domains challenge manufacturing organization’s conventional approaches
to analysing and formalizing models and processes as well as management, maintenance and simulation of product and system
life cycles. The digital twin-based virtual factory (VF) concept, as an integrated simulation model of a factory including its
subsystems, is promising for supporting manufacturing organizations in adapting to dynamic and complex environments. In this
paper, we present the demonstration and evaluation of previously introduced digital twin-based VF concept to support modelling,
simulation and evaluation of complex manufacturing systems while employing multi-user collaborative virtual reality (VR)
learning/training scenarios. The concept is demonstrated and evaluated using two different wind turbine manufacturing cases,
including a wind blade manufacturing plant and a nacelle assembly line. Thirteen industry experts who have diverse backgrounds
and expertise were interviewed after their participation in a demonstration. We present the experts’ discussions and arguments to
evaluate the DT-based VF concept based on four dimensions, namely, dynamic, open, cognitive, and holistic systems. The semi-
structured conversational interview results show that the DT-based VF stands out by having the potential to support concurrent
engineering by virtual collaboration. Moreover, DT-based VF is promising for decreasing physical builds and saving time by
virtual prototyping (VP).

Keywords Virtual factory . Virtual manufacturing . Digital twin . Manufacturing planning . Optimisation . Simulation . Virtual
reality . Industry 4.0

1 Introduction

The frequency of changes is increasing in markets and indus-
tries as well as associated products and processes in associa-
tion with social, natural and artificial systems. One of the
depictions of this change can be noticed as a shift in
decision-making authority from manufacturing companies to
customers. This shift pressures companies to decrease prod-
uct, process and manufacturing systems lifecycles [1].

Increasing demand in customized products is resulting in
higher complexity both in product models and production
processes. Therefore, manufacturing companies need more
constant transformations of their manufacturing systems, pro-
cesses and product models. Concurrent evolution of products,
processes and systems, also known as the co-evolution para-
digm, requires synchronization and simultaneous engineering
of product, process and factory models [2]. Active and inte-
grated use of various digital factory tools, technologies and
methodologies are required to deal with the co-evolution prob-
lem. Therefore, interoperability between such tools and tech-
nologies becomes paramount [3].

Despite the challenges faced in industry, emerging technolo-
gies are opening up new ways to deal with such challenges and
to adapt to unpredictable environments [4]. Some of the charac-
teristics of the future smart factories studied by the scholars are
complexity encapsulation, interoperability, integration, modu-
larity, virtualisation, intelligence, collaboration and dynamic
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reconfigurability [5]. Real-time bi-directional data integration
between physical systems and digital models combined with
simulation-based data analytics and VR capabilities promise
viable solutions to face current and future scenarios. The virtual
factory (VF) was conceptualized as a virtual representation of a
real factory represented as an integrated simulation model of a
factory including its subsystems [6]. VF can offer advanced
decision support capacity for the evaluation and reconfiguration
of new or existing smart production systems [6, 7].

The VF concept is getting attention from leading
manufacturing companies like Volvo Group Global and
Ford Motor Company [8]. VF simulations can support han-
dling dynamic complexity by integrating, simulating and ma-
nipulating models from product, process and system domains
concurrently and dynamically. Recent advancements in
modelling and simulation (M&S) tools, digital twin (DT)
technology and the interaction and collaboration capabilities
of immersive VR have enabled concurrent engineering of
complex models [9]. Enhancement of VF concept with bidi-
rectional automated real-time data integration with production
systems and product model enables utilizing DTs in VF tools
[10]. Thus, DT-based VF concept can support bridging the
gap of cyber-physical integration by achieving faithful-
mirrored VF models corresponding to their physical counter-
part in multiple dimensions by integrating data sensed from
physical reality, existed in cyber space, and generated itera-
tively during the co-evolution [11]. Supporting concurrent
modelling and engineering in product, process, and factory
domains can enable virtual prototyping (VP), which can result
in minimizing physical builds and time to market [12]. VF can
also support efficient design and configuration of product and
production systems and VR training by precision, accuracy
and reliability with its capability of integration with other en-
gineering and execution systems [13]. Together with the inte-
gration of model data across the value chain as well as real-
time operations data, DT-based VF can become a system that
can adapt to changes in execution and model data in real time.

In this paper, we present a demonstration of a digital twin-
based VF which employs multi-user VR learning/training and
its evaluation by industry experts. We draw on prior works on
the design and development of the VF concept [12], multi-
user VR integration with VF [13] and DT-based VF [10]. This
paper extends the prior work by Yildiz, Møller and Bilberg
[10] by demonstrating and evaluating the proposed concept in
two different wind turbine manufacturing cases, including a
wind blade manufacturing plant and a nacelle assembly line.
The Related Work section of the previous study [10] is ex-
tended with recent research works, but the majority of the
section is kept as the same in this article. For more details on
the DT-based VF concept definition, its simulation and data
integration architectures, please refer to the referenced studies.

Following the next chapter discussing the theoretical foun-
dations of the problem, research questions are presented.

Related Works section shows some of the main concepts
and technologies concerning history and the state-of-the-art.
The design science research methodology’s demonstration
and evaluation activities are introduced and discussed in the
methodology section and followed by the DT-based VF sec-
tion shortly presenting the concept and architecture.
Demonstration section is followed by the Evaluation and
Discussions section, which gives pieces of evidence from in-
dustry experts to evaluate the proposed concept before the
Conclusion section.

2 Theoretical background

The Theory of Industrial Cycles implements principles of evo-
lutionary biology to the lifecycles of industries and enhances
our interpretation of the evolving nature of industrial dynam-
ics determined by certain forces [14]. Competition level, in-
novation, regulations and demography are among some of the
main forces that shape the rhythm of change in industries as
well as the internal domains of manufacturing enterprises. The
very nature of such evolution grounds some principles includ-
ing (1) there is no permanent domination for companies; (2)
the faster the rhythm of evolution, the shorter the reign of
domination; (3) the ultimate core advantage for the firms;
therefore, is the capability to adapt to evolving industrial en-
vironments. A remarkable aspect of the Theory of Industrial
Cycles for our study is that the specific rhythm of evolution
for every industry takes place in three dimensions: product,
process and organization [15, 16]. Here we should note that
the term “organization” is used as a highly complex system of
social, natural and artificial constructs. The concurrent evolu-
tion of product, process and organization/system models,
which is known as the co-evolution paradigm, was also ex-
amined in more recent studies [2, 17]. Tolio et al. considered
VF as an essential tool to handle the co-evolution problem
because of its capability for the integrated use of different
methodologies by supporting integration and interoperability
of various digital factory tools [3]. However, understanding
the integration and interaction problems of different tools and
parts in a system requires us to address some basic concepts
and principles of system theory.

