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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Production environments are getting too complex for companies to understand every detail of their process. Furthermore, the amount of data is 
getting too large to oversee. With the development of digital twins, industry is trying to solve the need for an overview of and insight in their 
complex systems and data. Existing research efforts hardly provide an explicit and structured approach for setting up digital twins nor for 
connecting them to already existing digital twins. Therefore, this paper presents a framework that supports the instantiation of more goal-oriented 
and dynamic digital twins in a fast, easy and structured way, with inherent connectivity to already existing digital twin(s). In a research-by-design 
approach the framework and a number of instantiations are co-developed. Initial applications of the framework demonstrate that the architecture 
and development approach render the development of digital twins for industry more feasible and tangible; with that, the framework is a 
purposeful foundation for further developments  
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1. Introduction 

Before machines could be interconnected and before the 
emergence of Industry 4.0 and the Internet of Things (IoT), 
production environments generally relied on their own 
operators or foremen that inherently and largely implicitly 
knew everything about the production environments, its 
machines and its products. These employees acted as linking 
pins, by being the go-to person that had answers to many 
specific questions about the production environment. They 
would oversee the whole production environment, thus being 
able to anticipate e.g. planning alterations, disruptions or 
(external) stressors at different levels of aggregation. As such, 
these employees often were the understandable and 
contextualised interface or access to the many different 
formally defined information sets that establish the production 
environment and its processes. Even more, these employees 
may be the main ways to effectively interrelate such 
information sets, based on expertise, but mainly experience.  

Complexity of production environments is growing 
exponentially, making it well-nigh impossible for any 
employee to maintain an adequate overview of the complete 
production environment. Next to that, the large amount of 
complex and intertwined data increases the need for a 
comprehensive system that presents the data in an interpretable 
and understandable representation system [1]. Such a system 
allows a variety of stakeholders to query, analyse and predict 
data [1], [2].  Digital twinning could be the solution to the 
industrial need for an overview of and insight in the complex 
systems and data that design in the context of Industry 4.0 
entails.  

Existing research does not provide a structured approach for 
setting up digital twins nor for connecting them to already 
existing digital twins. Therefore, this paper describes a 
framework for digital twinning in the manufacturing of discrete 
products; this framework helps to instantiate more goal-
oriented dynamic digital twins in a fast, easy and structured 
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way, which inherently can be connected to already existing 
digital twin(s). As such, the approach in this research not 
necessarily leads to original instantiations of digital twins, it 
rather changes the way in which the components of digital 
twins are structured. By making the architecture and the 
development approach of the digital twinning more explicit in 
this paper, the development of digital twins for industry 
becomes more feasible and tangible. 

2. Advantages of digital twinning 

With the arrival of e.g. PLM, PDM and ERP systems, more 
data on the product life cycle and processes have become 
available. These systems provide increased accessibility to the 
data, allow for communication between the different 
production steps while improving the connection between 
different aspects or parts of the production process. Although 
these systems bring more data within reach of the user, they do 
not necessarily provide the stakeholders with more insight in 
the accuracy, predictability and verifiability of the decisions 
that are made in the development cycles of products and 
production environments. Neither do these systems provide an 
all-encompassing, perspective-dependent and user-friendly 
real-time repository of data at the full range of levels of 
aggregation that are required. This ‘missing link’ between 
captured data and purposeful application induced the 
development of the digital twin as we know it today.  

Many different definitions of the notion digital twin exist 
[1], [3]–[8]. Actually, many of these align with a narrow 
definition of digital twin, seen as the conglomerate of data, 
information, models, methods, tools and techniques to 
represent current states of an instantiated system coherently 
and consistently [6].  

In a broader sense, a digital twin can be described as: “A 
tool that can potentially account for the whole system of a 
product or service. It keeps track of all the information about a 
system you need and from that, information assists in the 
decision-making process.” [4]. Therefore, this formulation 
more closely matches the overall digital system references as is 
illustrated in Fig.  1 and modelled in Fig.  2. The digital twin is 
part of the digital system reference; this reference addresses 
three major layers of virtualisation [6].  

