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Abstract
Manufacturing organisations must compete with each other while adapting to the ever-changing conditions by building and 
strengthening their chains of competencies to survive. Therefore, companies are challenged to reform and reconstruct their 
product, process, and system models as well as to define new goals conforming to evolving complex and dynamic environ-
ments. Recent advancements in technologies such as modelling and simulation (M&S), digital twin (DT) and virtual reality 
(VR) promise new ways for remodelling organisations’ resources, processes, and architectures. Moreover, comprehensive 
concepts like DT-based virtual factory (VF) exploit the potential for utilising such technological concepts in the application 
domain by enabling the integration of various tools, methods, and processes. There are a variety of empirical studies focusing 
either on the distinct use of technologies, methods and processes or very generic concepts and approaches. However, studies 
focusing on both conceptual and practical aspects for such comprehensive and integrated solutions to handle co-evolution 
in the complex manufacturing domain are limited for defining, designing and utilising novel technologies. In this paper, 
therefore, we attempt to close this gap by (1) framing and discussing the conceptual and theoretical foundations of DT-based 
VF, (2) introducing and discussing the extension of the DT-based VF to virtual enterprise and (3) generalising and interpret-
ing the prescriptive knowledge discovered during the previous VF demonstrations performed at Vestas Wind Systems A/S. 
Systems and complexity theories, concepts of business cycles and competence-based strategic management are discussed 
to frame descriptive knowledge as a language for depicting the internal and external nature of complex manufacturing 
enterprise operations. Furthermore, design principles of the DT-based VF concept are examined based on framed concepts 
and theories as well as its potential implications and deviations into different application contexts to provide managerial 
guidelines for utilising such a concept.
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1  Introduction

Manufacturing industries are gradually challenged more rad-
ically by highly complex socio-political, economic, and tech-
nological dynamics. These changes have immense impacts 
on the behaviours of manufacturing enterprises and, there-
fore, on the research priorities of scholars. Forces like inno-
vation, changing demands, increasing competition and new 
regulations can be considered among the external forces that  

forge the organisations’ processes, products and systems. 
The evolution of markets obliges manufacturing organisa-
tions to re-architect their models in product, process and 
system domains for more adaptive and flexible operations 
and organisations in order to stay competitive. Therefore, 
manufacturing organisations have to deal with coordinated 
evolution (co-evolution) of their models in product, process, 
and system domains [1]. Thus, the term “co-evolution”, as 
illustrated in Fig. 1, represents the challenge of generation 
and propagation of modifications/changes that initiate a mul-
titude of unpredictable scenarios for dynamic manufacturing 
operations, which represents a major reason for complexity 
to be dealt with [1].

In order to deal with the co-evolution paradigm, various 
approaches took the attention of scholars. Product-oriented 
solutions such as modular product design are considered 
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beneficial for rapid product evolution [2] and for managing 
complexity [3]. Moreover, modular product design approaches 
are considered advantageous for the strategic flexibility of 
organisations in answering to unpredictable futures [4]. Nev-
ertheless, capabilities for modular product design and organi-
sational strategic flexibilities demand integration of know-
what, know-how and know-why forms of knowledge [5] for 
the design, management and maintenance of models in the 
process and system domains. Scholars have also studied vari-
ous approaches, such as co-development, co-design and con-
current engineering that can help manufacturing organisations 
deal with co-evolution problems [6–8]. Therefore, synchro-
nisation and concurrent engineering of product, process and 
system models in the early modelling, design and planning 
stages remain among the most relevant challenges for manu-
facturing enterprises [9].

Thus, there is a need for more integration of design, 
simulation, validation, management and maintenance of 
product and manufacturing system lifecycle processes 
which is also called the “era of enterprise integration” by 
some scholars [10]. However, ever-increasing complexity 
and ever-shortening lifecycles in product and production 
domains also challenge organisations while formalising 
and analysing processes and associated data structures. 
Therefore, the need for more precise “as-is” models of 
existing architecture and behaviours to invent, transform 
or modify more efficient “to-be” models is becoming vital 
to deal with co-evolution in complex manufacturing opera-
tions. Moreover, handling such evolution at the enterprise-
level increases the importance of enterprise modelling 
(EM) for more effective strategic alignment to dynamic 
and complex environments. However, enterprise models 

should not be static models and need to reflect the changes 
occurring in reality [10]. Nevertheless still, there is a need 
for more tangible and concrete artefacts demonstrated in 
real-life industrial cases to achieve such models.

Recent developments in state-of-the-art technologies like 
digital twin (DT), 3D modelling and simulations (M&S), 
and immersive virtual reality (VR) enable comprehensive 
and integrated solutions to develop and utilise “as-is” and 
“to-be” models of complex cyber-physical systems (CPS) 
[11, 12]. In recent years, therefore, empirical works on com-
prehensive concepts and approaches like VF gained more 
attention in the application domain. VF was initially intro-
duced as a virtual manufacturing concept where product and 
factory models can be integrated [13], and later defined “as 
an integrated simulation model of major subsystems in a 
factory that considers the factory as a whole and provides 
an advanced decision support capability” [14]. Recent tech-
nological advancements and evolving approaches in devel-
oping and utilising VF tools provoked a reconsideration of 
its definition on the grounds of the motion regarding the 
definition and existence of concepts articulating “things are 
what they are through the activity of the Concept that dwells 
in them and reveals itself in them” [15]. Thus, Yildiz and 
Møller recently suggested a more inclusive definition for 
VF as “an immersive virtual environment wherein digital 
twins of all factory entities can be created, related, simu-
lated, manipulated, and communicate with each other in 
an intelligent way” [16]. Subsequently, they enhanced the 
VF concept and introduced and demonstrated the DT-based 
VF, which has the potential for more dynamic, open, and 
holistic representations of complex manufacturing systems 
and operations in immersive virtual environments [17]. 
Empirical studies on the DT-based VF concept in industrial 
cases demonstrate that DT-based VF stands out as a prom-
ising CPS to support manufacturing enterprises for han-
dling co-evolution [16–18]. Since this article is formed on 
a collection of previously published papers, each of which 
articulates on various interdisciplinary and transdisciplinary 
empirical issues, we strongly advise the reader to refer to 
such works [11, 12, 16–20] for extensive knowledge on prag-
matic validity and practical relevance. In addition, because 
the visual contents conceivably have more potential to con-
vey far-reaching knowledge to the audience, we also strongly 
recommend readers to review the public media documents 
on (1) integrated VF simulations [21], (2) collaborative and 
coordinated VR training [22] and (3) outbound supply chain 
simulation demo [23], which is incorporated by the exten-
sion of DT-based VF to the virtual enterprise.

Moreover, DT-based VFs have the potential to close vari-
ous gaps regarding context-aware DTs addressed in recent 
studies, such as DT interoperability, adaptability, human 
interaction with DTs and real-time data processing for pro-
active decision-making by enabling the integrated context 

Fig. 1   Co-evolution paradigm (adapted from [1])

2318 The International Journal of Advanced Manufacturing Technology (2022) 121:2317–2333



1 3

information of the systems and dynamic model interaction 
[24].