In this regard, System Theory (General System Theory)
reveals some core concepts about the interaction of different
parts by defining a system as “a whole consisting of two or
more parts (1) each of which can affect the performance or
properties of the whole, (2) none of which can have indepen-
dent effect on the whole, and (3) no subgroup of which can
have an independent effect on the whole” [18]. Therefore, the
fundamental properties of a system do not come from the
separate actions of its parts but from the interactions. Thus, a
system is “the product of the interaction of its parts” [19]
which “is more than the sum of the parts,(…) that given the
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properties of the parts and the laws of their interaction, it is not
a trivial matter to infer the properties of the whole” [20].
Factories as natural, social and artificial systems are embed-
ded to larger systems such as nations and industries.
Therefore, factories are highly complex systems of actively
interacting problems. Furthermore, increasing complexity
and dynamism leads to decreasing the predictability in the
domain. As a result, simplifications for complex circum-
stances, which are encouraged by scientific management, in-
creasingly start to fail [21]. Consequently, problems in com-
plex domains must be taken apart in order to understand
(analyse) them, while doing the opposite (synthesis) as a com-
plementary activity [18, 19]. Here, we should take into con-
sideration the latest developments in modelling and simula-
tion technologies that enable (1) digital integration across the
product and production lifecycles [22]; (2) diagnostic, predic-
tive and prescriptive analytics [8]; and (3) integrated DT and
VR capabilities [23]. Thus, the DT-based VF concept enables
the potential for analysis and synthesis while redesigning a
complex system, its subsystems (entity), or its environment.
Therefore VF can enable an experimental mode of manage-
ment which is required by a complex domain [21]. The above-
mentioned concepts and theories contribute to our interpreta-
tions on “what” is the external and internal nature of the prob-
lem faced in industry, namely, handling co-evolution by con-
current engineering. Nevertheless, we need to investigate an-
other theory for the inclusive principles and concepts that
interpret “how” to design a complex system that can adapt
itself to dynamically changing environments.

Competence-Based Strategic Management Concepts also
known as Competence Theory incorporates the concepts and
principles of Systems Theory and Complexity Theory in a
more dynamic, inclusive and systemic way [24, 25] and pre-
sents more feasible and consistent organization design con-
cepts [26]. According to Competence Theory, an organization
(a firm or a complex system) is defined with its strategic goal-
seeking behaviours to respond to real-life cognitive situations.
So, organizations are building and leveraging their competen-
cies by redesigning their resources, capabilities, and coordina-
tion for strategic alignment with their environments. Sanchez
[26] proposed four dimensions/cornerstones, which are
dynamic , open , cognitive and holistic , to achieve
competence-based strategic management of organizations by
competence building and leveraging. Dynamic representation
of an organization and its environment stems from the fre-
quent changes in market preferences, norms, constraints and
infrastructure [26]. Such changes are pressuring organizations
to change their competitive capabilities in order to adapt to
their environments and stay competitive. Dynamic complexity
of internal and external environments, however, decreases the
predictability of most future changes and their implications. In
order to respond effectively to needs and opportunities arising
in the future, activities and resources of organizations and their

environments need to be represented dynamically. Open
systems are characterized by the embedded nature of organi-
zationswhich receive resources (skills, materials, imagination,
etc.) from their environments and provide some outputs (prod-
ucts, semi-products, services, etc.) [26]. Therefore, conceiving
a robust open system design that can access and coordinate a
changing array of inputs and outputs becomes a challenge.
The cognitive dimension of competence theory originated
from the fundamental demand for sense-making in the evolv-
ing dynamism and complexity of organizations’ internal and
external nature [26]. Identifying resources and capabilities for
a sustainable competitive advantage requires managerial cog-
nition.Managerial cognition, however, is becoming a growing
challenge in formulating processes for organizational sense-
making and for articulating new logics to improve adaptive
capabilities. The Holistic view emerged from the need for
building organizations which can function effectively in adap-
tive open systems [26]. Moreover, principles of systems the-
ory about the interdependencies of parts or subsystems of a
system, which determines the properties and performance of
the whole, entail a holistic view.

Sanchez also identified four key strategic environments
and four types of change in response to different environments
[27]. Competence theory is formulated at a high level of ab-
stractions. So, it is applicable for all kinds of organizational
processes, including manufacturing systems. Nevertheless, to
the best of our knowledge, there has not been any study that
attempts to implement the abstractions of competence theory
in a specific manufacturing system context. Therefore, the
scope of the problem is to achieve the four cornerstones of
the competence theory to handle the co-evolution problem by
concurrent engineering in complex systems. The DT-based
VF concept is designed to support building digital system
models as instantiations of the concept that can achieve four
dimensions of competence theory [28]. Thus, organizations
can be supported during their adaptation to dynamic and com-
plex environments by designing, analysing, synthesizing and
simulating essential changes in complex systems and improve
their strategic flexibility to respond to an uncertain future.

3 Research questions

Therefore, an essential premise for the arguments in this
research is that DT-based VF can support competence-
based strategic management of manufacturing organiza-
tions during their adaptation to dynamic and complex en-
vironments. Hence, this paper aims to evaluate DT-based
VF artefacts by developing instantiations of such artefacts
in actual industrial contexts. Thus, the study aims to an-
swer the questions below by investigating a DT based VF
demo in use.

187Int J Adv Manuf Technol (2021) 114:185–203



& Research question 1: Can the DT-based VF concept
achieve the four cornerstones of competence theory, par-
ticularly, a dynamic, open, cognitive, and holistic system?

& Research question 2: Can DT-based VF enable concur-
rent engineering of products, processes, and production
systems?

& Research question 3: Can DT-based VF support
manufacturing organizations in shortening product and
production life cycles?

& Research question 4:Are VF artefacts (concept, archi-
tecture, demo) useful, effective, simple, and consis-
tent enough to implement VF solutions in actual
manufacturing scenarios?

In the interest of research rigour, we need to clarify the
distinction between DT based VF concept instantiation and
demonstration and how the evaluation of data contributes to
the empirical and theoretical challenges addressed above. The
DT-based VF concept is a generic design solution that
emerged from the context-specific problem and existing con-
structs in the knowledge base. The DT-based VF architecture
and demo are the instantiations of the concept developed for
the Vestas Wind Systems A/S (later Vestas). Demonstrations
represent the actual use of the instantiations and their capabil-
ities in particular contexts. Therefore, although the evaluations
of demonstrations give knowledge about the particular, such
knowledge allows experts to determine the deviations when
transferring the concept into different contexts.

The novelty in the capabilities of the DT-based VF concept
relies on several advanced technologies besides designed ar-
tefacts. In the next chapter, therefore, we present some essen-
tial state-of-the-art technological concepts and tools and their
respective history to grasp the knowledge on which we build
our work.

4 Related work

4.1 Virtual factory

In 1993, the virtual manufacturing concept, which integrates
product and factory models as a critical aspect of VF, was
introduced by Onosato and Iwata [29]. Although there are
various definitions for VF, including emulation facility, virtu-
al organization and integrated simulation, Jain et al. [6] de-
fined VF “as an integrated simulation model of major subsys-
tems in a factory that considers the factory as a whole and
provides an advanced decision support capability”. Lu et al.
[30] proposed a virtual environment as a factory lifecycle
design and evaluation based on a real-time control system. A
study [31] demonstrated virtual manufacturing is a concept
that consists of several different software tools and technolo-
gies, containing VR and simulation, to support product

introduction processes. Sacco, Pedrazzoli, and Terkaj [32] in-
troduced an integrated VF framework concept to synchronize
VF with a real factory. Furthermore, the multi-resolution as-
pect of VFmodels of real manufacturing systems was present-
ed by Jain et al. [33]. VF, as a collaborative design and anal-
ysis platform for manufacturing systems, was introduced by
Yang et al. [34]. Shamsuzzoha et al. [35], however, consid-
ered VF as an environment for collaboratively monitoring
business processes to integrate manufacturing companies in
order to achieve some business opportunities. Some basic and
legacy capabilities of VF simulations are still considered high-
ly valuable for continuous improvement of production pro-
cesses [36]. Due to different purposes and functions of simu-
lations, the existing virtual models are considered valuable for
diverse goals and various level of digital maturities. Thus,
there is still a need for a set of systematic modelling methods
for models integration [11]. In light of recent technological
developments, the VF concept has ripened into something
different than an integrated simulation model. This has pro-
voked a reconsideration of the VF definition. Therefore,
Yildiz and Møller considered VF as “an immersive virtual
environment wherein digital twins of all factory entities can
be created, related, simulated, manipulated and communicate
with each other in an intelligent way” [12].

