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Abstract: This paper introduces the concept of Virtual Reality (VR)-enabled digital twin living labs, which are
precise virtual replicas of real-world living labs, and explores their potential in housing research and
development. The study outlines the system architecture of a VR-enabled digital twin living lab at the building
scale, the Empathetic Home Digital Twin, and investigates the user experience of older adults engaging within
this innovative system. The research employs a natural observation method to study the interactions,
feedback, and implications for empathetic design. The findings highlight the importance of context
familiarity, collective engagement, and intuitive design in building trust and promoting the acceptance of
new technologies among older adult users. Key design recommendations, such as optimal VR session
duration, gradual adaptation to the VR environment, concise orientation sessions, simplified interaction
dynamics, seamless communication mechanisms, and an intuitive user interface, are provided for designing
a VR experience tailored to engage older adults. The study acknowledges certain limitations, such as the need
for more age-appropriate VR equipment and the small sample size of participants and suggests addressing
these limitations in future studies. The potential of VR-enabled digital twins in housing research and
development is significant, and future studies can explore their full potential to transform living lab

approaches within housing research and development.
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1. Introduction

In recent years, living labs have emerged as a groundbreaking approach within the practice-oriented research
ecosystem governing housing research and development. A living lab transcends conventional laboratory
settings by integrating real-world contexts and user participation into the co-development and evaluation of
innovations, technologies, products, or services (Fglstad, 2008; Kareborn & Stahlbrost, 2009; Hossain et al.,
2019). Despite the significant added value that living labs offer to current housing research and development,
integrating innovative technologies into these real-world settings continues to present substantial
challenges. These challenges include the complexity of system integration, leading to extended development
cycles, the need for significant financial investments for the acquisition, installation, and maintenance of

prototypes, and the considerable physical effort required for co-modifications and adjustments to
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accommodate new configurations (Fehrer et al., 2024; Leal Filho et al., 2023; Ruijer & Meijer, 2020; Hossain
et al., 2019). These challenges highlight the need for a more agile and modular approach in the co-
development and deployment of innovations within living lab approaches.
Over the last five years, the evolution of Information and Communication Technology (ICT), Internet of Things
(loTs), cloud computing, and immersive technologies has opened up unprecedented opportunities for
adopting more flexible and modular frameworks within living labs. A notable innovation in this arena is the
use of Virtual Reality (VR)-enabled digital twins (Jiang et al., 2021; Sepasgozar & Shirowzhan, 2024). A VR-
enabled digital twin is a precise virtual replica of a real-world living lab. The use of a VR-enabled digital twin
holds several promises, including: 1) the simulation of technological applications in a cost-effective and time-
efficient manner, eliminating the need for physical alterations (Tagliabue et al., 2021; Molinari & Rolando,
2020; Lu et al., 2020; Argota Sanchez-Vaquerizo, 2022) ; 2) the rapid iteration and testing of Proof of Concepts
(POCs) within a virtual environment, thereby reducing development cycles and physical exertion (Najafi et
al., 2023; Bungay et al,, 2021; Lu et al., 2020); and 3) the improved scalability and adaptability of POCs,
thereby broadening the scope for experimentation and refinement without the financial and logistical
constraints associated with conventional living labs (Jia et al., 2022; Zhang et al., 2022; ). Today, VR-enabled
digital twin living labs are being explored and utilized across various sectors, including energy transition
(Opoku et al., 2024), agriculture (Majore & Majors, 2022), education systems (Tagliabue et al., 2021), and
inclusive decision supports systems (Najafi et al., 2021).
While embedding such cutting-edge technologies into living labs can represent a pioneering contribution, it
is imperative to note that success in living lab approaches is not measured by the sophistication of the
technology, but by the harmonious orchestration of enriched experiences and meaningful human
engagement that it facilitates. In other words, a system architecture at the intersection of smart-driven
technologies, the cyber (physical and virtual) living environments, and meaningful and intuitive stakeholder
involvement during the decision-making process is a prerequisite for a VR-enabled digital twin living lab
approach. However, outlining such a system architecture is a key question that this paper aims to explore.
This study aims to outline the system architecture of a VR-enabled digital twin living lab at the building scale,
namely the Empathetic Home Digital Twin. It then scrutinizes the experience of users (older adults aged 55+)
engaging within these innovative systems, employing a natural observation method, and focusing on:

I Usability, and the perceived ease of use of such a system.