1.1 � Problem statement and objectives

In regard to adapting manufacturing enterprises to evolving 
conditions, various studies are focusing on either the empiri-
cal and confined works concentrating on particular technolo-
gies or conceptual studies giving attention to a high level 
and comprehensive abstractions. However, a manufacturing 
organisation’s capability to handle co-evolution is closely 
related to the market dynamics in which it is operating [1]. 
Moreover, “existing models for the implementation of digi-
tal twins are limited in isolated physics domains inside one 
enterprise”, and “the development of digital twins for auto-
mating businesses towards supply chain integration is criti-
cal but in absence” [25].

Therefore, there is a need for (1) discussions and reflec-
tions on previously uncovered contextual knowledge [16–18] 
that leads to new ways of understanding the proposed DT-
based VF concept, (2) adequate discussions on conceptual 
and theoretical foundations of comprehensive solutions 
based on both theoretical and empirical knowledge, and (3) 
for extending such concept to an enterprise-level for han-
dling co-evolution based on more tangible artefacts and 
demonstrations.

Thus, the goal of this work is to close the abovemen-
tioned theory and practice gap to deal with the co-evolution 
of manufacturing enterprises in a better way by:

1.	 framing the conceptual foundations of DT-based VF to 
support the co-evolution of organisational systems,

2.	 proposing and discussing the extension of the DT-based 
VF to virtual enterprise,

3.	 interpreting and generalising the previously discovered 
knowledge about the DT-based VF concept on providing 
managerial guidelines for utilising the concept. 

Discussion in this article is built upon the previously pub-
lished studies and, therefore, draws its conceptual and theo-
retical arguments on previous empirical studies conducted 
in the application domain [11, 12, 16–20]. Although some 
conceptual and theoretical aspects presented and extensively 
discussed in this work were pointed out in some of the previ-
ous studies, there were not well-framed and dedicated dis-
cussions on the subject goals.

Following the next section, which provides a vocabulary 
for further discussions, Sect. 3 frames and interprets the con-
ceptual and theoretical foundations of the DT-based VF con-
cept. Section 4 presents the concept shortly before Sect. 5, 
which evaluates and discusses the concept based on four 
principles of competence-based strategic management con-
cept. Section 6 examines the implementation of four types 

of changes in organisational architectures by utilising VF 
tools. Section 7 discusses the generalisation of discovered 
knowledge, limitations, and future works before concluding 
in Sect. 8.

2 � Methodology and vocabulary

2.1 � Case research as theory elaboration

The work on hand is the final outcome of 3-year-long 
research on VF. Since the previously designed demonstrated 
and evaluated VF artefacts emerged as a phenomenon when 
artificial, natural, and socio-technical systems interact, the 
theories to interpret the phenomenon link the social, natu-
ral, and artificial worlds [26]. Thus, the body of knowledge 
discovered and disseminated during the previous studies in 
industrial cases [16, 17, 19] capitalises on social, natural and 
design (artificial) sciences [27]. Previous case studies were 
conducted on the trails of the design science research (DSR) 
approach [28] and corresponding methods, frameworks and 
guidelines emerged to support DSR in IS [29–32]. Since 
the objectives of the VF solution are to deal with practi-
cal challenges with pragmatic methods, the justification of 
the designed artefacts incorporates the question of practical 
relevance (In what way does the design make a valuable con-
tribution to addressing a significant field problem or exploit-
ing a promising opportunity? [32]), and pragmatic validity 
(How strong is the evidence that the design will produce the 
desired results [32]?).

However, the essence of case research relies on the dual-
ity of being “situationally grounded” (empirically disci-
plined and minds the contextual idiosyncrasies) while seek-
ing “a sense of generality” (reaches beyond the empirical 
context and inquires extensive theoretical understanding) 
that has been called duality criterion [33]. A case study on 
a Vestas’ manufacturing plant, for example, focuses on col-
lecting contextual data by analysing the empirical and struc-
tural patterns of the proposed solution within a particular 
case. However, the research questions to be answered and 
knowledge to be created by utilising case-specific data can-
not be just about Vestas’ manufacturing plant but need to be  
more general. On the other hand, a sense of generality does 
not focus on whether the solution (or questions) can be gener-
alised to different empirical contexts (contextual deviations)  
but focuses on to what extent the sense of generality can be 
met in terms of theory. Therefore, the duality criterion calls 
for balancing contextual peculiarities of the case research 
with an investigation of more conceptual and theoretical 
implications. Three modes of duality criterion, including (1) 
theory generation, (2) theory testing and (3) theory elabora-
tion, were determined by Ketokivi and Choi [33].
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VF research is not positioned in the mode of theory gen-
eration because it is considered that the existing theories and 
literature maintain a sufficient basis to formulate research 
questions in previous empirical studies. Moreover, the VF 
study is not considered as theory testing since it is not feasi-
ble to derive explicit a priori theoretical hypotheses and con-
duct experimental research to test such hypotheses in very 
complex and dynamic manufacturing organisations. Yet, it is 
considered conceivable to contextualise a priori theories in 
more general ways, and the new knowledge discovered from 
empirical context can lead to more new and general theo-
retical insights. Thus, the VF research and particular study 
presented in this paper can be positioned as theory elabora-
tion which concentrates on contextualised logic of general 
theories. Instead of testing the logic in a certain context, 
this work attempts to elaborate on the logic by exploring the 
contextual peculiarities with more serendipity and latitude. 
A successful theory elaboration requires an investigation of 
general theories and the contextual idiosyncrasies simultane-
ously [33]. Thus, the aim of this study can be described as 
“reconciliation of the general with the particular” by inter-
preting and elaborating on empirical peculiarities through 
more theoretical abstractions. Therefore, the discussion in 
this work lies hovering between contextual/empirical and 
conceptual/theoretical perspectives.

2.2 � Vocabulary

Before articulating the concepts and theories on which the DT- 
based VF concept was built, we consider that defining 
and clarifying certain terms and their relationships can be  
valuable for articulating the nature of complex and evolving 
phenomena. We adopt a vocabulary to identify the context 
on which we are conducting our study as well as describe 
the relationships of the vocabulary [34]. Although we mostly 
adopt the terms in their current use in the literature, some 
scholars attributed various meanings to such terms, which 
resulted in confusion and inconsistencies. Therefore, we aim 
to provide an internally consistent vocabulary to discuss 
conceptual matters of the subject.