While VF has been acknowledged and demonstrated for
many different business and engineering needs, various tech-
nologies and their integration were considered fundamental to
developing VF, including simulation, VR, and DT. In this
respect, we reviewed and present some studies about DT,
simulation, and VR in the next section.

4.2 Digital twin history and present

The DT concept was introduced by Grieves in 2003 during an
industry presentation, and it was revisited by NASA’s space
project later on [37]. The idea of DT has become more solid
since the definition of DT was made in NASA’s integrated
technology roadmap [38]; in fact, this led to some other no-
tions including experimental digital twins [39] and digital twin
shop-floor (DTS) [40]. Qi et al. [41] stressed that DT should
not just mirror the static physical system but should also be a
dynamic simulation of a physical system. This could allow
virtual models to guide physical entities or systems in
responding to the changes in their environment and to im-
prove operations [42]. Moreover, interoperability and services
provided by DTs enable large-scale smart applications, espe-
cially in complex systems and flexible systems. From the
system-of-systems perspective, DT is also considered as core
element of complex cyber-physical production systems for
design, analysis and operations [43, 44]. Interaction of virtual
and physical spaces and services makes data integration an
inevitable trend [41]. Implementing DT technology in
manufacturing has drawn more attention among scholars;
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however, there is not a common understanding of DTs. Some
scholars support the concept that DT should focus on simula-
tion [45, 46], while some others argue that it should focus on
three dimensions, including physical, virtual and connection
[37, 47].

A categorical literature review on DT in the context of
manufacturing classifies the existing studies in terms of dif-
ferent integrations of a digital model (DM), digital shadow
(DS) and DT [48]. They define the distinction between DM,
DS and DT based on the level of data integration (Fig. 1). The
study concludes that the majority (55%) of the literature is
about concept development and only 18% define DT with a
bidirectional data transfer. Similar results were also found in
another review [49], which stressed the importance of bidirec-
tional data integration. Holler, Uebernickel and Brenner [50]
also presented a literature review focusing on DT concepts in
manufacturing, and one of the research directions proposed
was “industry, product and stakeholder-specific DT
applications”.

DT applications in industry cover several areas including
product design, prognostic health management and production.
Tao et al. [51] presented a comprehensive literature review
about the development and applications of DTs in industry
and stated the potential value of using DTs in planning,
analysing, evaluating and optimizing the production systems
by utilizing self-learning and self-organizing. They also ad-
dressed the scarcity of studies on interaction and collaboration
for DTs, and only two papers [45, 46] were focused on the
subject. Rosen et al. argues that by compiling specific simula-
tions used during the engineering phases together with the DT
models, the consistency of the operation procedures can be
validated and existing know-how can be handled and used
during the design, development and execution of the produc-
tion system. Simulation is also considered as a proven enabler
for integrating advanced technologies and the data which will
assist the transformation of product and manufacturing model-
ling across the manufacturing lifecycles [22]. Consequently,
simulation can be used for validating operational procedures
in virtual space [52]. Vachálek et al. [53] demonstrated a DT
of a production line that was integrated with the real production
processes using a simulation model. They argued that real-time
interaction between virtual and physical spaces allows DTs to
respond to unexpected changes in manufacturing processes
more rapidly. Moreover, the Twin-Control project [54] under

Factories of the Future (FoF) within the European Framework
Programme investigated a holistic approach for developing dig-
ital systems encompassing simulation and control systems for
better controlling real-life manufacturing systems.

There are various patents related to DTs which were ac-
quired by industry player in diverse areas [55]. General
Electric (GE), for example, owns four patents directly related
to DT, two of which are related to wind farms [56, 57].
Another four patents related to DTs were also owned by
Siemens focusing human-machine interface, DT implementa-
tion method, collision detection and asset maintenance in
energy-efficient way [51]. A systematic method is also
invented in order to create the DT of a room by Johnson [58].

Weyer et al. [45] predicted that the next generation of
simulations will be represented by DTs by which complex
production processes can be monitored, optimized and
quickly adjusted. Moreover, recent developments in simu-
lation tools promise more efficient and effective methods
to handle DT development considerations in a variety of
industrial cases [59]. Ding et al. [60] presented a smart
manufacturing shop floor, and they address the challenges
for improving the fidelity of DT simulations and handling
the complexity aspects of such simulations.

In this respect, VR stands out as an excellent user interface
that provides more advanced interactions with such complex
virtual manufacturing models. Furthermore, Mourtzis,
Doukas and Bernidaki [61] conducted an investigation of sim-
ulation technologies in industry and stated that there is a gap in
the use of computer-aided manufacturing systems and VR for
collaboration and communication. Therefore, we will briefly
review VR technology in the next section.

4.3 Multi-user VR

Since 1965, Sutherland envisioned “The Ultimate Display”,
which is “a room within which the computer can control the
existence of matter” [62]; it took a couple of decades to see
VR technology in industry and academia [63]. After the mid-
1990s, the VR knowledge base has been exploited by inves-
tigations in both industrial and academic communities. Since
then, VR has been adopted for various purposes such as con-
cept design, development and evaluation [64], training and
learning [65, 66], virtual building prototyping [67] and visu-
alizing abstract data [68]. VR is also a technology contributing

Fig. 1 a Digital model (DM). b
Digital shadow (DS). c Digital
twin (DT) [48]
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to manufacturing simulation and modelling, especially to
overcome complexity by providing advanced user interfaces
[69]. Moreover, introducing immersive and interactive VR
into manufacturing increases the efficiency and precision in
terms of layout design, ergonomics and product and process
optimisations [70]. A survey conducted by Berg and Vance
with 18 engineering-focused companies shows the strategic
importance of VR and a number of challenges, including a
lack of environmental simulations that support understanding
the interactions between virtual objects [71].

A recent comprehensive survey [72] states that 3D/VR
simulations offer higher performance in model development
and have rapidly become a common modelling methodology.
Moreover, the study reveals that 3D/VR provides faster results
in terms of verification, validation, experimentation and analy-
sis but requires a longer model development time. Furthermore,
93% of developers and decision-makers acknowledge that 3D/
VR is more effective than 2D simulations in terms of commu-
nicating to decision-makers. Another recent work also ad-
dressed synchronization between VF simulations and MES
shows that access to real-time production data improves effi-
ciency during the development of multi-user VR simulations
for complex manufacturing scenarios [13].

The above mentioned scholarly works show the
standalone values of M&S, DT, and VR technologies in
designing evaluating, optimizing, validating and training
for complex manufacturing operations. However, the gap
in terms of technology and model integration and bidirec-
tional data integration between digital and physical plat-
forms as well as collaborative interaction with the models
remain the main challenges for real-life engineering pro-
cesses. Therefore, DT-based VF enhanced with multi-user
VR promise opportunities to create a virtual twin of an
entire factory floor which can be accessed by anyone,
from anywhere, at any time. Moreover, the novelty of this
study lies in the integration of the existing state-of-the-art
technologies into a new solution for actual industrial chal-
lenges. Thus, the potential industrial value can emerge by
utilizing available commercial tools and technologies
without significant time, cost and advanced knowledge.
In this regard, the methodology and objectives of DT-
based VF demonstration and evaluation are discussed in
the next section.

