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Abstract. The metaverse, which is often described as featuring a range of 
technologies for Extended Reality (XR) to consume and digest information from 
large and complex Digital Twins (DTs), is often discussed as one of the pillars 
of Industry 5.0 transformation. Immersive computer-generated environments 
based on DT and XR are highlighted as cornerstone technologies for the future 
of product and system design. While they are expected to become a commodity 
in the engineering toolbox in the next 20 years, little is known about how to set 
up and implement such environments to maximize innovation and collaboration 
capabilities in design. This article discusses the high-level gaps that remain 
before the vision of the metaverse in design is realized. It further draws a 
roadmap, based on four major tracks, that pinpoints research areas, 
methodological approaches and capabilities needed to develop and realise digital 
immersive experiences for collaborative value co-creation in design.   
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1 Introduction  

Climate emergency reached the top of the Oxford Word of the Year list in 2019. Covid 
and Vax triumphed in 2020 and 2021. Metaverse did not win in 2022, yet it came in a 
solid second place [1] as a statement for a concept with great potential to become of 
long-lasting cultural significance. The notion of metaverse entered the Gartner Hype 
Cycle for Emerging Technologies in 2022 [2], reflecting the increasing demand for 
immersion linked to the unprecedented opportunity to accelerate how large-scale virtual 
worlds are simulated and experienced. The metaverse offers just that: a range of 
technologies for Extended Reality (XR) - an umbrella term for Virtual Reality (VR), 
Augmented Reality (AR), and Mixed Reality (MR) - which stresses the dynamic, 
blended, and continuous nature of the new virtual worlds, making it possible to consume 
and digest the digital information from large and complex Digital Twins (DTs) in a 
more efficient way.  

DT and XR are often discussed as the pillars of the Industry 5.0 transformation due 
to their ability to empower humans with access to critical insight and control over 
diverse machines, systems, and processes. The unprecedented level of 'immersion' 
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obtained by their joint use means that data can be presented concisely, with a better 
sense of reality, and be better digested to make insights more impactful and significant. 

Both DT and XR are highlighted as cornerstone technologies for the future of product 
and system design [3], already proving themselves as ideal methods for visualizing and 
performing product design reviews in the digital realm [4]. DT and XR are not only 
confined to virtual verification—instead, much more lies on the horizon. A report 
published by the Design Society in September 2020 [5] elaborates on how future design 
decisions – from the initial fuzzy front end of innovation to detailed design - will be 
taken based on real-time testing of validated digital models of reality derived from the 
user data. Due to demographic effects, immersive computer-generated environments 
based on DT and XR are expected to become a commodity in the engineering toolbox. 
By 2040, the emergence of a new generation of young engineers, grown up with 'instant 
response' to queries from the gaming sector, will expect to be able to explore the 
behaviour of products and systems instantly, in different scenarios, much like in 
computer games. Traditional providers of design and drafting applications, such as 
Autodesk, are already trying to anticipate this demand, for instance by investing in 
communities for metaverse users and partnering with gaming engine providers. 

Yet, the promise of the metaverse will not be fulfilled anytime soon. Even if the 
engineering realm is the one that gets the closest, it is not possible today to create a 
digital reality that, in almost every respect, can replace physical reality. This paper aims 
to discuss the gaps that remain before the vision of the metaverse is realized in the realm 
of product and system design, at different levels. The objective is to further draw a 
roadmap, pinpointing the research areas, the methodological approaches and the 
capabilities needed to develop and realise digital immersive experiences for 
collaborative value co-creation in design.   

2 Supporting value-co creation in design through the joint use 
of DTs and XR: a review 

A recent McKinsey article [6] shows how the metaverse is being implemented to 
leverage industrial production, improve consumer goods, and optimize the retail sector, 
with the future offering even greater promise. The cases of Lotus [7] and General 
Electric [8] exemplify the use of virtual worlds in manufacturing. This section reviews 
the State-of-the-Art at the intersection of DT and XR, focusing on (1) DT 
implementations to support the products and systems innovation, (2) XR applications 
to support the earliest stages of design, and (3) their integrated use in these fields. 