The three levels are the digital twin, the digital prototype 
and the digital master respectively and are shown in the bottom 
of Fig.  2. The digital twin represents the as-is model or ever-

evolving digital depiction of a physical asset. The as-is model 
provides the possibility to underpin a digital prototype or 
could-be version of the physical asset. The digital prototype 
can be used for variational assessment and simulation of what-
if-scenarios to anticipate future behaviour such as part failure, 
asset planning or maintenance/overhaul considerations [9]. 

Any simulations and assessments resulting from the digital 
prototype give opportunities to improve the digital master, the 
to-be version of the physical asset. The digital master is the 
idealised version of the asset under consideration and captures 
the actual product definition that represents the (intermediate) 
outcome of the development process.  

Overall, the digital system reference includes a feedback 
circle. Based on the knowledge gained from the digital twin and 
the digital prototype, the digital master is improved, which 
impacts the production of the product. Such an improved 
product/prototype can have a better response to (external) 
stressors, allowing for a more adequate convergence of the 
physical asset and its digital twin.  

Given the complexity of the information states and the 
decisions they underpin, as well as the many different 
stakeholders that are involved in the wide variety of decisions, 
it is essential to have data/information available in a 
contextualised, meaningful manner. This ameliorates decision 
making, but additionally makes such decision trajectories more 
traceable and reproducible, also considering uncertainties and 
ambiguities.   

Moreover, the digital reference system has a two-way 
significance; firstly, as mentioned, the information represented 
by the digital twin supports decision making, by representing 
the impact of decisions at different levels of aggregation and 
stakeholder perspectives. Secondly, the digital system 
reference of the system under consideration evolves based on 
the decisions reached and the underpinning of those decisions, 
thus rendering it a learning system. Therefore, the digital 
system reference accommodates a flexible environment to test 
scenarios, predict possible impacts and help oversee large 
changes and decisions in the production environment.  

Given the added value that a digital system reference has 
over a digital twin in its narrow definition (or individual ERP, 
PLM and PDM-like solutions), its impact on development 
cycles can be pivotal. It can become an accompanist for the 
development cycle, with the connotation ‘coach/guide’, as well 
as with the association ‘historiographer/inquisitive mind’. 
Because of this, the digital system reference can indeed become 
a ‘sparring partner’ for the development team, providing a 
foundation for decision making and a sounding board for e.g. 
testing what-if scenarios, predicting potential impacts and Fig.  1. Example of digital system reference. 

 
Fig.  2. Digital System Reference [6] 
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maintaining a purposeful overview of significant changes and 
decisions in production environments. 

In the context of a digital system reference, the reference 
itself can evolve with multiple digital twins being instantiated 
and evaluated. Establishing digital twins in a transparent, 
flexible and structured manner will contribute to improving the 
structured approach for developing digital system references. 
This approach, by means of a framework will significantly 
reduce the time and efforts involved in effectively and 
efficiently manifest digital twins. 

3. Towards a generic approach for the development of 
digital twins 

To effectively and efficiently exploit the many advantages 
that digital twinning entails, a standardised approach is 
required for the instantiation of digital twins in industrial 
practice. Standardising the approach will turn the engendering 
and employment of instantiations of digital twins faster, more 
customised and more transparent. Next to the many straight 
forward requirements on digital twinning approaches, a generic 
approach has to emphasise the requirements related to the 
different contents and contexts in the environment of 
application. Therefore, this section will focus on the main 
requirements for this. 

3.1. Flexibility 

The digital twin is an ever-evolving digital representation of 
a physical asset. Consequently, instantiating a digital twin is 
not a predetermined quick install but rather a trial and error 
process that requires evaluation and adjustments. The data that 
is available to the user is never the complete and correct set of 
data that would fully and unequivocally establish the digital 
twin. The digital twin should therefore be dynamic and flexible 
for the addition and removal of features, data streams, 
visualisation components, user requirements and stakeholder 
perspectives, while preparing for unforeseeable options and 
functionalities.  

Instantiating a digital twin is an ongoing process, that need 
not have an established or pre-defined final steady-state. This 
requires that the digital system reference incorporates the 
possibility to easily adopt components of the digital twin. 
Therefore, it should be possible to tailor the digital twin to be 
flexible, reconfigurable and scalable for future changes.  