The terms enterprise, organisation and firm are used syn-
onymously in this work due to their similar characteristics in  
terms of openness to larger systems and strategic goal- 
seeking behaviours as social, natural, and artificial systems. 
As an essential system of a manufacturing enterprise, the fac-
tory contains social, natural, and artificial systems and deter-
mines the scope of the previous empirical studies we con-
ducted. A manufacturing enterprise is recognised as a system 
of assets and flows that are open to environmental systems 
and contains tangible assets such as machines, tools, build-
ings and intangible assets like knowledge and information 
capabilities. Capabilities signify repeatable actions which 
consume other tangible and intangible assets for pursuing 

specific goals. Goals can be described as a set of interrelated 
objectives like manufacturing products or semi-products 
which collectively drive the actions of a manufacturing enter-
prise. Moreover, goals give direction to a firm’s competence 
leveraging and competence building activities. A manufac-
turing enterprise can accomplish competence when it main-
tains the coordinated arrangement of its assets to achieve its 
goals. Competence leveraging means utilising existing assets 
and capabilities in existing or new environmental conditions 
without qualitative adjustment. Competence building, how-
ever, means acquiring and using qualitatively different assets 
and capabilities to pursue goals. “A manufacturing enterprise 
links, coordinates and manages various resources which are 
available, along with useful assets and capabilities, into a 
system to carry out goal-seeking activities. Coordinating 
and managing systemic interdependencies of internal and 
external resources of an enterprise may evolve alongside its 
competitive and cooperative interactions” [12].

Thus the DT-based VF may be considered as a virtual 
twin of a goal-seeking open system that can be employed 
for competence building and leveraging to achieve strate-
gic goals. The term “virtual twin” is intentionally preferred 
instead of the term DT due to the definitions of DT [35, 36] 
and VF [14, 20], as well as the main purpose of developing 
VFs. The main objective of developing DT-based VF is not 
to achieve a perfect “as-is” model of a manufacturing system 
but to generate and propagate the changes/modifications in 
existing systems and processes to simulate unpredictable 
scenarios for dynamic manufacturing operations by utilis-
ing DTs of manufacturing entities. Thus, DT-based VF can 
enable data-intensive simulations of existing organisations 
for creating and adopting new processes, technologies and 
forms of strategies by enabling the predictive capability for 
complex scenarios. Before the discussion on how this can be 
achieved, there is a need for more discussions on the internal 
and external nature of complex manufacturing organisations, 
which is staged in the next section.

3 � Conceptual and theoretical framework

This section examines some of the concepts and theoreti-
cal principles that can help enlarge our understanding of 
complex manufacturing organisations' internal and external 
nature to provide descriptive knowledge as a language to 
describe the design principles of the DT-based VF concept. 
Before diving into the concepts and theories, it could be 
valuable to put some words about the nature of the knowl-
edge on which we are discussing.

The purpose of modelling enterprise systems, which is 
simply building forms like “as-is” and “to-be” models of 
real-world systems, aims at a change in a real-world context 
through measurable and specific objectives. The relationship 
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between the act of forming “as-is” and “to-be” models of  
a complex organisation, which incorporates social, natural, 
and artificial systems, echoes in aged discussions among 
philosophers about changing the world. Demand for a world 
change is listed in Theses on Feuerbach by Karl Marx as 
often quoted “The philosophers have only interpreted the 
world (die Welt), in various ways; the point, however, is 
to change it” [37]. Martin Heidegger argued, however, “A 
change of the world presupposes a change of the conception 
of the world, which can only be established by an adequate 
interpretation of the world” [38]. Although we are not try-
ing to interpret and change the world (die Welt), but the 
environment (um Welt) one (consciousness) can experi-
ence. We can presume “as-is” models of a certain environ-
ment are the representations of the abstract reflections of a 
cognition that relies on the truth of such environment as its 
object. Although our cognitions are bounded by empirical 
and epistemological premises, an adequate conception of the  
environment can be established by extensive interpretations 
for facilitating further changes in such an environment. The  
purpose of addressing such notions is not to set sail to recon-
dite discussions on the epistemic justification of phenomenal 
knowledge. But instead, stressing the authors’ standpoint  
that the fear of falling into an error while interpreting the envi-
ronment might reveal itself as a fear of the truth. Therefore,  
we simply spare ourselves from prolonged epistemological 
discussions. But we would like to conclude that the essence 
of dialectical exercise on understanding and interpreting the 
evolving nature of complex manufacturing organisations 
presented in this study aims to affect both its knowledge  
(the truth) and its object (the reality).

The theories that are investigated for describing the 
nature of the co-evolution problem, as well as concepts that 
are utilised to explore the problem, are framed, and shown in 
Fig. 2. General system theory provides some basic principles 
and concepts regarding the nature of systems, subsystems, 
dynamics of systems, parts, and interrelations in general. 
Complexity theory or complex systems theory reveals some 
particular propositions on evolving complexity of the social, 
natural, and artificial structure of systems. For understanding 
the nature of co-evolution in the context of complex manu-
facturing organisations, there is a need to understand princi-
ples of industry evolution as well as the relationship between 
industry dynamics with internal domains of organisations,  
namely product, process, and system domains. In this regard, the  
concepts of industrial cycles, also known as principles of 
business genetics, implement the principles of evolutionary 
biology to the industries and provide relatively universal 
laws of evolution in the industries. Eventually, competence-
based strategic management concepts, also known as com-
petence theory, incorporate the principles of systems theory 
and complexity theory and introduce organisation design 
concepts for strategic alignment to complex and dynamic 

environments. Both principles of business genetics and 
competence-based management concepts emphasise the  
three domains of manufacturing organisations, namely prod-
uct, process and systems, from different perspectives [39, 40].  
Therefore, such theories and concepts provide the essential 
knowledge as a language and founding principles that are 
used to define and discuss the DT-based VF concept for 
dealing with co-evolution problem as well as its extension 
to a virtual enterprise.

In this regard, the next section examines the general sys-
tem theory and the nature of integration and interaction of 
different parts and subsystems of a general system, as well 
as some basic concepts and principles of complexity theory.

3.1 � System theory and complexity

An increase in disciplinary studies of modern science and 
knowledge is considered one of the roots for problems of 
dynamic interaction, wholeness, and organisation in various 
fields of science. Therefore, the need for a theory, not of a 
particular kind, but of universal models, principles and laws 
applying to systems in general or their subclasses and the 
relations between their components has emerged [41]. Since 
early studies in the 1950s, there was a gradually increas-
ing interest and recognition of the relationship between  
the general system theory (later system theory) and various 
subjects like biology, economics and psychology. Parallel 
to this, developments in information theory and cybernet-
ics were availed of principles, terms and notions of system 
theory [42]. It is worth mentioning that extant discussions 
on shrinking disciplinary boundaries coupled with collid-
ing epistemic worlds (academic and public) and led to the 
increasing call for interdisciplinary and transdisciplinary 
knowledge production [43].

Fig. 2   Conceptual framework
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System theory extended our understanding by formulating 
and articulating the differences between behaviours of parts 
and processes in isolation and behaviours of organisation 
and order unifying them [44]. A system can be defined 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 an independent effect on the whole, and 
(3) no subgroup of which can have an independent effect on 
the whole” [45]. Therefore, the performance and the fun-
damental properties of a system are not determined by the 
separate behaviours of its parts but the interactions. Accord-
ingly, a system is “the product of the interaction of its parts” 
[46] which “is more than the sum of the parts, (…) that given 
the properties of the parts and the laws of their interaction, 
it is not a trivial matter to infer the properties of the whole” 
[47]. Over time, scholars identified the distinctions between 
three types of systems: mechanical, organismic and social 
systems, and Ackoff depicted the concept of an enterprise 
in the context of each type of system [45].