 
2.1 Digital Twins for value co-creation in early system design 

The many contributions dealing with DTs in the manufacturing industry are often 
neglecting the discussion concerning how products and systems can be innovated and 
co-designed using real-time synchronized digital models of reality. Only more recent 
initiatives have started investigating how DT shall be developed, deployed, and 
visualized to support decision-makers in engineering design tasks. 
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In the realm of Product-Service Systems (PSS), Bertoni and Bertoni [9] recently 
mapped how DTs are currently implemented to support the design of servitized 
solutions, encompassing both products and services. Firstly and foremostly, DTs are 
exploited as a virtual testing tool, and their function is often only that of resolving 
hardware-related defects virtually, with the intention to reduce the time to market for 
new concepts. The DT data uploaded in the virtual space are mainly used to simulate 
expected usage scenarios, through which designers can quickly verify and resolve 
potential product-related risks in advance. They also show that DTs are often 
interpreted as ‘competitiveness models', and are used to predict market trends, existing 
rivalries, and emerging customer requirements by gathering product data (e.g., through 
online customer reviews and more). In the design of servitised solutions, DTs are also 
used to create realistic user environments where all stakeholders can participate in the 
customization process of such solutions, exploring interactions opportunities, failure 
models, possible interventions and more. Yet, most of the contributions from the 
literature are strongly product-centred and do not consider servitization aspects with 
much detail. Furthermore, they neither provide a strong case for the need for real-time 
connectivity in design, nor describe examples or collect lessons learned from DT 
implementations in the PSS design process. 

Continuing zooming in on the design of servitized solutions, some literature [10] 
proposes the application of digital replicas to create Digital Mock-Ups (DMUs) and 
virtual prototypes able to represent these solutions in all their main features. The use of 
such replicas to get customer insights faster (and at a lower cost) started to gain traction 
in 2018 [11], as a means to replace time-consuming activities linked to physical product 
testing. Zhang and colleagues [12] are among the firsts to propose a DT-enabled design 
approach to promote innovation in services and industrial PSS. They foresee a process 
where digitalized and physical products can communicate, evolve, and sync in real-
time.  

The analysis also reveals a great deal of work being spent describing the benefits of 
a real-time Physical-to-Virtual (P2V) connection between the physical solution and its 
digital counterpart. The P2V stream is described as a major enhancement in the way 
designers acquire a deeper understanding of the product context, raising awareness 
about customer behaviour and their decision logic [13]. At the same time, the 
opportunity for closing the loop through a Virtual-to-Physical (V2P) connection 
remains unclear. 

2.2 Extended Realities for value co-creation in early system design 

Industrial manufacturers are increasingly interested in using XR applications to enable 
the design team to immerse themselves in the designed solutions. AR and VR have been 
discussed as means to plunge 'into the shoes' of the customer to virtually experience the 
tangible and intangible value creation aspects of alternative design concepts since early 
in the process. AR and VR are essential technologies in gamifying the design work, 
providing interactive and engaging environments to test a new product or system 
without delay in different scenarios. These allow evaluating various aspects of a design, 
and they have proven to be able to trigger sustainable behaviour among customers and 
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consumers [14]. They often include playful interfaces to edit design choices and deliver 
immediate feedback to users, much like what can be done today in computer games. 
Current XR technologies offer a wide range of possibilities for presenting a solution 
concept, including non-immersive VEs technologies (traditional interfaces such as 
large screens and video walls), immersive VEs, using Head Mounted Displays and AR 
technologies including wearable devices (e.g., smart glasses) and handheld devices 
(e.g., tablets) to integrate virtual products into real environments. 