5 Methodology

5.1 Design science research

The demonstrated artefacts of this research integrate various
concepts, technologies, data structures and systems of a
manufacturing enterprise. Thus, an emerging challenge is that
the IS which we investigate is not just a social system or a

technological system, but the phenomenon that emerges when
the two interact. Therefore, the theory to understand the phe-
nomenon links the natural world, the social world, and the
artificial world built by a human [73]. Hence, the body of
knowledge capitalizes on natural science, social science and
which has been called “design science” [74]. Herbert Simon
distinguishes between natural science and design science (the
science of artificial) which can take form in constructs,
methods, models and theories that match up with sets of func-
tional requirements [75]. Therefore, design science in IS ex-
amines the creation of innovations or artefacts required to
perform the design, investigation, implementation and use of
IS. This research is performed on the trail of the frameworks,
methods and guidelines introduced for design science research
(DSR) in IS [76–78]. The article on hand covers the demon-
stration and evaluation activities of the six DSR methodology
activities which are (1) problem identification, (2) objectives
of the artefact, (3) design and development of the artefact, (4)
demonstration, (5) evaluation and (6) dissemination [76].

5.2 Demonstration

Contrary to traditional experimental research approaches, DT-
based VF research aims to discover the effects of interventions
in a complex organization. Therefore, the generalization of the
discovered knowledge in DSR demonstration and evaluation
is different from conventional explanatory research where
general design is discovered from data in a well-defined ran-
dom sample which is similar to the whole population.
Nevertheless, a generic design in DSR can be made and tested
in a certain context, and it should be able to transfer into
different contexts (within a certain application domain) with-
out losing its necessary effectiveness [79]. The artefacts’ dem-
onstration involves various activities such as experimentation,
case study, simulation or proof, to solve one or more instances
of the addressed problems. Thus, demonstration activity de-
pends on knowledge that defines how to use artefacts effec-
tively in specific contexts.

Although wind blade (large size fibreglass composite ma-
terial production) and nacelle (complex and heavy parts as-
sembly) manufacturing plants of Vestas provide unique cases,
these manufacturing cases also provide highly common char-
acteristics with other industries such as automotive, shipbuild-
ing, and aviation. Moreover, a wind turbine manufacturing
company like Vestas allows industry experts with highly di-
verse knowledge in different manufacturing areas to evaluate
the DT-based VF demonstration. Therefore, although testing
DT based VF in these two cases provides knowledge about the
particular, this knowledge allows the evaluation of deviations
that are unique to each context. Furthermore, it also provides
general “user instructions” depending on the context which
can be sufficient for experienced professionals [79].
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5.3 Evaluation

Design science intends to explore the practical usefulness of a
treatment in order to deal with the theory-practice gap [79].
Therefore, we aim to discover the knowledge that can be used
in an instrumental way by solving practical issues with prag-
matic methods of designing and implementing systems, pro-
cesses or actions. In other words, DSR concentrates on prac-
tical relevance and pragmatic validity of a generic design [79].
Accordingly, the justification of designed artefact (DT-based
VF concept, architecture, demo) does not concern the truth but
usefulness, effectiveness, simplicity, utility, consistency and
novelty [75]. Therefore, after the presentation of the DT-based
VF concept and a live demonstration, evaluation activity cov-
ered three stages including (1) an open conversational inter-
view, (2) a semi-structured conversational interview and (3) a
survey. In this regard, we discuss the conversational interview
method in the next section.

5.4 Conversational interviews

Conversational interviews and a survey were initially planned
as a physical meeting in a VR room to allow experts to expe-
rience a DT based VF demo via VR simulations first-hand.
However, due to the COVID-19 pandemic, demonstration and
evaluation were performed in an online meeting. Interviewees
were designated among a particular group of engineers, spe-
cialists and senior managers who have been actively involved
in product and production lifecycle processes. The number of
interviewees was to be limited to highly expert specialists to
gain more valuable knowledge with more prolonged and in-
tensive interviews with more penetrating interpretations. The
combination of available time and resources was another rea-
son to limit the number of interviewees. After each interview,
the experts were asked for their comments on the interview
methods and questions and to give advice for an expert inter-
view. Therefore, the questions and the number of interviewees
were extended slightly during the evaluation process.

The guidelines provided by Kvale [80] for designing inter-
views were followed during the design of the conversational
interview. Since the interviewer is the primary research instru-
ment to obtain knowledge, this makes the quality of knowl-
edge dependent on his/her experience, empathy and crafts-
manship. Therefore, the interviewer obtained certified online
training by MITx [81]. It is believed that this training contrib-
utes to decreasing the context-sensitivity and effects of the
interrelationship between interviewee and interviewer on the
knowledge gained. The purpose of the interview was to obtain
data (1) to evaluate DT-based VF artefacts (Concept/
Architecture/Demo) in scale of solving the problems defined
by application domain with well-grounded evidence and ar-
guments and (2) to evaluate the DT-based VF concept in the
context of the four concepts of competence theory, namely,

dynamic, open, cognitive and wholistic system, by exploring
industry experts’ perspectives and interpretations.

The interviewer aimed to explore the potential impact of
the DT-based VF concept in different domains of manufactur-
ing as unknown territory roaming freely as intertwined phases
of knowledge construction. This was because the field of
product and production lifecycle processes covers a broad
area, and the interviewees had diverse backgrounds and expe-
riences. The evaluations by the interviewees critically exam-
ined the empirical value of DT-based VF by the conversation-
al, narrative, and inter-relational nature of knowledge to gain
specific grounded and precise shreds of evidence and exam-
ples. In other words, the interviewer is intent upon instigating
a process of reflection that leads to newways of understanding
the proposed artefacts as well as uncovering previously taken
for granted values and knowledge in the knowledge base.

Before presenting the demonstration and evaluation results,
the DT-based VF concept is shortly presented and discussed
in the next section.

6 Digital twin-based virtual factory

6.1 Concept

The VF concept proposed by Yildiz and Møller [12] is ex-
tended with DT and multi-user VR capabilities [10]. The pro-
posed concept in Fig. 2 stands out for its distinction of prod-
uct, system (factory) and process domains. Such segregation
enhances the perception of the link between process, system
and product models. Moreover, the concept intends to dem-
onstrate the VF simulations as a virtual environment where
production and product lifecycle processes can have a rendez-
vous. Such a rendezvous is considered to be an enabler for
concurrent engineering of product, process and production
system models. The initial concept [12] is extended with au-
tomated real-time bidirectional data integration and multi-user
VR capabilities. Such extensions enable the development of
DTs in VF simulations as well as collaborative design, devel-
opment, validation and training/learning functions. Thus, DTs
of factory entities in terms of physical objects, systems and
processes can be created, related, simulated and manipulated
in the VF simulations, and the determined parameters can be
sent back to shop floor via MES layer. As a result, DT-based
VF simulations can decrease complexity while increasing
flexibility, accuracy and reliability. Real-time data integration
between physical systems and engineering platforms enables
DT-based VF to represent changes in a product and a real
factory simultaneously in VF simulations. Tests performed
during the DT-based VF demo development, for example, a
3D discrete event simulation (DES) of a particular production
line that produces a certain product model, did not run due to a
pause for the production of such a product in the line.
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Accordingly, DT-based VF enables an open system that can
be embedded in other systems by creating new connections
with its evolving habitat.

Dynamic representations of product, process and
manufacturing systems in 3D DES decrease the cognitive load
both vertically and horizontally for diverse experts. Integration
of different simulations enables co-simulation of complex sys-
tems in different resolutions and more holistically.