Factories that incorporate social, natural, and artificial sys-
tems are also embedded in larger systems such as industries, 
markets, and nations. Therefore, when co-evolution is also 
taken into consideration, factories can be considered as highly 
complex systems of actively interacting problems. Although 
there are various approaches proposed to evaluate the com-
plexity of a system [48], a complex system can be defined 
simply as “a system made up of a large number of parts that 
interact in a nonsimple way” [47]. A fundamental assumption  
of organisational theory and practice states that “a certain level of  
predictability and order exists in the world” and, thus, encour-
ages simplifications for ordered circumstances [49]. When 
circumstances change more frequently than ever before and 
complexity increases, however, predictability decreases sig-
nificantly. As a result, simplification and conventional man-
agement and leadership approaches increasingly start to fail 
[49, 50]. Therefore, as a complementary approach to analysis 
which is simply taking parts and processes in isolation, a syn-
thesis which is considering systems and their parts as a whole 
is required to deal with problems in complex domains [45, 
46]. Thus, “the truth is the whole” [51].

VF concept does not just enable the wholistic representa-
tion of a factory by integrating various simulations of sub-
systems and essential parts but also enables the integration 
of the VF platform with its environmental systems. Bearing 
in mind the recent developments in M&S technologies facili-
tates advanced digital integration of tools and data across the 
manufacturing lifecycles [52]. Moreover, whereas integrated 
DT capabilities allow the creation of more realistic and 
dynamic “as-is” models of complex organisations, VR capa-
bilities enable the dynamic interaction with complex mod-
els in immersive environments [11, 53]. Due to diagnostics 
and advanced predictive and prescriptive analytics [54] capa-
bilities of simulations, the DT-based VF concept can support 

the  engineering and management of complex systems  
in reforming and reconstructing models in an adaptive vir-
tual environment. Thus, the DT-based VF concept promises  
a potential for the analysis and synthesis approaches while 
redesigning a complex organisation, its subsystems, or its 
environment [12]. Accordingly, the experimental mode of 
management, which is demanded by a complex domain [49], 
can be facilitated by the DT-based VF concept.

General systems theory and complexity theory provide a 
basis for understanding and interpretation of “what” is the 
nature of complex organisations in general and thus how DT-
based VF can support organisations to handle complexities 
in evolving operations. The next section investigates some 
principles and concepts of industrial cycles and interprets 
the relationship between business environments as an exter-
nal domain of complex manufacturing organisations in terms 
of the co-evolution paradigm.

3.2 � Concepts of industrial cycles

Although different industries have their own dynamics to 
follow, there are some common laws and forces that can 
change the industrial cycles permanently. Since manufac-
turing enterprises are embedded in their respective industry 
with their supply chain, changes occurring in the industrial 
cycles are among the main forces that determine the sur-
vival matters for enterprises. Charles Fine implemented the 
principles of evolutionary biology to the industrial lifecycles 
in his book entitled “Clockspeed: winning industry control 
in the age of temporary advantage” and outlined relatively 
universal principles of industry evolution [55].

Just like different species have different lifespans, which 
are determined by the internal speed of living creatures’ 
metabolism (clockspeed), different industries also have dif-
ferent cycles. For biologists, species like fruit fly is perfect 
candidates with 10 to 15 days of lifespan for observing and 
identifying general laws and principles to apply to all spe-
cies. Similarly, in the spectrum of various industries, the 
electronic components industry, for example, inherits a faster 
clockspeed with rapidly changing products and manufactur-
ing processes. Industries like mining or automotive, how-
ever, follow relatively slow lifecycles [56].

Charles Fine’s research enhanced our understanding and 
interpretations of the nature of evolution in the industries 
and revealed some laws that include as follows: (1) there is 
no permanent domination for companies. All domination is 
temporary, (2) the faster the rhythm of evolution results in the 
shorter the reign of domination, (3) thus, the ultimate core 
advantage for the firms is the capability to adapt to evolving 
industrial environments [39], (4) the rhythm of change in the 
industries is determined by certain forces and their intensity.

Some of the major forces that shape the evolution of indus-
tries as well as internal dynamics of enterprises are identified 
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as (1) technology and innovation, (2) level of competition, (3) 
regulations and (4) demography [39, 57]. A significant out-
come of the theory of industrial cycles is that the particular 
rhythm of evolution for each industry takes the place of three 
angles: product, process, and organisation. Recent studies are 
also examined the concurrent evolution (co-evolution) of prod-
uct, process, and system models [1, 58]. Fine investigated the 
evolution of systems at a higher level by regarding the manu-
facturing organisation as a manufacturing supply chain [59]. 
He also introduced the Double DNA Helix to illustrate the 
dynamic forces of supply chain and proposed 3-dimensional 
concurrent engineering of the product, process, and systems 
[39]. Tolio et al., however, concentrated on factories as manu-
facturing systems and considered VF as a fundamental tool to 
handle co-evolution problem [60]. They considered VF as a 
prerequisite to handling co-evolution problem due to its capa-
bilities for supporting the integration of different digital fac-
tory tools as well as the integrated use of various engineering  
methodologies. Thus, supply chain systems can be considered  
key interfaces between  factories' external domains and 
their internal entities, operations and systems that form the  
co-evolution.

In so far, the systems theory, complexity theory and con-
cepts of industrial cycles contribute to a basis for understand-
ing “what” is the internal and external nature of co-evolution  
of complex manufacturing organisations. Nevertheless, 
there is a need to  examine other concepts to illustrate  
“how” to study a complex system which can adjust itself to 
dynamically changing conditions and circumstances. The 
next section will address such a need.

3.3 � Competence‑based strategic management

Competence-based strategic management concepts, also called 
competence theory [40, 50], incorporate the principles and 
concepts of system theory, complexity theory and strategy 
theory while characterising organisations and their strategic 
and competitive actions in a more systemic, inclusive, and 
dynamic way [34]. Competence-based management charac-
terises organisations as complex systems embedded in evolv-
ing dynamics of industries as well as strategic goal-seeking 
behaviours of organisations as products of the interactions of 
interdepended entities of an organisation [61]. Thus, organi-
sations are goal-seeking open systems that build and leverage 
their competencies by redesigning their capabilities, resources 
and coordination for adapting to and competing in strategic 
environments. Strategic management of organisations is con-
sidered “as a process of designing organisations as adaptive 
systems” in competence theory by Sanchez [50]. Moreover, 
competence-based strategic management further provides rela-
tively more consistent and feasible organisation design prin-
ciples for management to sustain competencies [62]. Sanchez 