The body of knowledge related to the use of XR technologies in the fuzzy front end 
of innovation – and in engineering design decision-making - emerges from the work on 
VR-enabled prototyping from the early 2000s. The latter was created to support a 
detailed analysis of product designs by providing numerical simulation results and 
realistic product visualization. This was then extended to benefit other product 
development stakeholders (e.g., maintenance and service engineers). More research has 
been conducted on the end user's involvement in product development via XR 
technologies. Carulli and colleagues [15] propose an approach to capture end-user 
opinions through a virtual prototyping system. Lin and colleagues [16] demonstrate how 
to involve end customers in the personalization process of smart products through VR. 
Kato [17] shows the advantage of VR systems in verifying customer perceptions of car 
design. According to Azizi and colleagues [18], production operators can also benefit 
from XR integration, and propose an iterative virtual design system with an ergonomic 
framework that has the potential to optimize production and reduce operator fatigue. 
Recent studies [19] have focused on evaluating different levels of 'virtuality' for XR 
technologies and their effect on the perceptual response among designers and 
consumers.  

A recent multiple case study analysis from Schneider [20] stresses the ability of XR 
to support interactions that mimic reality and overcome physical boundaries, building 
on the 'magic of the medium'. XR technologies are envisioned to benefit the entire 
concept generation process, from sketching to design reviews, facilitating an open 
dialogue in the team. This immersive collaboration can support synchronous or 
asynchronous communication. The technology can also integrate internal or external 
stakeholders, either co-located or remotely, connecting multiple individuals and roles, 
while blending reality and digital artefacts, providing the feeling of presence. The 
literature also highlights several challenges concerning the shift from a computer-aided 
design (CAD) workflow to a XR-supported one. Most are 'technological' and related to 
ICT support, conversion, etc. More interestingly, the study points to methodological 
limitations. The time necessary to enter a XR experience, i.e. its 'switching cost', is still 
high for designers, particularly in a multiuser setting, which should ideally be a quick 
and painless process. Furthermore, higher levels of interaction - such as manipulating 
an artefact using a head-mounted device in AR - are hard to achieve. More research is 
needed to move past 'passive interactions' where individuals simply stare at a digital 
artefact. 
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2.3 About the joint use of DT and XR in product and system design  

The joint utilization of DT and XR technologies is often discussed in design as a way 
to create metaverse-like experiences that makes it possible to emotionally involve end 
users and consumers in shaping a product's journey already during an early stage. The 
final goal is to bring to the surface those tacit and subjective aspects of customer and 
end-user satisfaction that can make a solution to be successful in the long run.  

This 'immersion' in a product's timeline is expected to improve the way the 'nuts-
and-bolts' (e.g., material extraction, manufacturing, maintenance, repair, recycling, 
decommissioning) of alternative servitised solution concepts (i.e., different proposals 
for closing the loop in circular business models) are displayed to the decision makers to 
ensure full accountability and transparency. These digital immersive are aimed at 
fostering system thinking, mainly by capitalizing on the benefits of imaginative 
illustration and associative processing. Hence, decision-makers can understand more of 
the System-of-System (SoS) consequences of their design decisions, across a range of 
tangible and less tangible value dimensions, from customer satisfaction to 
sustainability. For instance, while designing a product or take-back programs for old 
electronic devices, the immersive virtual world can give the team a first-hand 
understanding of how the customers will perceive the different touchpoints for the new 
service, providing valuable information to optimize its design. Similarly, when 
evaluating alternative circular strategies for a new system, the DT/XR combination is 
expected to augment the designers’ perception of the consequences related to the 
dispersion of hazardous material in the environment and more. 

Several co-simulation workflows for DTs and VR are proposed in the literature, 
mainly in industrial production and manufacturing [21-23], while less is known about 
the joint use of these technologies in product and system design. Schneider [20] is 
among the firsts to discuss this opportunity. XR is mostly envisioned as a tool to support 
dynamic reviews and the visualization of DT simulations in the ideation phase. For 
instance, a user can walk through a 3D scene to analyse a solution concept (in its own 
context and environment) from different points of view. In more advanced simulations, 
it shall be also possible to observe its evolution from multiple points along the arrow of 
time. A recent article from Mourtziz and colleagues [3] discusses how to support 
personalized PSS design optimizations based on the joint use of DT and XR. The 
authors propose a framework for using these technologies to incorporate end-users and 
customers in the design phase of new hardware under the mass customization paradigm, 
enabling them to remotely communicate with the OEM engineering department through 
the tools embedded in AR and VR applications. Yang and colleagues [4] make clear 
that, although the benefits associated with the integration of the XR services with the 
DT systems are promising, research has not yet provided a comprehensive guideline for 
industrial XR application developers. More effort is needed to develop an application 
development framework for DT-based machines, paying attention to issues related to 
generality and high efficiency. 
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3 Research methodology 