3.2. Modular approach 

Rather than being one complete model of the physical entity, 
a digital twin can be seen as a set of linked data sets, models 
and simulations that evolve throughout the product lifecycle 
[7]. As mentioned in section 2, a digital twin is the 
conglomerate of its constituents. For each instantiation of a 
digital twin, the precise content can vary, whereas the way in 
which these modules align and interact is provided by the 
digital twin. With that, such functional modules have a 
purposeful contribution to one digital twin but can be re-used 
in other digital twin instantiations as well. Therefore, the 
individual modules become functional components that can 
contribute in multiple environments. 

The modules are part of the framework that is used to 
instantiate digital twins.  

3.3. Interchangeability 

Any sub-system, entity, algorithm or data stream can be seen 
as a module that can be replaced by another module with 
(largely) the same functionality [9]. However, the way in which 
a module realises that functionality and the mechanisms, 
approaches and information the module employs can differ 
significantly. This implies that a repository of pre-defined 
modules can be used, as well as black box modules. The latter 
are blocks where the functionality and interfaces can already be 
defined, but where the working methods and information 
processing capabilities still need to be developed.  With the 
development of such new blocks, the repository (or, 
metaphorically speaking “toolbox”) is extended with plug-and-
play modules accordingly, allowing for flexibility in adding, 
removing and replacing modules in existing digital twins and 
digital twins under development. 

In a practical example, this may mean that a specific module 
is used to identify that an exhaust temperature parameter of an 
engine shows an unexpected high peak and the trendline is 
rising. Another module can establish a relation between this 
trendline and an observed deformation of the product. To 
visualize this, a module that represents temperature areas (blue, 
orange, red) can be applied. This same module from the toolbox 
can be used to visualise the temperature on a different 
component without the need to create a whole new module. 
Using such plug-and-play modules is instrumental in 
developing digital twin fast and reliably. Precondition for this 
is that the trajectory of building digital twins is structured, 
open, transparent and can purposefully integrate the different 
modules.  

Using a modular approach while developing a digital twin 
helps to build parameterized and reusable modules in advance. 
With that, a module, with its parameters, components and 
structures, can cover a (specific part of) a physical entity – and 
can adapt accordingly to changes in that entity [8]. Therefore, 
there can be an n-to-m relation between modules and entities: 
modules can be re-used for different entities and entities can be 
depicted by multiple modules. The latter yields all the more 
true as different modules may capture different perspectives, 
different levels of detail or aggregation as well as different data 
streams of an entity. In other words, modules can address both 
sub-systems and aspect systems of a physical entity. 

4.  Framework for digital twinning 

Based on the requirements depicted in section 3, a 
framework for instantiating digital twins is established. Such a 
framework ensures that instantiations of digital twins are 
realised in a purposeful, underpinned and reproducible manner, 
thus allowing for integration and interconnecting individual 
instantiations. This not only yields a more structured overview 
of the realm of digital twins in a company, but it foremost 
allows digital twins to become part of a network. This network 
of digital twins allows ‘digital twins to consist of digital twins’, 
but also incremental coverage of the physical entities under 
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consideration at the appropriate level of detail. Next to that, 
knowing and establishing how the digital twin is set up will 
make adjustment of the digital twin at a later stage easier, 
because the underlying structure of the digital twins is 
identical.  Overall, this will reduce the efforts involved in 
creating, updating, replacing and changing individual modules 
or digital twins in the network. 

4.1. Reference model 

In order to develop a framework for instantiating digital 
twins, an overview of the configuration of components that 
each execute their own, globally defined, distinct tasks are 
needed. The so-called reference model [10] that aims to do this 
shows how components interact to realise the task of the system 
as a whole. Therefore, the purpose of constructing a reference 
model is to create an outline of the system in order to unify 
different views on the system and its nomenclature [10]. 

Fig.  3 shows the reference model. The reference model 
depicts the configuration of modules and digital twins at the 
different levels of aggregation. The different levels of the 
reference model show the different perspectives that contain 
different configurations of recursive modules. Not every level 
of aggregation can be defined as a digital twin, it often requires 

multiple modules to instantiate functionality that can be seen as 
an effective digital twin. 