6.2 Architecture

Figure 3 shows the data integration architecture between sys-
tem, product and process models which are represented as a
real factory (via MES), product lifecycle management (PLM)

and VF, respectively. Data utilized by VF, as common shared
factory data, can be grouped into two categories: (1) actual
product, process and system data imported from actual engi-
neering and execution systems and (2) data created by VF
simulations. Data imported by engineering and execution sys-
tems can only be imported into simulations and manipulated
but cannot be changed. Simulation results, however, can be
consumed by simulations multiple times and be sent back to
PDMorMES platforms. Such integration of data can facilitate
increased efficiency and effectiveness for multidisciplinary
design, analysis and validation.

Data synchronization architecture between MES, PLM and
VF extended with multi-user VR simulation is shown in Fig. 4.
Therefore, DT-based VF simulations enable the interaction and

Fig. 2 DT-based VFConcept as a
rendezvous between product and
production lifecycle (adopted
from [10])

Fig. 3 DT-based VF Architecture
(adopted from [10])
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training with DTs in immersive VR environments. Due to a
potential conflict of interest, the detailed elements of the syn-
chronization architecture are not disclosed. Multi-user VR sim-
ulation is developed with the Unity™ development platform
with Photon Unity Networking packages. This method allowed
guest connections to DT-based VF simulations via the Internet,
which enables collaboration in a virtual environment without
physical boundaries.

7 Demonstration

Since theDT-basedVF concept can be implementedwith a high
variety of simulation tools, functions and capabilities, a short
presentation of the concept and artefacts is performed to give
the interviewee an understanding of the DT-based VF vision. A
DT-based VF demonstration video is shown after the presenta-
tion.We strongly recommend the readers of this article to access
the simplified demonstration media in the reference to discover
the work performed with rich visual data [82]. The media file,
which is publicly shared, does not cover, unfortunately, the
demonstration of nacelle production due to the non-disclosure
agreement between the stakeholders of this study.

Figure 5 shows the collaborative and coordinated
manufacturing scenario, which is adopted from real manual
assembly tasks performed by two VR users. During the multi-
user VR training, the remaining time data, which represents
the actual time of the previous operation, is shown on the wall.
That allowed the trainees to know if they caused a block or
hunger in the production line. Moreover, the concept of de-
veloping DTs in collaborative VR simulations is validated.
After the multi-user VR training was performed, the perfor-
mance data (duration of completing the task) is exported to a
local SQL database. 3D DES of the whole factory is devel-
oped in the FlexSim™ simulation tool due to its easy drag-
drop user interface as well as the embedded VR function. The
latest operation time data for each operation in the factory is
imported fromMES except for two operations which are sim-
ulated in the multi-user VR simulation. Collaborative VR
training performance data is used for respective operations
in the factory simulation. This enabled analysing the effect
of collaborative trainee performance on the production line
level automatically. Line simulation which represented twins
of the most operations was also manipulated by embedding a
mixed production VR learning scenario. A VR user followed
a training scenario for product grouping based on their colours

Fig. 4 Data synchronization
architecture of DT-based VF ex-
tended with multi-user VR
(adopted from [10])

Fig. 5 Collaborative and coordinated VR training scenario (adopted from [10])
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and performed a crane operation to more semi-product to next
operations. The performance of VR trainees as well as their
learning curve was observed and analysed in real time. VR
trainees learning performance and its effect to assembly line
were exported automatically when the simulation ends.
Except manipulations like mutli-user VR training and mixed
production VR training, all operations of the hub assembly
line represented the real production and product data, includ-
ing the layout, product CADs as well as simplified process
models. Basic manufacturing data analytics were performed
while the line simulation was running. Moreover, layout
changes were performed during the simulation is running,
and the real-time effects of such changes were observed.
When the discrete event simulation is ended by the user, some
main operations data were extracted to a local VF SQL DB. It
was ensured that the simulation results were automatically be
imported by the MES solution of the case company.

Demonstration of the DT-based VF is followed by the
evaluation activity covering the conversational interview and
a short survey. The results of the industry expert’s evaluation
are presented in the next section.

8 Evaluation and discussions

Thirteen industry experts from Vestas participated in the
DT-based VF demonstration, and they were interviewed
afterwards for the evaluation. Please refer to the appendix
for more information about the interviewee’s department,
responsibilities, etc. with concealed personal data.
Comments from the interviewees are referenced to the re-
spective interviewee number in the appendix. Interviewee
number 3, for example, is referenced as (Int. 3). The eval-
uation process includes a semi-structured interview, a
structured interview and an online survey. The evaluation
took 93 min per interviewee on average. Interviewees were
chosen from vertically diverse positions including a pro-
duction worker, senior vice president, production engi-
neer, senior specialist and senior manager. The average
years of experience of participants was 11 years and
ranged from a minimum of 3 years to a maximum of 30
years. Interviewees’ responsibilities cover a broad spec-
trum of tasks such as optimizing a production line, region-
al production engineering, technical support, quality,
building factories, digitalisation and concept selection.
Industry experts were selected by taking into consideration
their roles in new product introduction (NPI) processes in
order to cover major and critical processes of NPI. The
reason for focusing NPI processes was apparent, because
it is the primary domain implementing changes to both
product and production lifecycle processes. Figure 6
shows digital tools that the interviewees worked with di-
rectly or indirectly while they are performing their tasks.

Only two out of the 13 experts stated that they are using
simulation tools while they are performing their tasks.
Table 1 presents a summary of the discussions to provide
a fast glance. The questions in Table 1 were not asked as a
direct question but analysed based on experts’ interpreta-
tions or asked for validation at the end of the discussion.

In the next section, we present the challenges addressed by
experts in the context of the evaluation and digitalisation of
their tasks. Following the challenges, the evaluation data as a
response to the Research Question 1 is presented in (1)
Dynamic Representation, (2) Open System, (3) Cognitive
System and (4) Holistic System sections. The Concurrent
Engineering section provides the arguments to respond
Research Question 2. The Time Saving, Virtual Prototyping,
and Collaborative VR sections show the discussions as a re-
sponse to Research Question 3. Lastly, the DT-based VF
Artefacts sections introduce the survey results as a response
to Research Question 4.

8.1 Challenges

Although the challenges addressed by the experts differ based
on their tasks and responsibilities, it is possible to observe
similar patterns of adaptation to the new conditions by han-
dling concurrent changes in product, process, and system do-
mains caused by changing demands, increasing complexity
and shortening lifecycles. Due to the increasing size of prod-
ucts in an increasing frequency, space constraints and optimi-
sation of shop floor space were among the challenges men-
tioned by experts who are working close to the shop floor. The
major challenges addressed were the complexity and the lack
of a dynamic representation of product, system (layout) or
process models in PLM and ERP systems, as well as the lack
of a capability to test what-if scenarios of the future by using
MES, which is known as decision myopia. The lack of dy-
namic model representation and the capability to test what-if
scenarios with legacy engineering tools is argued by saying “I

Fig. 6 Familiarity with IT tools
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can see how the system will look like with the current tools,
but I cannot see how it will work” (Int. 2). The missing link
between digital models and physical models are addressed as
a challenge “since there are ad-hoc minor improvements as a
result of continuous improvement on the line” (Int. 7).
Concept selection experts who are dealing with the challenge
of translating the design requirements, design concepts and
ideas into consequences for manufacturing in terms of pro-
cesses, lead times, manning, tools, layout, etc. stressed the
lack of interoperability between different systems. They stated
that “There are a lot of errors through various information
translation steps from different systems and mindsets. And,
that information is given further down to the value chain and
probably not updated in the system. So, that information is
decoupled from a lot of other information when it gets to the
next level” (Int. 4).