The research work presented in this paper is based on the application of qualitative 
research methods, such as interviews, observations, and focus groups, to delve into the 
nuanced dynamics of using XR technologies to support the co-creation of value in the 
engineering design process. The findings have been generated in co-production mode 
with several products and PSS providers in the Swedish manufacturing industry 
(mainly in the automotive and construction domains), across a series of case studies, 
which selected on the basis of their relevance for the original research question. 
  

 
Fig. 1. Research approach. 

 
Figure 1 shows how the research was conducted in the multi-case study environment, 
iterating between the ‘descriptive’ stages of the research (where the data were collected 
and analysed) and the ‘prescriptive’ ones (where design support was developed and 
demonstrated to collect even more insights). The findings across the cases were 
integrated and documented as lesson learned and, ultimately, as research questions, 
capabilities and recommendations for future work. 
 
4 Towards digital immersive experiences for value co-creation in 

design – a roadmap 

Despite the hype, researchers, practitioners and the media are not fully persuaded that 
the promises of the metaverse will be fulfilled anytime soon. As highlighted in a recent 
article by Kimberly Borden and Dr. Will Roper at McKinsey [24], significant gaps 
remain before the vision of the metaverse is realised in full in the domain of 
engineering, putting the finger on the inability of current solutions to create a digital 
reality able to replicate physical reality in every respect.  

Kicked-off by the considerations above, this research highlights a series of major 
research gaps that hinder the successful deployment of digital immersive experiences 
in the realm of product and system design. In doing this, it focuses on the opportunity 
of fostering value co-creation in the design process through the use of XR, to eventually 
underline four transformations (i.e., ‘tracks’, see Figure 2) needed to fully capitalize on 
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these digital immersive environments since an early phase in the innovation and design 
process.   

Fig. 2. A roadmap for developing digital immersive experiences for collaborative value co-
creation in design. 
 
4.1 From validating to innovating 

The interaction with the industrial partners revealed that having a completely 
immersive, synchronized digital replica of a 'solution concept' - including not only 
hardware-related aspects but also all its various lifecycle processes - is critical to know 
more about radical innovation opportunities, about how design interventions can be 
planned, and how a solution will be perceived by the end users and customers across a 
range of value dimensions of interest. 

A significant issue experienced by the industrial practitioners is that current research 
is often unable to describe how DTs can support engineers in 'intentionally designing' 
such solution embryos in an early stage. Little is known about how DT/XR technologies 
can be used to investigate the System-of-System (SoS) behaviour of radical new ideas 
(as they do not feature a physical twin in a classical sense), as opposed to verify mature 
concepts against a pre-determined set of requirements - to identify the suitable trade-
off between different conflicting system characteristics.  
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The starting point in the roadmap is found at the intersection between value-driven 
design, innovation engineering and model-based decision-making. The overall 
intention is to clearly understand expectations, needs and pain point of the designers 
when it comes to introduce immersive computer-based environment in their day-to-day 
work, so to avoid a technology push approach. This is believed to be particularly 
important to raise the level of acceptance of the technology, and to ensure that the 
technological support is able, de facto, to add value to the 'act of design', improving 
creativity and efficiency rather than simply disrupting the innovation workflow.  

Four main areas, in no particular order, are highlighted as focal points for exploring 
the joint use of DT/XR in the fuzzy front end of the innovation process: (1) data 
collection and visualization, (2) affordances awareness, (3) cross-functional 
negotiations, and (4) distributed collaboration.  