illustrates the analysis and synthesis activities of product and 
production design processes during the architectural transition 
of an organisation to meet the demands of its environment and 
suggests a principle of architectural isomorphism [40]. The 
principle of architectural isomorphism proposes that “Main-
taining effective strategic alignment of an organisation with its 
environment requires achieving isomorphism across a firm’s 
product, process, and organisation architectures” [40]. Sanchez 
also maps the four basic types of strategic environments and 
introduces four types of changes in organisations’ tangible and 
intangible assets which are characterised “as convergence, 
reconfiguration, absorptive integration and architectural trans-
formation” [40]. We will discuss the forms of changes and how  
DT-based VF can be utilised to support such changes in Sect. 6 
in more detail. An essential aspect of competence theory for  
our study is that it reveals four cornerstones/dimensions to 
achieve strategic management of organisations based on an 
interplay of competence and complexity theories. These corner-
stones, namely, dynamic, open, cognitive, and holistic, provide 
a vocabulary to form a conceptual framework that describes 
how the co-evolution problem should be explored in the con-
text of evolution and modelling of manufacturing enterprises 
[50]. We discussed each cornerstone and their elaboration on  
the DT-based VF concept in Sect. 5.

We suggest that DT-based VF can achieve four corner-
stones and provide a useful solution to design, develop, ana-
lyse, simulate and optimise four types of essential changes 
in system models to stimulate management thinking and the 
kinds of flexibility and reconfigurability [12, 16]. Therefore, 
an essential premise for the discussions in this paper is that 
DT-based VF can assist the co-evolution of complex manufac-
turing organisations by achieving isomorphism across product, 
process and organisation architectures for maintaining effec-
tive strategic alignment with their environments.

Competence theory is developed at a high level of abstrac-
tions. Thus, it is applicable for any type of organisational pro-
cesses, including manufacturing organisations. Nevertheless, 
to the best of our knowledge, the DT-based VF research, upon 
which this work was built, is one of a kind that attempts to 
apply the abstractions of competence theory onto a particular 
manufacturing system context and extends its implications fur-
ther to broader enterprise-level [12]. In this regard, the next 
section presents the previously introduced DT-based VF con-
cept and its extension to the enterprise level.

4 � Digital twin‑based virtual factory concept

This section summarises the VF concept history as well as 
an extension of its implications and role with the utilisation 
of state-of-the-art technologies to provide more clear foun-
dations for further discussions.
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4.1 � Product and production lifecycle processes 
rendezvous

During the 1990s, VF was described in various ways, includ-
ing emulation facility, virtual organisation, and integrated 
simulations [13, 14]. Since then, the VF concept has been 
considered for various purposes such as simulation and opti-
misation [63], system design and modelling [64], production 
line control [65], sustainability and reconfigurability of fac-
tories [66]. Therefore, the concept conveyed its prominence 
until the present day.

Yildiz and Møller [16] reformed the VF concept by 
building on the artefacts proposed in previous studies [14, 
67] with an effort to distinguish product, process and sys-
tem (factory) domains and by illustrating its position with 
regard to product and production lifecycle processes as seen 
in Fig. 3. Yildiz et al. further extended the concept and its 
empirical models with DT and collaborative VR capabilities 
together with a more inclusive definition [11, 17, 19]. They 
demonstrated the bi-directional real-time data synchronisa-
tion between shopfloor and VF simulations to enable the 
creation of DTs in VF simulations while utilising interactive 
VR training in the same models [17].

The separation of product, process and system domains 
can extend the recognition of the association between each 
domain as well as an architectural isomorphism of a manu-
facturing organisation. In other words, VF simulations can 

provide an integrated virtual environment to incorporate 
product and manufacturing architectures as well as a ren-
dezvous for product and production lifecycle processes. It 
is also considered valuable to identify the functional rela-
tionship between VF and product development and produc-
tion execution systems, especially when there is an uneven 
level of digitalisation. Bidirectional data integration between 
execution and engineering systems such as product lifecycle 
management (PLM), enterprise resource planning (ERP) and 
manufacturing execution system (MES) demonstrated the 
creation, relation and manipulation of DTs in comprehen-
sive virtual models as well as control of actual systems via 
DT simulations. Thus, DT-based VF enabled the facilita-
tion of CPSs. Moreover, the DT-based VF concept enables 
extended virtual environments by integrating various levels 
and resolutions of simulations that facilitate the alignment 
between product, process, and system domains. Together 
with collaborative VR capabilities, integration of various 
models, resources, capabilities, and processes can provide 
embedded coordination capability and thus concurrent engi-
neering [16].

While the various levels of simulations enable model-
ling different levels of details (multi-resolution) of a system, 
distinct interfaces such as functional, resource, coordination 
and governance can be formed and simulated for achiev-
ing competence building. Integration between the different 
resolutions of simulations can facilitate importing objectives 

Fig. 3   DT-based VF concept [16, 17]
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and targets from lover resolution, including a line or factory 
simulation to higher resolution, such as welding or physics 
simulation, as well as operating states from low resolution 
to higher resolution. Thus, various changes in simulation 
models can be reflected in different levels of simulations to 
test various discrete flexibility or what-if scenarios.

Since the capabilities of the VF platform depend on 
employed tools, technologies and needs, depending on spe-
cific industrial contexts, we do not intend to extend the dis-
cussion of penetrating details of the interrelation of tools. 
However, our endeavours for representing complex manu-
facturing operations wholistically by integrated simulations 
led to demand for the extension of the concept to enterprise-
level simulations.

4.2 � Extension of DT‑based VF to virtual enterprise

It is not a trivial matter to construct the sophisticated 
inclusion of the supply chain into product development, 
manufacturing system development and production exe-
cution. Changes that occur both in the product, process 
and system domain in a manufacturing enterprise call 
for a series of coordinated manufacturing operations that 
require the involvement of a group of manufacturers and 
suppliers. Although the M&S, DTs and VR technologies 
enable superior capabilities, the existing implementation 
of such capabilities is limited in isolated internal domains 
of one enterprise. Therefore, integration of DT-based VF 
to supply chain models for supporting the coordinated evo-
lution of product, process and system models is critical. 
Such integration can enable DT integration with supply 
chains and thus adaptation for holistic optimisation of the 
manufacturing lifecycles [25].

Figure 4 illustrates an example of integrated VF simu-
lations architecture extended with the supply chain for a 
manufacturing enterprise. Different levels and kinds of 

simulations promise a holistic representation of facto-
ries as well as corresponding subsystems of factories. It 
should be kept in mind that the VF concept can further be 
extended to particular value chain operations out of the 
factory context by integrating simulation models of diverse 
operations. Transportation, logistic, supply chain, service 
and maintenance and end of life operations, for example, 
can be integrated into DT-based VF as shown in Fig. 5 
and demonstrated in [23]. Here it should be noted that the 
auxiliary revision on the extended concept was performed 
on the grounds of peer reviews and based on recent studies 
focusing the evolution of MES solutions as well as their 
advancing integration with the enterprise (supply chain) 
and shopfloor systems [68]. It is neither easy nor vital 
to anticipate the long-term evolution of MES, ERP and 
industrial Internet of Things (IIoTs); the integration of 
data across such systems is considered essential to achieve 
smart factories by providing product-centric real-time data 
across enterprises' operations [68, 69]. Therefore, increas-
ing real-time data integration (vertical integration) and 
service-oriented infrastructures (horizontal integration) 
within the manufacturing enterprises [68] is illustrated 
with added data fusion layer in Fig. 5. Since the supply 
chain domain can be considered as an interface between 
manufacturing enterprises and external industry players, 
integration of the supply chain system can also support 
enterprise-level co-evolution based on external dynamics.