The above mentioned, relatively technical challenges were
emphasized in a broader sense by the senior project manage-
ment level: “Products are changing more often. Consequently,
we are constantly changing the production layout, but we are
not adapting the way we produce to the development of the
products. There are a lot of IT tools for handling products,
items, and materials but not a lot of tools for layouts and
processes (factories)” (Int. 11). As a result of this, “Time to
market is a constant challenge. Collaboration aspects across
the full value chain, which could be design for manufacturing,
design for service or design for transport, need to be consid-
ered in very early phases. Otherwise, we see huge challenges
later on in the projects that need to be managed” (Int. 10). The
scope of the difficulties in the industry is well summarized by
the vice president level; “The challenge is our agility in terms
of adapting to changing environments and securing that adap-
tation fast enough to maintain our competitiveness in the mar-
ket” (Int. 13). Instigation to discover experts’ reflections on
challenges they are facing naturally leads to their interpreta-
tions on how the DT-based VF concept could support
manufacturing operations to deal with such challenges.
Most of the experts addressed the advantage of dynamic
model representation of DT-based VF simulations as the
initial benefit.

8.2 Dynamic representation

Dynamic model representation of VF simulations is considered
as “exactly the strength that we can use data to simulate and
manipulate the future” (Int. 13). Some experts acknowledged
the dynamism as an enabler to see more details in terms of the
interaction of materials and tools with processes. Moreover, the
ability to analyse constraints, capacities and collisions which
cannot be analysed in PDM solutions is an advantage. Static
process models are not suitable for drawing each process step in
a detailed way. “That is why until you test it (process model),
you do not know if there are going to be any problems. I believe
VF can show such errors in advance” (Int. 2). Using 3D VF
simulations for the design for manufacturability in very early
stages is addressed as highly beneficial (Int. 3). Some (Int. 5)
considered the dynamism as the synchronization between live
production data and simulation rather than 3D animations in
DES; while another expert (Int. 7) considered using existing
production data as a prerequisite for dynamism. The compari-
son between VF and legacy engineering platforms can be sum-
marized as “PDM andMPM are more static programs. They do
not have the time factor. Then the MES and ERP systems do
not have the design data.” (Int. 9). As a result, experts stressed
the importance of the realistic results “to measure how efficient
the future model will be” (Int. 7) by manipulating complex
simulation models for testing assumptions. Therefore, dynamic
model representation stands out as a valuable capability when it
is synchronized with actual engineering and execution data.
Thus, “we can actually use VF as sort of seeing the future,
looking at bottlenecks, constraints, and resource planning, be-
cause I cannot do that with PDM” (Int. 8). Such synchroniza-
tion requires openness to establish flexible connections with
other systems. Therefore, arguments for DT-based VF as an
open system are shortly presented in the next section.

8.3 Open system

The openness of DT-based VF for integration with actual
engineering and execution systems is argued as the main de-
sire for updating parameters based on reality to increase

Table 1 Interview results summary
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accuracy and trust to DT-based VF models as well as saving
time (Int. 7, Int. 8). The significance of openness for new
integrations has become apparent, especially during NPI pro-
cesses. Lack of qualified data from the beginning and contin-
uous change of data during the progress are central consider-
ations for this capability. Being “open” to set up new connec-
tions with other systems while the dynamic complexity of the
environment is evolving does not just save time, it enables
“actually simulating the real world not just numbers that you
put in. I think that is extremely important” (Int. 11). Openness
to integration can provide value in capturing requirements
early and in design phases “that we can simulate all our deci-
sions across the value chain as we make the decisions.
Because that is really what will create the benefit for us and
monetarily reduce our time to market” (Int. 13).

8.4 Cognitive system

Visual capabilities of VF simulations and dynamic 3Dmodels
together with VR have been stated as the primary contributors
to sense-making and increased visual data for communication.
When it comes to the “sense-making” aspect of the VF
models, all experts agreed to the ease of judgement in the first
glance as a user; however, a few argued that it could be highly
difficult to understand the calculations behind the DT based
VF models. Experts in the concept selection department ar-
gued that “It is a new type of skill set that is needed compared
to what we are doing today” (Int. 5). Accordingly, they state
the strategic importance of the new competencies by saying;
“it is very important that you do not end up having like a task
force with ten people or this one guy as the only one who
understands what is going on” (Int. 4).

The difference between VF models and legacy engineering
platforms in terms of communication and sense-making was
also argued. “The tools that we are using today to develop a
new production facility get so specialised that you are actually
not able to present it very well. Virtual Factory represents a
huge amount of communication (data)” (Int. 11) “PDM and
MES just show data and things have been done. But in VF, I
can see why this is like this. Why is this happening?What was
the problem?” (Int. 1). Collaborative VR capability is consid-
ered to be highly useful for learning, training analyses, verifi-
cation and validation or for finding errors and problems.
Utilizing the DT-based VF for knowledge dissemination dur-
ing the global expansion of production is also addressed “A lot
of our Russian colleagues were not able to travel to Denmark
to understand and see howwe should assemble the turbine. If I
could do that upfront by showing them at least virtual reality,
then the understanding and the preparation of these new op-
erators who have not seen a turbine before will definitely be
much better” (Int. 6).

How to achieve a cognitive representation of highly com-
plex and dynamic engineering models seemed “a core

question because there is a tipping point between showing
off and facilitating an innovative thought process. VF is def-
initely something that helps on the creative part of the way
things can be illustrated and simulated, but we should also
make sure that it does not become a show of (virtual) reality
that we will never materialise” (Int. 13).

8.5 Holistic system

The benefits of a holistic system approach seemed quite ob-
vious to the experts from the shop floor since they stated, “we
can optimise the line better when we get information about the
other related systems (material handling, maintenance, etcet-
era)” (Int. 2). Production engineers gave several historical ex-
amples that they faced due to lack of a holistic view. A holistic
view is essential to analyse the impact of a change to “under-
stand how everything works together. In current systems, if I
change something, it can be quite hard to understand what
effect it has. And remember, small changes in one place can
affect a lot of other places as well” (Int. 6). Moreover, DT-
based VF is also considered to be a better solution to analyse
and understand a system than the current engineering plat-
forms for a specific factory that will shift to a mixed produc-
tion soon (Int. 9). The potential role of VF among the legacy
engineering tools is summarized in the following statement.
“These tools (PDM, PLM) are product related. They do not
have other data. If you are doing a change in a PDM link, you
do not see the consequences on the production line. MES also
does not have the product data. We need more integration
between our legacy engineering systems. I think VF can sup-
port this integration. We can create simulations for each fac-
tory, and it could help determine which factory is the most
suitable factory for producing that specific product. It can also
get data from shipping and be extended to higher-level supply
chain simulation” (Int. 9).

A senior manager considered “the holistic understanding of
how a certain idea or design impacts the value chain is the big
benefit” (Int. 13). He also stressed that assumptions are good
at a detailed level, but integrating assumptions and organiza-
tional knowledge into a model and simulating it repetitively is
a real advantage (Int. 13).