In the next 20 years, industrial manufacturers will exponentially improve their 
capability of gathering lifecycle data from the products and solutions already in use. 
Yet, collecting and displaying data does neither means being able to understand it, nor 
being capable or transforming it into actionable knowledge and/or design requirements. 
A major track to be investigated is how to analyse, summarise, package and display all 
the material collected from the field in a way to make the design team to figure out the 
best possible solution strategy, the one that goes beyond the classical measures of 
performance to encompass SoS effects, from sustainability to well-being, from profit to 
resilience and antifragility.  

A corollary aspect to be investigated in the roadmap is how the joint use of DT and 
XR can help the design team in knowing more about affordances and the soft aspect of 
values delivered by products and systems. For instance, while designing circular or 
servitized solutions, an interesting question to explore is how computer-mediated 
immersive experiences can support cross-functional negotiation in design. This implies 
creating design representations that can be efficiently used as a boundary object by the 
team. These are objects that are part of multiple social worlds and facilitate the 
communication between them and can be specifically used in PSS design to elicit the 
tacit knowledge of the cross-functional team, to assess the value of a concept in multiple 
scenarios and turn knowledge into action [25]. It is also important to point out that the 
future of engineering design is not likely to feature co-located design teams as often 
happens today. The need to involve individual from all-over the globe with experience 
about the different aspects of a solution will emphasise the need to develop efficient 
practices for virtual collaboration. In turn, this will require researchers to better 
understand how the joint use of DT and XR technologies can support a distributed 
working mode so that designers and knowledge owners can remotely coexist in such 
immersive computer-mediated environments. 

The four items highlighted by this track have in common the ambition to research 
how designers might best ‘do design' in computer-based immersive environments, 
moving past anectodical evidence and personal introspection to collect more tangible 
and reproducible results. Qualitative research will initially provide the necessary 
insights to guide the definition of the requirements for the XR applications, building on 
the needs expressed by the users/stakeholders of the system. These will be obtained 
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through interviews and observations to define then a metric of 'goodness' used in a later 
stage to verify the proposed visualization support. 

One recommended research method is protocol analysis [26] based on the 'think 
aloud' method [27]. One of its main advantages lies in its ability to collect ‘factual’ data 
about the benefits and drawbacks of the new 'process of designing' introduced by the 
availability of immersive digital tools. The method foresees the researchers setting up, 
conducting and analysing experimental sessions, featuring the application of DT and 
XR to support decision-making in ad-hoc design episodes. These experiments are 
intended to progressively involve a number of stakeholders across different functions, 
organizational roles and responsibilities (including product development, customer 
operations, marketing, and finance), making them experience DT/XR technology (i.e., 
manipulate, interact with, use it as a boundary object for negotiation and more). The 
aim shall be that of providing experimental evidence related to the joint use of DT/XR 
in design, along with the different research questions above. These will be 
complemented by more qualitative lessons learned, recommendations and guidelines 
(e.g., gathered through interviews, focus groups and questionaries) related to the 
optimal setup for digital immersive experiences to stimulate the discovery, discussion, 
and negotiation of value aspects in design. 

4.2 From testing to exploring 

This track focuses on configuring the joint DT/XR environments to leverage the way 
radical design solutions are explored, facilitating the design team in capturing, 
modelling and analysing the long-term consequences of a design at the SoS level. This 
'explorative' working mode aims to support the elicitation of expectations/needs from 
customers and stakeholders, promoting creativity and stimulating ambidextrous 
thinking, as opposed to manly verifying that design concepts fulfil requirements and 
constraints. Several questions remain concerning the combination of XR technologies 
designers shall use (and how they shall be integrated) to foster the elicitation of all 
aspects of customer satisfaction and value for products and systems, including 
visualization aspects, interface functionalities, editing possibilities, feedback, and 
multiuser interaction. 

Both the analysis of the literature and the field data gathered in the case studies show 
that a gap remains about how DTs/XR can help engineers know more about functions 
and affordances of a solution, supporting the proactive collection of about the Voice-
of-the-Customer (VoC) through digital immersive environments. While some have 
investigated the perceptual differences elicited by XR technologies in early-stage 
design, less is known about the advantage of letting customers and stakeholders ‘walk-
through’ design concepts to learn more about tacit aspects of value and satisfaction. 
How to elicit the emotional aspects associated with a virtual prototype, and how the 
choice of XR technology influences value perception in distributed design sessions, are 
critical questions to be investigated in the roadmap.  