Digital twins are recursive in the sense that digital twins can 
consist of digital twins. This can be explained by for example 
looking at a production environment that consists of 
departments, each using different sets (and types) of machines. 
Where each machine may have its own digital twin, the digital 
twins of a group of machines together constitute the digital twin 
of the department the machines are part of. With this approach, 
different levels of aggregation and granularity become 
available by the sheer interconnectedness of individual digital 
twins. This immediately also implies that different stakeholders 
can have meaningful interaction with the appropriate 
information content based on the way in which digital twins are 
related.  

4.2. Framework for digital twinning 

Any simulation model can be divided into two main parts 
[8]: the data foundation and the model structure. Considering 
that the digital twin is driven by data, the first step in 
developing a digital twin is to build a model framework and 
determine how the data drives the model. With the use of case 
studies, a blueprint structured as framework is developed, 
tested and improved. The framework is depicted in Fig.  4. It is 
subdivided into three levels (data, information and intelligence) 
based on the advanced manufacturing landscape [9]. It 
functions as a castle in the sky where the digital system 
references, that are instantiated with the use of the framework, 
are instantiated examples of the framework. 

4.3. Representation and simulation 

The visualisation block in Fig.  4, ① consist of 
representation and simulation. Representation is defined as the 
visualisation of current and historic data whereas simulation is 
defined as the visualisation of predictive data. Events are 
created at the data level with the use of the data dependent 
analytics. These events are used in the representation to 
represent the important changes in the data. The combination 
of visualisation modules makes it possible to represent 

Fig.  4. A framework for the instantiation of digital twins 
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Fig.  3. Reference model for the modular structure of digital twins 
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different perspectives. There are three main visualisation 
possibilities, the overall representation, a requested user 
specific representation and a simulation.  

The events that are created by the data dependent analytics 
are used to update the real-time representation. This is specified 
in the framework as the overall visual of the digital twin. For 
instance, changing a geometric parameter of the product may 
have consequences for an assembly or other components 
thereof. Therefore, such a parameter change raises an event that 
triggers subsequent activities to align other parameters and 
configuration aspects. 

4.4. Data module and processing unit 

At the left side of the framework in Fig.  4, ② shows the 
data module. A data module contains, for example, information 
from databases, essential variables and sensor data. From the 
user interface the user may adjust data in the data modules. The 
data module can consist of multiple datasets/databases and 
fixed variables. The collected data is processed and analysed 
by the processing unit that contains a data dependent analytics 
block. This block is programmed by the user with pre-defined 
conditions. When the data reaches a certain threshold, the 
processing unit transfers the information into an event. The 
events are used to visualise the changes in data. 

There are two different databases. The left database is the 
short-term database (Fig.  4, ④) and only consists of the 
necessary data to represent and update the visualisation of the 
digital twin. The long-term database consists of data that does 
not need to be at hand at any moment and captures large volume 
sensor-based data. This split in databases will prevent the 
digital twin from becoming slow and it will keep the important 
data uncluttered. 

4.5. As-is model 

If ①, ②, ④ in Fig.  4 (the left side of the framework) are 
instantiated and interconnected, a basic version of a functioning 
digital twin is realised. This instantiated digital twin functions 
as the as-is model of reality. The right side of the framework 
represents the digital prototype, as it is currently under 
development. As stated before, the digital prototype is used for 
testing, simulating what-if-situations and predicting future 
behaviour. 

4.6. Data selection manager 

The data selection manager (DSM) block stands between the 
visualisation and the databases on the right side of the 
framework, marked by ③ in Fig.  3. The DSM functions as a 
selector and requestor of the appropriate modules. The 
databases are divided by the tags that are added to the data. 
These tags function as metadata that describe the context, 
relations and other distinctions that are related to the data. This 
allows for sharing data between digital artefacts [11]. The 
different databases can be seen as box-offices giving out 
information. Each box-office offering a different subpart of the 
needed data. 

 The DSM selects the appropriate box-offices to request 
information from. When new data or metadata are added, an 
additional box-office is created automatically. With the use of 
metadata and an ontology [12] in the framework, relationships 
can be further defined and connected to each other. This will 
help the DSM in finding all the relevant data in the database as 
well as keeping the database dynamic by adding new metadata 
and relations when discovered. Moreover, metadata will give 
more meaning to the defined relationships, making the data 
more meaningful.  