8.6 Concurrent engineering

A majority of the experts agreed that DT based VF could
support concurrent engineering by enabling independent
teams to access and work with the same integrated simulation
models. Some stated that it could support not just manufactur-
ing operations inside the organization, but it can also support
engineering tasks coordinated with suppliers as well as align-
ments with customers. Some experts also stressed the increas-
ing importance of concurrent engineering with collaborative
VR due to the COVID-19 pandemic. A senior manager
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stressed the limited engagement across the value chain with
the design and requirements gathering process. The capability
of visualizing the impacts of a design decision across the value
chain considered that “it makes it much easier for the entire
value chain in a company like Vestas to engage themselves
into the design process” (Int. 13). “As soon as we start to have
a blade shape, we actually understand the effect across the
value chain. In one simulation, for example, we would actu-
ally be able to simulate the whole transportation route through
the strategic markets for which the product is designed. And
by that, we will engage in those discussions much earlier than
we have ever done before, and we do not need to have the
discussion just before it hits the market” (Int. 13).

8.7 Time-saving

All interviewed experts considered that DT-based VF can sa-
ve time during the introduction of a new product to market.
Shop floor engineers considered DT-based VF simulations to
be a more practical engineering tool to integrate 3D factory
and product models while simulating the processes for
analysing, validating and optimizing. Project managers ad-
dressed the value on risk aversion, increased readiness for
operations execution and organizational alignment.

A regional production engineer addressed the problems
that they were facing during the introduction of a new wind-
mill blade mould and stressed that many of those problems
would not be faced if they had VF models. “Last week, for
example, we moved a crane and found that there is an issue in
the layout. Now we have to wait four weeks to change it
again” (Int. 7). An expert from the project management office
listed some time-saving scenarios for having a full-scale DT
based VF solution: “1) We are spending a lot of time on
building some early representations. A business case for a
VF would be very helpful in removing some of those early
builds. This would have a huge impact on the timeline and
reduce time tomarket. 2) If the VF replaced or removed one or
two design prototypes or the mock-up builds in blades, that
would significantly reduce the time to market. It would also
have a huge cost reduction impact. 3) In a technology transfer
project, if we could have the VF for every single factory that
we have around the world, then we could do virtual factory
tours without sending a lot of people to these actual factories
and spending many days on that. 4) We have many iterations
in the projects that look into the layout and the flow, and these
are constantly being revised. VF could remove some of those
iterations as well” (In. 10).

Senior managers consider that it is a capability of integrated
simulation to enable parallel work for different operations in
product and production lifecycles. It is also stressed that the
gains of DT-based VF in terms of time to market can be
extended with the simulations of other parts of “the value
chain from supply chain to manufacturing to transport to

construction on site” (Int. 13). Thus, “whenever we have done
with the design (of a product), we can have the full knowledge
about what the impact will be and how we can use that knowl-
edge across the design process to make the right decisions in a
timely manner. If we can gather all that knowledge and have
those sprints in the design phase, then we are actually ready
when the design is done instead of having a design done and
then making ourselves ready, as we do today” (Int. 13).

8.8 Virtual prototyping

Before presenting the discussions on VP by utilizing a DT-
based VF solution, we should note that there are mainly three
types of prototypes performed at Vestas. These are design,
process and 0-series prototypes. While design prototypes fo-
cus on capturing design requirements and finalizing the bill of
materials, process prototypes focus on capturing assembly
processes. 0-series prototypes focus on capturing serial pro-
duction requirements.

Although the majority of experts agreed that DT-based VF
could enable VP, some stressed that there will always be a
lack of trust for the virtual models. A few also stated that some
prototypes are needed for physical material tests or to verify
physical material quality supplied by a supplier. It is consid-
ered that simulation of new products in DT based VF utilizing
actual production data can save time and cost by capturing
conflicts and bottlenecks in advance. Some also considered
that DT based VF can enable VP of new products by extend-
ing the production line models with toll usage, material han-
dling, and warehouse models. “Today, we have virtual design
prototypes where we are sure that parts do not collide.We also
have an idea on the assembly sequences, but it does not in-
clude the factory environment and tools. Including the factory
would be the correct approach” (Int. 6). Some considered that
VP can support investment decisions by ensuring the capacity
and unveiling the bottlenecks in early phases, while some
address that it can reduce the number of early builds and
accelerate the ramp-up.

Some experts argued that decreasing physical builds re-
quires highly detailed simulation models and a high level of
trust for such models. A few experts argued that similar trust
problems were faced with CATIA composite modelling, but
increasing familiarity with the virtual engineering models in
time resulted in decreasing physical builds. Therefore, DT
based VF tools can gain trust by increasing expertise and
familiarity in time and, “when we start seeing trust for them
(VF Simulations), the impact will be reducing the physical
builds” (Int. 13). A few stated that decreasing physical builds
with VP is more useful when there is a significant change in
the product introduction processes due to more unpredictable
scenarios that could be analysed in VF simulations. However,
most of the experts agreed that the DT-based VF solution
would support decreasing physical builds. “We have around
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700 findings (during prototyping) where we need to change
something when we do the assembly. We have some risks,
errors, and some corrections; others are mainly improvements.
By reducing these numbers using VF, we can decrease phys-
ical builds” (Int. 6). Some experts considered process proto-
types and 0-series prototypes to be more suitable for decreas-
ing physical builds by VP due to the more mature design of a
product. Nevertheless, some others state that VP with DT
based VF can be more useful in decreasing early design pro-
totypes. “In some projects, because there are so many changes
and so many things discovered through the design prototype,
we end up building many more design prototypes. Some of
those changes or errors or validations could be done in the VR
environment of a VF” (Int. 10). Some assumptions were made
by experts for gains in VP in VF too. “We are building six
nacelles before we are going for a process prototype and most
of them are built to be sure about the design. With VF, maybe
we should be building four instead of six. But for sure, there
are 20 0-series productions and maybe that number could be,
let us say, 10 or 5. So, I think we can go straight to running
production instead of using a (long) time for 0-series produc-
tion” (Int. 1). “We can really earn some money by decreasing
the number of errors caused by developing the wrong tools.
We spend at least half of the time to develop new tools and for
modifications. These delays could often be a week or two; the
worst case is months of delay and hundreds of different prob-
lems that we are mitigating during the introduction of a new
product. For X converter, we found around 200 errors, and I
would guess that we could have spotted 15 to 20% of those
earlier by having a (VF) simulation” (Int. 11).

8.9 Collaborative VR

Experts were provoked to discuss and explore potential use
cases for utilizing multi-user VR capability. Although a few
experts stated that there is some training which may require a
physical training environment, all agreed on the importance of
virtual collaboration and stressed the increase in the emer-
gence of such technology due to Covid-19. The statement
explains the effect of shortening manufacturing lifecycles on
training as follows. “Training is getting increasingly difficult
because we are ramping-up so many factories at the same
time. A couple of years ago, we were first building (a new
line) in X factory and people from other factories were trav-
elling for learning before they ramped-up in other factories.
But now, we need to ramp-up as fast as possible and do full
production. At the same time, we may be rolling it out to a
number of factories around the world. They cannot just travel
out to three different sites at the same time to do training. And,
there is also Covid-19. So, there are many challenges to the
whole concept of conventional training” (Int. 10). Wind blade
manufacturing, which typically relies on the craftsmanship of
workers, seems to be a promising high-value case for VR

training. “When we built the blade for the first time, we really
needed good blade builders (craftsmanship). If we could have
two week virtual training sessions that would allow them not
to be completely green once they hit the shell moulds. It would
be absolutely perfect. I know it is going to be virtual, but they
are going to have a basic understanding of what they need to
do and how they need to do it. I think that would be super
beneficial. It does not have to be the most difficult part, just a
basic understanding which prevents us from having a lot of
mistakes” (Int. 8).