There are various purposes and scopes for enterprise 
architecture [70], but we can define enterprise modelling 
“as the art of externalising knowledge in the form of models 
about the structure, functionality, behaviour, organisation, 
management, operations and maintenance of whole or part 
of an enterprise, or of an enterprise network, as well as the 
relationships with its environment” [10]. As a comprehen-
sive model, the DT-based VF concept can respond to the 
need for disseminating the information from manufacturing 

Fig. 4   Virtual factory simula-
tions architecture extended with 
supply chain (adapted from 
[12])
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operations to the whole organisation level. Moreover, VF 
can also respond to the demand for organisational learn-
ing at the enterprise level, which is addressed by Nardello 
et al. [71]. For each functional component (activity) of a 
manufacturing enterprise, several models can be designed 
and simulated for the purpose of experimenting flexibilities. 
Such capabilities can support strategic decision-making pro-
cesses for enterprise management. This could be valuable, 
especially during architectural transformation in dynamic 
environments, for not only identifying the requirements for 
existing resources and capabilities but also identifying the 
capabilities and resources for imagined future environments 
and scenarios.

Previous studies showed a significant potential for utilising 
the DT-based VF concept to enable concurrent engineering, 
time-saving, virtual collaboration and virtual prototyping in 
manufacturing operations [16]. Abovementioned discussions 
and capabilities address that the DT-based VF concept can 
be utilised for creating abstractions of enterprise structures, 
capabilities, governance, etc., in various levels and purposes 
to deal with complexities and co-evolution. Dynamic, holistic, 
and open system representation of real-world enterprise opera-
tions in DT-based VF tools can decrease the cognitive load of 
complex models and support extracting new values from core 
operations data [72].

Real-time data integration and collaborative VR capabili-
ties of simulation tools enable the dynamic and immersive 

representation of complex operations as well as interaction 
with the models in VR environments and the discrete imple-
mentation of capabilities, which can be simulated in subsys-
tems or in different resolutions. A public media showing previ-
ous demonstrations of the DT-based VF concept performed in 
industrial cases as a part of the subject study can be accessed 
on [21].

In the next section, the DT-based VF concept will be 
discussed in detail based on the four cornerstones of the 
competence-based strategic management concept to provide 
more grounding arguments on how organisations can build 
and leverage their competencies for adapting to strategic 
environments.

5 � Four cornerstones of competence‑based 
strategic management

5.1 � Dynamic system

Sanchez addressed that the need for dynamic representa-
tion of a system originates from the gradually increas-
ing frequency of changes occurring in both internal and 
external domains of organisations in terms of resources, 
demands, constraints, technologies, and infrastructures 
[50]. Co-evolution of product, process and system models 
creates an increasing pressure on enterprises to adjust their 

Fig. 5   Virtual enterprise concept extended from DT-based VF
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competitive capabilities for adapting to evolving complex 
environments and conditions. In addition to this, real-life 
manufacturing processes take place where the product 
models meet with the system models in a dynamic and 
complex fashion. However, the legacy engineering tools 
represent such manufacturing operations in various kinds 
of static models by isolating the operations into various 
layers. Moreover, the increasing complexity of operations 
causes an increase in cognitive loads and calls for more 
dynamic models. Therefore, the dynamic complexity of 
the internal and external domain of manufacturing enter-
prises decreases the predictability of intended changes, 
their implications, and reciprocal consequences. An indus-
try expert clearly addresses this challange in the following 
sentence: “I can see how the system will look like with 
the current tools, but I cannot see how it will work” [17]. 
Thus, to be able to respond to the evolving needs, oppor-
tunities, and problems in the future, resources, capabilities 
and processes of manufacturing organisations, as well as 
their environments, should be represented dynamic way 
as it is in reality.

DT-based VF as a virtual twin of an actual system has 
the potential to represent operations in actual systems by 
achieving isomorphism across a manufacturing enter-
prise’s product, process, and organisation architectures. 
Therefore, it can be capable of simulating and thus per-
forming necessary changes in resources, processes, and 
capabilities dynamically to respond to future changes 
to stay competitive. In other words, parallel future sce-
narios can be modelled, simulated, and manipulated for 
highly complex operations by using actual production 
data, product models and constraints of the real-world 
operations. Real-time data can facilitate realistic repre-
sentations of actual operations, resources, and models as 
well as changes in such models and operations. Embedded 
data analytics functions of simulation tools can support the 
real-time decision, responses and even control of actual 
systems [73]. Previous demonstrations show that DT-based 
VF can import manufacturing execution parameters of a 
manufacturing line, for instance, from MES and product 
models corresponding to such line from PLM in real-time 
and simulate the operations dynamically according to 
changes in the real world [17, 18].

5.2 � Open system

Characterisation of open systems originated from the 
embedded nature of organisations [50]. Every system is 
embedded in some environmental systems. Manufactur-
ing organisations, for example, are embedded in nations, 
industries, and markets, from which they obtain resources 
like materials, skills and imagination, while supplying 

outputs like products, semi-products and services, to their 
environmental systems. Such a concept can be applied to 
subsystems of highly complex manufacturing enterprises, 
including factories, assembly lines or machines. Therefore, 
each system needs to access a changing array of critical 
inputs from its environmental systems while providing 
competitive outputs to survive. However, the co-evolution 
of both internal and external domains of manufacturing 
organisations requires designing systems to be open to 
robust and flexible connections with their environments. 
Thus, organisations are challenged to design open systems 
comprising dynamic and complex interdependencies to be 
able to access and organise changing arrays of inputs and 
outputs.

DT capability of VF tools facilitates the creation,  
simulation, and manipulation of not just internal but also 
external entities of such complex systems as well as data 
integration from virtual back to physical entities. Integra-
tion with ERP or digital and cloud-based platforms of 
other organisations can facilitate realistic reflections of 
changing array of inputs from environmental systems to 
internal domains of organisations. A real-time weather 
forecast or traffic data, for instance, can be imported and  
utilised to determine certain simulation parameters in 
case it has an impact on operations. Recent advancements 
in the Internet of Things and the Internet of Industrial  
Things can potentially facilitate more efficient and  
effective context-specific real-time data from real-world 
entities increasingly. Moreover, as previously mentioned, 
an extension of the VF concept by integrating simula-
tions of environmental systems such as logistics, labour 
market, maintenance and service can enable the creation 
and simulation of changing arrays of inputs. Therefore, 
DT-based VF can be considered as a virtual representa-
tion of real-life dynamic and open systems which can be 
embedded into environmental systems and establish new 
connections with its environment. Thus, the DT-based VF 
concept can support the strategic management of manu-
facturing organisations to achieve robust open systems for 
strategic flexibility.