The function of the DSM in combination with the modular 
structure of the digital system reference, makes it possible to 
show different representations with the use of the same digital 
system reference. The modular structure provides the digital 
system reference with the flexibility to adjust modules 
according to the request of the user. By connecting stakeholder 
profiles to relevant data tags and metadata and essential 
modules, the data selection manager can pick the right 
information for the right user. This makes it possible to 
represent the complete system for one stakeholder, while 
representing only a sub-part of the system for another 
stakeholder within the same digital twin. This provides the 
digital system reference with the functionality to show only the 
essential and relevant information to the user.  

5. Application of framework 

The framework is applied in two different case studies. Both 
cases required the instantiation of a digital twin. The first case 
study focused on a digital twin of an auxiliary power unit 
(APU). The second case study focused on the instantiation of a 
digital twin that underpinned the configuration of a layout of 
passenger accommodations (LOPA).  

5.1. Case study APU 

For the APU case study, the representation of the 
components for the APU were already available in the form of 
3D models and the database was already set up with an API to 
be able to connect to the digital system reference. With the use 
of the framework, the different components were connected. 
This resulted in an instantiated digital twin as shown in Fig.  5. 
The instantiated digital twin showed the feasibility for the 
modular structure and the functionality of the instantiated as-is 
model. Next to that, it showed the possibility of interchanging 
modules and the functionality of the framework. 

Fig.  5. The instantiated digital twin of an APU 
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5.2. Case study LOPA 

The second case study showed that the modules can be 
transferred to a different company, surrounding and 
application. The instantiated digital twin was built to function 
as a configurator, this required the digital twin to be flexible for 
different design requirements and component variables. The 
LOPA digital twin showed that the instantiated digital twin can 
be used for what-if scenarios and can be used to configure 
different scenarios. With this, the impact of choices made by 
the different stakeholders can be made insightful. 

6. Discussion 

The case studies have shown to be good examples of how 
the instantiated digital twin can be developed with the use of 
the framework. Because of the differences between the cases, 
they have been good demonstrators for showing how the 
framework can be used and what steps need to be taken to 
develop a digital twin. The case studies show the feasibility, 
applicability and possibilities of the framework. This does not 
prove the correctness of this framework; it demonstrates its 
validity, while additionally showing the potential for further 
implementations. Therefore, multiple case studies for the 
implementation and further development of the framework for 
the instantiation of digital twins are in progress. 

7. Conclusion 

In order to instantiate digital twins in a structured, flexible 
and transparent manner, a framework to distinguish and 
interconnect the relevant modules are under development. This 
approach aims to make digital twins more comprehensible, 
graspable and easier to implement and interconnect, even if the 
framework is still evolving in a research-by-design approach. 

The framework now explicitly guides developers by 
showing how a digital twin can be instantiated and structured. 
This results in digital twins that can not only be instantiated 
swiftly, but will also be more efficient, can present information 
at different levels of aggregation, perspectives and provide 
more insight into the data that is available. Ultimately, this 
results in better logistics, production, maintenance and quality 
of the physical asset, and with that added value and improved 
return on investment. 

The use of modularity provides the framework and digital 
twins with the flexibility to be adjusted over time, be 
reconfigurable and scalable. Modularity in combination with 
ontology and the DSM will make the instantiated digital twin 
more dynamic as regards future changes while providing the 
possibility to give more insight into operations. The structure 
of the framework will render the predictability that is necessary 
for a modular approach. Next to that it provides the user with 
the knowledge to understand the connectedness of the system.  

Future testing and evaluation by implementation are 
required to fully validate the framework and its goals. Next to 
that, effort and time need to be put into the further development 
of the framework and the DSM. The modularity of the 
framework allows for changes, finetuning, and adjustments in 

the future. Currently, the case studies do not demonstrably 
prove the correctness or completeness of the framework but 
show the usability and potential of the framework and its 
instantiated digital twins. In the near future, more digital twins 
will be instantiated with the use of the described framework, 
thus demonstrating the validity and added value of the 
approach while concurrently improving the framework itself. 
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