Il Identifying and analysing key design elements and interactions that foster an empathetic user

experience, showcasing the potential or challenges.

Il. Developing design recommendations to steer future innovations within the living lab research field.
Following this introduction, Section 2 details the system architecture employed in designing the VR-enabled
digital twin living lab. Section 3 introduces the natural observation method and unveils the user experience
study with older adults, concentrating on their interactions, feedback, and the subsequent implications for
empathetic design. The discussion in Section 4 synthesizes insights from the user experience study, placing
them within the wider scope of user-centred research. Section 5 encapsulates the study's key contributions
and acknowledges its limitations for consideration in future research within the field of user-centred living

labs.
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2. Methods

2.1 Case study: Empathic Home living lab

“Empathic Home” is a user-centric living lab proposed by Mohammadi (2020) that seeks to merge physical
infrastructure, such as homes, with technological advancements to create a living environment that
intuitively responds to and anticipates the inhabitants' needs (Mohammadi, 2020). This living lab, with a
three-story structure and a ground floor area of approximately 65 square meters, is situated within the IPKW
industrial park in Arnhem, The Netherlands (Lieshout, 2023) (Figure 1, left). The Empathic Home venture has
yielded effective POCs for implementing empathetic living environments. One such POC is the Guiding
Environment, which supports independently living seniors with dementia with General Daily Activities (GDA),
such as circadian rhythm, at their home environments ( Grave, 2019). Within the Empathic Home living lab,
these POCs often incorporate technological components, such as loT sensor networks, intelligent user
interfaces, and adaptable environmental controls to maintain and increase the autonomy of older adults in

their living environment.

Digital Twin Empathic Home
(VR-enabled)

2.2 System architecture

The system architecture of the VR-enabled Empathic Home employs a mixed-media prototyping approach.
This method incorporates HCI devices, particularly VR, real-time data synchronisation between the Empathic
Home's real-world structure and its virtual counterpart, and the home user (Figure ). The principal
components of the systems architecture are as follows:

I Physical structure: The physical component of the Empathic Home includes the building itself,
outfitted with IoT sensors and actuators for environmental monitoring and control, such as
temperature, humidity, lighting, and motion tracking. The physical components are integrated
through a local cloud-based infrastructure, called “Home Assistant.” The Home Assistant is a smart
home platform enabling residents of the Empathic Home living lab to automate, control, monitor,
and enhance their comfort, security, and convenience.

II. Virtual Building Information Model (V-BIM): The V-BIM of the Empathic Home is 3D modelled
using Autodesk Revit, followed by enhancements in Unity, a game engine, for texturing, rendering,

and data workflow exchange. This dual approach can leverage the strengths of both platforms to
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VI.

VII.

VIl

create a dynamic digital twin environment, capable of interacting with the real-world Empathic
home through cloud-computing computation.

Broker: It creates a bidirectional communication flow between the real-world Empathic Home and
its digital counterpart. The VR-enabled digital twin of Empathic Home broker encompasses five
components:

Cloud computing: Provides the backbone for data storage, computational power, and analytics,
facilitated through a dual-cloud architecture to meet both functional and computational demands.
Messaging protocol: Implements Message Queuing Telemetry Transport (MQTT) for efficient and
reliable communication among the |IoT ecosystem, ensuring robust data exchange and system
responsiveness.

Automation: Home Assistant serves as customisable platform for enabling the automation of smart
devices. This platform receives messages, processed via the MQTT protocol from various loT
devices within the Empathic Home, and translate these messages into specific actions or
adjustments to the home environment.

Application Programming Interface (API): This APl facilitates the creation of dynamic and
interactive virtual models that can mirror the physical state of the Empathic Home in real-time.
Through MonoBehaviour scripts, the virtual Empathic Home dictates the behaviour of virtual
objects, for examples, lights, within the Unity environment, enabling them to respond to user
interactions, sensor data, and system commands. This interaction is not unidirectional; commands
from the virtual environment can be translated back to physical actions within the home via the
Home Assistant platform. The API thus supports a seamless interaction loop between the virtual
and real-world Empathic Home, ensuring that changes in the digital twin can affect corresponding
adjustments in the real-world environment.