This track also focuses on developing a digital immersive environment so that a 
solution embryo can be explored using multiple senses, e.g., smell, touch, taste and 
more, and through interactive features. More in general, the research shall study in detail 
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how the DT/XR interface should be designed, and which functions it should include to 
engage design team participants using a broad range of stimuli, how to manipulate and 
edit, and how to use multi-sensorial feedback to support co-creation in the team. 

There is an additional layer of simulation capabilities for the environment that is 
needed to tackle so-called 'unknown unknowns'. The latter are generally defined as 
unexpected or unforeseeable phenomena (e.g., risks, but even value creation 
opportunities) that cannot be foreseen because they cannot be anticipated based on 
experience or investigation. This is a limiting factor of virtual testing (and Digital 
Twins) compared to physical-based investigations and prototypes, whose primary 
added value is revealing such phenomena. The goal is to investigate how to facilitate 
the discovery of 'unknown unknowns' at the SoS level using immersive experiences 
mediated by a digital environment, in a way to 'serendipitously' discover of value and 
sustainability dimensions of interest in design.  

A major means of investigation across the 4 areas of this track is experimentation, 
and the research findings will grow mainly from observing design teams in action and 
probing demonstrators. The goal is to output a set of practices and guidelines related to 
(1) how DTs of design concepts can be experienced through XR systems, (2) how can 
digital products and systems are best presented to design decision-makers and 
customers exploit multisensorial stimuli, and (3) how to replace the conventional mouse 
and keyboard interfaces to manipulate the virtual objects and environment.  

4.3 From implementing to optimizing 

In design, developing a DT for each concept can be very costly [28]. Hence, the 
roadmap pinpoints the need to research how to support the design process owners in 
identifying the optimum benefit vs. cost trade-off when developing immersive virtual 
environments. One strategy which is explored today to reduce the cost and improve the 
flexibility of DTs in design is reconfigurability. As discussed by Panarotto and 
colleagues [29], creating a set of DT modules that can be reused and recomposed to 
create DT variants is advantageous when dealing with decisions about whether a new 
concept meets or not given customer requirements. Since the requirements are derived 
from the functions that the product should fulfil, a functional decomposition approach 
can be used to identify a set of independent DT modules, creating a modular platform. 
At the same time, alternative modules to fulfil the same function can be identified, 
creating alternative modular platforms. Several questions remain about which method 
is the most suitable to guide the functional decomposition approach, how to identify the 
optimal mix of modules, and whether a new digital twin module should be developed. 
Even less is known about the benefits of the modularization for design space exploration 
(i.e., when the requirements are not yet frozen by the team). 

Another prominent question dealing with the design of cost-efficient and effective 
DTs – to be visualised through XR - is how surrogate modelling techniques and 
response surfaces shall be developed, implemented, and tested to reduce the 
computation time of DT simulations in an early design stage. 

An aspect often discussed with the case companies is the degree of virtuality 
considered 'optimal' or just 'enough' to guide design explorations towards maximum 
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value. For instance, VR systems have the flexibility to immerse users in multiple 
computer-generated scenarios, which can be designed ad hoc, allowing them to evaluate 
several future possibilities but requiring more modelling work. AR systems may be less 
flexible and allow less manipulation from users. Still, they can easily augment a user's 
view of real prototypes with substantial information in the context of use, allowing them 
to grasp the real-life experience and its unpredictable aspects that are hard to foresee 
through virtual models. The body of knowledge related to the selection of the most 
suitable degree of virtuality across the MR continuum is still under development, and 
more research is needed to develop recommendations suited for design decision 
making. 