Besides the apparent cases promising value for collabora-
tive VR such as remote support and training, other cases like
training design and evaluating various standard work setups
were also proposed as a beneficial. Recording best practices in
a collaborative VR for designing training instead of a
predefined standard work instruction stands as a promising
idea. Using VR for training/learning is also considered as
standing out with a decrease in the cognitive load compared
to 2D documents. VR training technology is also considered
to be a “competitive advantage in the workforce market” (Int.
7) by motivating a younger generation of workers.

8.10 DT-based VF Artefacts

Figure 7 shows the results of the survey, which was conducted
for the evaluation of DT-based VF artefacts, including con-
cept and architecture. The DT-based VF concept is ranked
relatively high in terms of utility, simplicity, consistency, nov-
elty and handling complexity. When it comes to effectiveness,
reliability, and ease of use, however, it is ranked lower.
Experts stated that, although the high level of concept design
increases the consistency of DT-based VF implementation
into different contexts, it also decreases the ease of use and
effectiveness. Because the DT-based VF integrates a number
of technologies, systems and data across the value chain, the
reliability is stated as dependent on IT infrastructure and the
data quality of the organization implementing the concept.

8.11 Discussions and limitations

This research work achieved (1) demonstrating the DT-based
VF concept and demo, (2) evaluating the DT based VF arte-
facts and demo, and (3) exploring the potential implications of
the concept in wind blade and nacelle manufacturing cases.
Nevertheless, a design science approach in complex and dy-
namic organizations which contain human factors has the pos-
sibility to lead to internal validity confusion [83]. Due to dif-
ficulties in isolating highly complex environments and a large
number of interdependent variables consisted in such environ-
ments, it was not possible for us to design an experimental or
quasi-experimental research approach for such an evaluation.
It must be kept in mind that the work presented in this article
covers the second half of a comprehensive research project
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[12]. The gap between the claim of the subject research, which is
the design and development of DT based VF artefacts, and im-
plementation and evaluation presented in this article is covered in
previous studies.

It is believed that the evaluation of industry experts and
arguments provides valuable data to answer previously ad-
dressed research questions. DT-based VF is considered to be
a dynamic, open, cognitive and holistic solution by industry
experts. Experts’ discussions, arguments and pieces of evi-
dence about how DT-based VF can support saving time, con-
current engineering and VP were also presented. Potential use
cases for utilizing collaborative VR in the manufacturing in-
dustry were explored and presented. The artefacts were eval-
uated as useful, effective, simple and consistent to implement
a DT-based VF solution. Although there can be various sim-
ulation tools and technologies as well as data integration ap-
proaches, the artefacts can provide context dependent on gen-
eral user instructions, which can be sufficient for competent
professionals.

Open conversations allowed us to collect the information
provided by respondents with well-grounded evidence and
examples from real-life industrial cases and well-defended
arguments. This led us to identify some implementation is-
sues, namely, (1) highly detailed DT-based VF simulation
and trust are needed to decrease physical builds and (2) reli-
ability of the DT-based VF simulations is dependent on the
data provided by the legacy engineering platforms.

Although there are a great variety of values from promising
use cases for the concept, VP stands for a highly promising
industrial use case. Therefore, more particular use case evalu-
ations are required for future studies. New use cases for uti-
lizing collaborative VR, namely, designing process work in-
structions or VR training/learning scenarios, could also be
considered for future research. Particularly, due to Covid-19
pandemic, the significance of collaborative VR capabilities in
VF simulations is raised.

9 Conclusion

DT-based VF is promising for enabling a virtual environment
for integrated representation of product, process and system
models to design, evaluate, validate, optimize and interact
with such models. Such integration has potential for enabling
a rendezvous for product and production lifecycle processes.
Therefore, DT-based VF can support concurrent engineering
of product, process and manufacturing systems. Recent devel-
opments in M&S, DT and VR technologies exploit the poten-
tial value of the VF concept. Although each of these techno-
logical concepts promises a significant benefit, integration of
such technologies exponentially increases the value to indus-
try. Easy to use user interfaces of M&S and integration pos-
sibilities enable faster development cycles for 3D simulation

Fig. 7 VF artefacts evaluation
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models. Embedded VR functions and the decreasing cost of
VR tools are attracting the industry to utilize such technology
more. There are a number of studies covering either very
specific implications of the distinct technologies or highly
conceptual work. Therefore, this study aims to close the
theory-practice gap by demonstrating and evaluating the
DT-based VF concept with multi-user VR capability in wind
blade and nacelle manufacturing use cases.

Experts’ evaluations show that the DT-based VF concept
can achieve dynamic, open, cognitive and holistic system con-
cepts of competence theory. Therefore, it has the potential to
support manufacturing enterprises for competence-based stra-

tegic management. DT-based VF is promising as a viable
solution to support manufacturing organizations during their
adaptation to changing conditions by designing, analysing,
validating, simulating and optimizing product, process and
system models.

Ongoing research will be devoted to combining here
shown theory for the application of DT-based VF concept as
a more comprehensive Cyber-Physical System for enterprise-
level operations. This will include (1) extending the DT-based
VF concept to virtual enterprise, (2) more contextual simula-
tion integration architecture and (3) more tangible case studies
such as virtual prototyping in wind blade manufacturing.

Table 2 List of Interviewees

Int.
No.

Interview date and
time

Interviewee title Years of
experience

Department What is your responsibility?

1 11-05-2020 14:06 Process Technician 3 Process Excellence (PEX) Complexity reduction in running production line.

2 12-05-2020 10:50 Production worker 5 PEX Optimizing production line

3 11-05-2020 09:43 Team Leader 11 Technical Support (TS) &
Quality (Q)

Team lead for quality and technical support
in production and logistics

4 11-05-2020 15:56 Specialist 11 Concept Selection Production specialist in PEX in the manufacturing

5 13-05-2020 10:59 Lead Production
Engineer

10 Concept Selection How we should set up our systems and
our production floor set in accordance with
new products in our factories around the world.

6 14-05-2020 14:39 PE, TS & Q
Developer

3 Regional Production
Engineering
(PE), TS & Q, Europe Middle
East and Africa (EMEA)

Production engineering as a developer

7 22-05-2020 15:43 PE, TS & Q
Developer

6 Regional PE, TS & Q, Americas
region (AME)

Regional Production Engineering, Technical
Support & Quality, Americas Region

8 25-05-2020 15:52 Senior Manager 7 New Product Introduction
(NPI) & Test line

Senior manager for production, specifically
building blades for the first time (NPI).

9 07-05-2020 10:18 Project Manager 15 Production Engineering
(Projects & Tasks)

Production Line: Tools, process flow, process
work instructions, control plans

10 20-05-2020 11:09 Senior PMO
Specialist

10 Project Management
Office (PMO)

Executing projects in manufacturing related to
developing and rolling out new products as
well as rolling out those internal and external
factories around the globe.

11 25-05-2020 09:38 Senior Technical
Support Manager

12 Technical Support Responsible for all layouts, operation times,
building facilities, item allocation

12 11-06-2020 15:35 Chief Specialist,
Digitalisation &
Capability Dev.

30 Business Development Focusing on the digitalisation, and business
improvement roadmap in different areas
like PLM, engineering.

13 11-06-2020 15:35 Senior Vice President
(SVP),
Industrialisation

26 Industrialisation & Vestas
Power Solutions Excellence

Heading up industrialisation in power solutions
and blades

Appendix
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