VR interface: Acts as the user interaction frontier to engage with the Empathic Home digital twin.

Home user: The stakeholders stand at the core of the system architecture, with their interactions
via VR interfaces playing a key role in the digital twin of Empathic Home. The stakeholder can create
a personalised and adaptive living environment that adjusts to their behaviours, preferences, and

needs (Figure2).
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3. Results and analysis

3.1 User experience study

We adopted naturalistic observation methodology to scrutinise the user experience of the participants
engaging with the VR-enabled digital twin of the Empathic Home living lab. This method was chosen to ensure
the authenticity of interactions by observing participants in their natural environment, devoid of any
experimental manipulation or interference (Angrosino, 2016). Our objective was to capture genuine user
behaviours and reactions in real-world settings, thereby providing insights into the usability and effectiveness
of a VR-enabled digital twin living lab for older participants.

A cohort of five participants (approximately 55 years old), with average postgraduate levels of education but
no prior VR experience participated during the user experience study. They engaged with the digital twin
model, which was also displayed on a 2D screen for observation by others. This setup facilitated an in-depth
analysis of:

l. User initial perception: Assessing the session setup for user convenience, engagement with
the POCs, usability, ease-of-use for various functions (e.g., haptic feedback, hand gestures),
user reactions to immersion, and overall satisfaction.

1. Design considerations: Focusing on VR device features, session duration, environmental
adaptation, interaction dynamics, data handling, and user interface design, aiming for
insights to refine these aspects in future developments.

Our observations revealed significant insights into older adult’s interactions and experiences, providing a

foundation for enhancing VR-enabled digital twin models for this demographic.
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4. Discussion

This study investigated the experiences of older adults interacting with a VR-enabled digital twin prototype,
focusing on capturing their authentic behaviour and reactions within a natural setting to glean first-hand
insights. The research findings have the potential to impact multiple disciplines, including ICTs, smart
architectural technologies, and living labs by providing valuable insights on the development of methods and
ICT technologies attuned to the needs of end users. Specifically, these insights are vital for developing
interfaces and systems that accommodate the unique requirements and preferences of older adults, ensuring
their inclusion in the evolving user-centric digital twins for living lab landscape. These insights are detailed
below:

Insights from the experiment

A central finding of our investigation supports and expands upon the observations made by Merriman et al.
(2016), who identified that engagement among older adult users is markedly improved in environments that
are familiar to them (Merriman et al., 2016). The inference drawn is that integrating VR technologies into the
BIM of the familiar settings like homes for older adults, and tailoring these technologies to their interests,
can make VR seem less daunting and more accessible to them.

Further, our research advocates for a broader interpretation of 'familiar settings' to encompass not merely
the VR environments themselves but also the social and cultural contexts that underpin both the
experimental setup and the user experiences. This expansion appears important for building trust and
promoting the acceptance of new technologies among older adult users. Specifically, our study highlights the
following insights:

I Familiarity with the experiment's environment: Placing VR experiments in environments
recognised by participants, such as communal areas within their living spaces, can enhances
their trust in the experimental process, particularly for those encountering VR-enabled
products for the first time. We underscore that the selection of familiar settings for
conducting the experiment has a beneficial impact on enhancing older adult participants'
confidence to facilitate their engagement in a more receptive manner.

Il Collective engagement: Incorporating group dynamics into VR interventions has been
demonstrated to boost participant engagement and confidence (Gomez et al., 2019). Our
observations also indicate that enabling older adults to participate in groups, whether
through forming cohorts with friends or neighbours, can foster a supportive environment
that lessens reluctance towards technological interaction. This model of collective
participation also seems promising for overcoming psychological barriers to VR technology
adoption and increasing the experiment's effectiveness.

M. Communication strategy: our findings is advocating HCI research for adaptable interaction
modalities to accommodate user preferences and limitations. We observed that
communicating in the participants' local language significantly ensures clear understanding
and maintains engagement. The preference for verbal over written communication among
senior participants necessitates provisions for oral interviews and the incorporation of
auditory feedback mechanisms within the VR experience.