5.3 � Cognitive system

Need for the cognitive system dimension of competence 
theory emerges from the essential need for sense-making 
given the evolving dynamism and complexity of enterprises’ 
internal and external environment [50]. Managerial cogni-
tion is a fundamental requirement for identifying resources, 
processes, and competencies as well as their contextual 
essence for sustainable competitive advantage [74]. As a 
result of co-evolution, however, increasing dynamism and 
evolving complexity of internal and external domains of 
manufacturing organisations constitutes a growing challenge 
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for articulating new logics to enhance adaptive capabilities. 
Therefore, organisations and their corresponding digital/vir-
tual models need to be cognitive (easy to make sense of) to 
support managerial cognition.

The architectural isomorphism between product, pro-
cess and system models promises for increasing contextual 
knowledge of DT-based VF models. Moreover, the integra-
tion of simulation tools between horizontally and vertically 
diverse operations of an enterprise can enable synthesis as 
a complementary activity to analysis. Partly due to dynamic 
representation along with the 3D, DT and VR capabilities of 
simulation tools, DT-based VF can support cognitive sys-
tem representation. Embedded immersive VR capabilities 
of simulation tools together with collaborative (multi-user) 
VR and interaction with the simulation models promise for 
decreasing the cognitive loads of complex models during 
communication [17]. Moreover, utilising DTs in VF simu-
lation increases the precision, accuracy, and reliability of 
models as well as the feeling of responsibility and serious-
ness to finish the tasks in VR training in the VF simula-
tions [11]. Therefore, the DT-based VF concept stands out 
with its potential for enhanced capabilities for sense-making 
dynamic models to support enterprise imagination and man-
agerial cognition for designing and simulating a new set of 
resources and capabilities.

5.4 � Holistic system

Sanchez states that the emergence of demand for a holistic 
system view is required for effectively operating organi-
sations as adaptive open systems [50]. In addition to that, 
basic principles of systems theory which defines systems as 
the product of the interaction of their parts entail a holistic 
view due to the determination of essential properties and 

performance of a system by interdependencies of its parts. 
As articulated by the principles of the system theory, “If 
each part of a system, considered separately, is made to oper-
ate as efficiently as possible, the system as a whole will not 
operate as effectively as possible” [46]. Therefore, there is 
a need for enterprise management to mediate various inter-
dependencies among organisations’ internal and external 
resources and capabilities for the implementation of sys-
tematic changes in complex and evolving open systems. In 
short, a holistic view becomes essential to understand how 
everything works together and to predict the consequences 
of changes in highly complex and dynamic environments.

Since earlier studies, the VF concept has been defined 
and built upon the integration of various simulations con-
sidering the factory as a whole, including its subsystems 
[16]. Thus, the DT-based VF concept facilitates the holistic 
and dynamic representation of actual complex manufactur-
ing systems. Advancements in co-simulation capabilities 
also support M&S of various levels and kinds of internal 
and external changes of a manufacturing system in a more 
realistic way. Figure 6 shows a relatively simplified exam-
ple of integrated simulations representing a wind turbine 
manufacturing organisation. Simulation models can share 
operating states from higher-resolution simulations to lower 
resolution or objectives and targets from a lower resolution 
to higher resolution simulations. Thus, changing production 
requirements from higher-level (low resolution) simulations, 
for example, can be reflected in a lower level (high resolu-
tion) simulation. Moreover, vertically integrated processes, 
for example assembly, material handling and warehouse, can 
be integrated and represented simultaneously and holisti-
cally. When acknowledging the DT capabilities and data 
integration across the whole value chain [52], DT-based VF 
can support the creation of a virtual environment in which 

Fig. 6   Integrated simulation 
example
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all entities of a complex system can be developed, related, 
and manipulated.

Thus, the dynamic, open, cognitive, and holistic nature 
of internal and external environments of manufacturing 
organisations can be modelled and simulated in DT-based 
VF tools to reduce the impact of dynamic complexity and 
uncertainty. Architectural isomorphism can also be achieved 
while maintaining quasi-stable adaptation to evolving com-
plex environments. Therefore, processes and operations in 
a complex system can be analysed for sense-making in an 
evolving environment for modelling and cultivating new 
internal resources and capabilities, approaching new exter-
nal resources, determining new organisational goals, and 
for reorganising available resources and capabilities to deal 
with co-evolution. In this regard, various forms of changes in 
organisation architecture utilising the concept will be elabo-
rated on in the next section.

6 � Forms of changes in enterprise 
architecture

In order to adapt to ever-changing environments and respond 
to competitive pressures, organisations need to do more than 
perform their existing tasks. Organisations need to manage 
changes in their resources, capabilities and coordination of 
their processes. Four types of architectural changes, namely 
convergence, reconfiguration, absorptive integration and 
architectural transformation, are determined for organisa-
tions to respond to competitive dynamics as depicted in 
Fig. 7. These forms of changes demand combinations of 
various flexibilities such as “operating flexibility, resource 
flexibility, coordination flexibility and two forms of (mana-
gerial) cognitive flexibility” [40]. In the following, the DT-
based VF concept is discussed in terms of supporting such 
changes, respectively.

6.1 � Convergence

Convergence represents incremental improvements to organ-
isations’ existing resources and capabilities within a current 
product, process, and system architectures [75]. Therefore, 
such change focuses on continuous improvements in the effi-
ciency and performance of existing operations.

The DT-based VF concept, which is built upon a multi-level  
integrated simulation concept, is studied for multidiscipli-
nary and multi-fidelity analysis and optimisation of manu-
facturing systems and showed its potential for optimisation 
and efficiency for production systems [76, 77]. DT capa-
bilities and bidirectional data integration also promise real- 
time analysis, design, and planning for unexpected changes 
in resources and capabilities. Previous demonstrations of 

the concept show significant pieces of evidence that DT-
based VF tools can optimise the operations of a manufactur-
ing organisation not just holistically but also respond to the 
changes occurring in the actual factories in real-time [17]. 
Therefore, organisations can simulate various firm-specific 
operating flexibility scenarios, which are critical for improv-
ing and maintaining robustness to respond to the competitive 
pressures of their environment.

6.2 � Reconfiguration

Reconfiguration implies re-arranging the existing functions, 
resources and capabilities as well as relationships to develop 
a new architecture for enhanced or different performance 
characteristics [40]. Thus, it involves changes in interac-
tions in existing operations such as production processes by 
redesigning workflows, material flows or information flows.