An additional aspect often discussed concerning the development of virtual worlds 
in design is the twinning rate considered optimal for design decision making. As defined 
by Jones and colleagues [30], twinning is the act of synchronizing the virtual and 
physical states, measuring the state of the physical entity to realize in the digital 
environment such that the two states are 'equal'. In the literature, the twinning rate is 
only described as being in 'real-time': a change in a physical state will near-instantly be 
reflected by the same change in digital model. The higher the rate, the faster the 
response to change, hence the better is the ability of the digital entity to mirror its 
physical counterpart, acting simultaneously and together. Yet, increasing the twinning 
rate comes with a cost, and it is not self-evident where the optimum trade-off lies in 
design when syncing the digital environment with the physical objects and systems.  

The research discussion in the case studies have often pointed to the need of initiating 
the scientific investigation through qualitative means, which is through the development 
and testing of different demonstrators or modelling concepts. These shall be used to 
'probe' decision-makers and experts on the use of the virtual worlds in the design task. 
The aim here is to make it possible for the audience of these environments to experience 
them in relevant applications, following up these observations through interviews, user 
questionaries and the measurements of relevant user activities.  

4.4 From using to trusting 

The research has often highlighted the issue of 'trust' concerning the development and 
usage of immersive computer-generated environments in design. The literature has not 
yet achieved maturity when it comes to prescribe how virtual worlds shall be developed 
to represent a 'single source of truth' for the design team, and how to create 
trustworthiness in them. Data compatibility, interoperability, and usability issues are 
only some of the reasons why the joint application of DT and XR technologies in design 
remains limited concerning the way their results are trusted. Another major limiting 
factor is related to the development of a culture (within the design team) that is 
committed to the use of computer-generated environments (including product and 
environmental data/models) as ‘source of truth' that all stakeholders adhere to - and 
depend on - to keep all work on track throughout development.  

An aspect of interest in this transition is related to the opportunity of developing so-
called 'Hybrid Twins', which combine physics-based and data-driven models into one 
hybrid model for a DT. This concept is explained in detail by Langlotz and colleagues 



12  

[31]. The basic assumption is that both techniques have different advantages and 
disadvantages that can have synergy effects if they are operated together. Physics-based 
models are better in capturing existing and proven knowledge, and uncertainty can be 
better controlled by acting on input and modelling accuracy. Yet not only they require 
extensive domain knowledge, but also the input parameters have to be assumed entirely, 
and models are computationally intensive. Data-based models are generic and flexible, 
can be improved via time by training and can discover complex relations and patterns. 
Yet, these models do not provide explanations or a deep understanding of causality, are 
often only rough approximations, and extreme or atypical conditions are difficult to 
predict. The fusion of both techniques bears a high potential to provide broader insights 
into the past and future state of modelled systems, improving the predictive ability of 
the digital models in the environment. 

Methodologically, a qualitative research approach is suggested when it comes to an 
understanding the advantages and limitations of the digital immersive experience from 
the perspective of developing a 'single source of truth' for the designers. The goals of 
qualitative research in an engineering design situation are illumination, understanding, 
and extrapolation of findings to similar conditions [32]. The rigorous use of interviews, 
focus groups and observations holds the promise of creating supporting design contexts 
for immersive digital collaboration and more innovative design processes focused on 
the co-creation of value. 

5 Conclusions 

The need to address societal challenges responsibly, together with the trends in Industry 
5.0 and Society 5.0, emphasise human-centric systems that can support practitioners 
and experts in becoming more effective in how they work, interact, and collaborate. 
This is paramount in product and system design, where decision-makers need not only 
to deal with increasingly sophisticated customer and stakeholder needs, but also with 
increasingly 'wicked' problems with many interdependent factors that make them seem 
impossible to solve. To cope with these challenges, the entire 'design experience' must 
be enriched in a way to be able to process additional and more understandable 
information when making critical decisions in an early phase. Much research is needed 
to support the evolution of these collaborative virtual worlds. This will not only 
concentrate on the development of technological support, but that will also need to 
understand the 'whats' (functions) and the 'hows' (mechanisms) of new digital 
immersive environments. Eliciting the preferences, desires, wishes and pain points of 
all the relevant users and stakeholders for these experiences will be critical to add value 
to the design process, fostering collaboration and co-creation while reducing costs, 
cognitive effort and improving efficiency. 
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