VR-enabled digital twin experience: design consideration for the senior users:
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Our study also elucidates several factors that can be considered when designing VR experiences tailored to

the needs of users:

VI

VII.

Intuitive design and usability: Our findings underscore the critical role of intuitive design —enabling
the users to understand how to use the prototype without much effort. This principle is in
concordance with the Technology Acceptance Model (TAM), which posits that the perceived ease
of use is a significant criteria in the adoption of technology (Maranguni¢ & Granic, 2015). We also
recommend prioritising other criteria such as comfort, and safety when selecting VR headsets and
related accessories. Specifically, it is advisable to choose headsets that are lightweight and
adjustable, catering to diverse head sizes and visual requirements. Additionally, incorporating VR
controls that demand minimal manual dexterity and ensuring auditory cues are clear and adaptable
to various hearing abilities are essential consideration.

Session duration: The cognitive and physical stamina of senior users should inform the optimal
duration of VR sessions. Our findings suggest a maximum engagement threshold that avoids fatigue
or discomfort, ideally not exceeding 20 minutes. This duration ensures that participants remain
engaged and comfortable, without overwhelming them, thereby maximizing the benefits of the VR
experience.

Adaptation: Initial exposure to VR should emphasize comfort and gradual acclimatization to the
virtual environment. While walking modes can offer benefits forimmersion and wayfinding, seated
navigation modes are recommended to ensure a comfortable and focused experience. This
consideration is crucial in minimizing the risk of disorientation or discomfort among senior
participants.

Introduction to VR environment: The entry process into the VR environment should be carefully
managed, starting with an immersive setting that is familiar, pleasant, or calming. This should be
followed by a concise orientation session to prepare participants for the experience. Such an
approach facilitates a smooth transition into the virtual world, building participants' readiness and
confidence.

Interaction dynamics: The design should minimize the need for complex interactions that require
significant input from the user, such as pressing buttons or using haptic feedback. In situations
where user input is necessary, manual controls should be readily accessible to the experimenter to
assist in navigating any difficulties. Simplifying interaction dynamics ensures that users can engage
with the content without becoming overwhelmed by the technology.
Communication/Instruction: Communication from the experimenter to the participant during the
VR session should be integrated within the VR environment whenever possible. Overlaying the
experimenter's voice within the virtual setting, rather than having it come from the external world,
helps maintain immersion and prevents confusion. This method supports a seamless experience,
reinforcing the sense of presence within the virtual environment.

Interface design: The design of user interfaces and interaction mechanisms within VR must adhere
to principles of simplicity, clarity, and accessibility. Features should include large, legible text,
intuitive navigation paths, and high-contrast visual elements to accommodate visual impairments
common among older adults. Such design principles ensure that the VR experience is not only

accessible but also engaging for senior users.
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5. Conclusion

In conclusion, the system architecture of the VR-enabled digital twin living presented in this paper can be
considered a forward-thinking approach within the practice-oriented research ecosystem governing housing
research and development. Furthermore, the user experience, particularly among older adults, investigated
in this paper, can provide valuable insights into designing, implementing, and assessing the potential impact
of such user-centric approaches within future inclusive decision-making systems.

Also, the findings of this study, including the context familiarity, collective engagement, and intuitive design,
can be considered as driving factors for building trust and promoting the acceptance of new technologies
among older adult users in future studies. Furthermore, key design recommendations, including an optimal
VR session duration, gradual adaptation to the VR environment, concise orientation sessions to prepare
participants for the experience, simplified interaction dynamics, seamless communication mechanisms, and
an intuitive user interface, are driving factors when designing a VR experience tailored to engage older adults.
Although VR-enabled digital twins offer significant potential for living lab approaches, this study
acknowledges certain limitations. The current VR equipment used in the study may need to be more age-
appropriate, leading to issues such as dizziness, fatigue, or disorientation during the experiment, particularly
among participants with health issues. Additionally, the sample size of participants is small, which may affect
the generalisation of the findings. Personal biases during the experiment due to natural observation
behaviours may also affect the results.

To maximise the potential of VR-enabled digital twins in housing research and development, future studies
should address these limitations and explore the potentials further. Building upon this research, future
studies can harness the full potential of VR-enabled digital twins to transform living lab approaches within

housing research and development.
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