Reconfiguring existing resources and operations in VF 
tools facilitates concurrent engineering of product, process, 
and system architectures by supporting product and produc-
tion lifecycle processes. Moreover, reconfiguration can be 
performed at various resolution levels such as production 
line, factory, or enterprise levels. Due to DT capabilities, 
entities in the DT-based VF tools can represent not just real-
time states of their physical counterparts but also historical 
data. Thus, organisations can simulate and test resource and 
coordination flexibilities in terms of identifying, acquiring, 
accessing, or reconfiguring resources and capabilities in 
various ways.

Fig. 7   Types of changes in an enterprise’s architecture [40]
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6.3 � Absorptive integration

Absorptive integration represents the integration of new  
or significantly modified functions, resources, or processes 
into an organisation’s existing architecture [4, 40]. Thus, this 
type of change involves integrating a new type of external 
resources and functions into an existing organisation to sup-
port the organisations’ co-evolution.

DT-based VF demonstrations (Fig. 6) performed in the 
Vestas manufacturing cases cover the integration of VR 
interactive training scenarios as part of a virtual twin of 
existing manufacturing lines. While all operations were 
developed as a DT of their actual counterparts in the pro-
duction line, a single operation is modified as a mixed 
production line and assigned to perform by a VR trainee. 
Thus, a new type of operation is absorbed into the existing 
manufacturing operations to train labours and observe the 
impact of change on whole assembly line operations [17, 
19]. Therefore, the DT-based VF concept showed significant 
capabilities to support organisation managers for cognitive 
and coordination flexibilities to identify new opportunities 
and integrate new capabilities into existing architectures.

6.4 � Architectural transformation

Architectural transformation covers radical innovations by 
creating new functions, processes and resources as well as 
interrelating such components in new ways within an organi-
sation’s architecture [40]. Architectural transformation can 
be driven by rapid changes like disruptive technologies 
within limited opportunities and time. Designing organisa-
tion architectures to support frequent changes in processes, 
resources and goals for maintaining strategic effectiveness is 
considered the reason for “upheaval” in traditional organisa-
tion designs [75].

Since the DT-based VF concept is shown to be capable 
of supporting reconfiguration and absorptive integration, it 
can be considered to support architectural transformation. 
Moreover, enabling process rendezvous for product and pro-
duction lifecycle processes and supporting architectural iso-
morphism, DT-based VF can facilitate an efficient and effec-
tive digital platform to evaluate and validate radical changes 
in existing architectures. Therefore, significant demand for 
cognitive flexibilities, which are required to create new value 
creation processes for managers, can be supported by utilis-
ing the DT-based VF concept.

7 � Discussion

The DT-based VF concept is developed and demonstrated 
in the scope of factory or more specific industrial cases like 
assembly and production line operations. However, since 

the concept of a factory relies on social, natural, and artifi-
cial systems, the VF concept showed significant potential to 
be extended to the enterprise level. Therefore, the authors 
used the terms organisation, enterprise, firm and factory as 
abstractions of complex, dynamic, and open social socio-
cultural and techno-economic systems. In this regard, the 
concept is framed and discussed based on four types of 
architectural changes to provide prescriptive knowledge as 
managerial guidelines for utilising the DT-based VF con-
cept to deal with the co-evolution paradigm in dynamic and 
complex environments.

Besides, the concept discussed in this study could be used 
in various development lifecycles (design, development, 
testing, implementation, maintenance, planning, analysis)  
of diverse systems depending on each industry's value 
promising or criticality. While the clockspeed (speed  
of evolution) in a certain industry is high, the utility and 
effectiveness of DT-based VF could be higher for more com-
prehensive what-if scenarios; it could be more valuable for  
optimisation, maintenance and analysis for lower clockspeed 
industries.

The knowledge discovered in previous studies on the 
DT-based VF concept [11, 16–18], which is conducted in 
various industrial cases, provided shreds of evidence and  
a foundation for the arguments presented in this paper. There-
fore, we build upon the previous empirical knowledge by  
framing and discussing the DT-based VF concept based 
on four dimensions of competence theory to achieve adap-
tive, dynamic, cognitive, and holistic systems. Relying on 
the empirical studies, we hereby attempt to frame and dis-
cuss the conceptual and theoretical foundations of the DT 
-based VF concept and its extension to a virtual enterprise. In 
other words, knowledge generated by exploring the empirical 
context with more serendipity and latitude is employed for 
the situational groundedness of theoretical abstractions and  
concepts.

Thus, in this study, we have attempted to fulfil the so-
called duality criterion of case studies, which is (1) situ-
ationally grounded (empirically disciplined and comply 
with contextual idiosyncrasies), and (2) a sense of general-
ity (broader theoretical understanding through abstractions) 
[33]. Therefore, this article’s contribution can be positioned 
as theory elaboration by a reconciliation of the particular 
with the general.

Moreover, there is a need for further empirical studies 
for extending the VF concept by integrating digital tools 
to represent enterprise operations, resources, and architec-
tures outside of the manufacturing context. Integration of 
supply chain platforms, as well as modelling and simula-
tion capabilities to DT-based VF, can extend the poten-
tial of the concept and enable new use cases for industry 
experts. Therefore, studies dedicated to extending the knowl-
edge with inbound and outbound supply chain simulations 
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(multi-resolution simulations) as well as their design, devel-
opment and demonstration in industrial cases are ongoing as 
part of furthering the VF research.

Integration of environmental systems enables real-time 
reflections of the changing reality in a virtual model, and 
therefore, more agile and rapid responses can be employed. 
Further improvements in simulation tools by implementing 
AI algorithms can open up new horizons for organisational 
learning, efficiency and optimisation for highly complex sce-
narios. Therefore, further improvements in the VF concept 
such as embedding artificial intelligence, machine learning 
or more comprehensive optimisation algorithms for support-
ing managerial decisions can be considered in future studies.

8 � Conclusion

The concurrent evolution and changing complex dynam-
ics of markets and industries require faster adaptation for 
manufacturing organisations to survive in highly competitive  
environments. Although various technological concepts 
promise a value to support enterprises during their adap-
tation, the value of such technologies increases exponen-
tially when they are integrated into a more comprehensive 
concept/solution. DT-based VF factory can be considered 
among comprehensive concepts to exploit the value of indi-
vidual technological concepts by enabling the integration  
of various tools, methods, and processes as well as architec-
tural isomorphism across an organisation. Previous studies 
conducted in industrial cases demonstrate the DT-based VF 
concept on exploring its value and potential for the manu-
facturing engineering field. In this paper, however, we have 
attempted to frame and discuss the conceptual and theoreti-
cal foundations of the DT-based VF concept to articulate  
the design principles of such a comprehensive concept as 
well as its extension to the virtual enterprise. Building upon 
that, we tried to frame and discuss the prescriptive knowl-
edge discovered in previous demonstrations to generalise 
contextual knowledge and provide managerial guidelines for 
utilising the DT-based VF concept to handle the concurrent  
evolution of the product, process, and system architectures. Thus,  
the paper aims to close the gap between theory and practice 
by providing a theoretical grounding for artefacts tested in 
various empirical case studies as well as conceptualising 
the prescriptive knowledge discovered during the previous 
industrial demonstrations.
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