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This perspective article, looking through the lens of neurodiversity, discusses the
benefits and challenges of implementing virtual environments and wearable
technologies in interior design and related fields. While the relationship
between human perception and built environments has long been studied in
the environmental design disciplines, the direct impact on occupant performance
related to neurodiversity has been underexplored in research, with a shortage of
knowledge supporting how it can be applied in design practice concerning the
end users. Individuals’ perceptual, cognitive, and affective responses to their
surroundings vary, as neurodiversity plays a key role in the invisible, human-
environment interaction. Thus, measuring, analyzing, and understanding affective,
perceptual, and cognitive experiences is a challenging process in which various
factors come into play, and no single method or measurement can adequately
work for all. Due to such challenges, research has also utilized various biometric
measurements and tools for immersive experiments in physical and virtual
environments, e.g., eye tracking used in studies on gaze behaviors and
immersive virtual reality (IVR) used in studies on the spatial perception of
dementia patients. Along with empirical methods, studies have stressed the
contribution of phenomenology to looking into the hidden dimension, the
‘why factors’ of perception, cognition, and affectivity. Concerning the
methodological approach, this perspective article shares insights into a novel
process model, Participatory Neurodesign (PND) framework, used in wayfinding
research and design processes utilizing eye tracking and IVR. Opportunities for
neurodesign research and design practice are also discussed, focusing on the
health, safety, and wellbeing of end-users.
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1 Introduction

Individuals experience their surroundings differently, forming their minds, emotions,
and behaviors. In this phenomenon, the body is not separate from the mind, and how one
perceives and responds to the surroundings is interdependent on the physical structure of the
body in its unique way. A built environment is apprehended through the perceptual and
sensorial mechanisms. The invisible and intangible interactions between the environmental
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stimuli and brain responses have challenged designers when they
attempt to integrate neurodiversity into the traditional design
methods typically set around the physical body and visual
aesthetics. While evidence-based design has become the standard
practice in the leading design industry, tacit knowledge often plays a
significant role in design approaches to the realm of emotion,
perception, and cognition. As strives to better inform designers
about human-environment interactions, design research has
adopted theories and methods from various disciplines, including
neuroscience and psychology, which have contributed to
investigating the behavioral, cognitive, and social aspects of
human-environment relationships. In recent years, neurodesign
research has increasingly adopted wearable technologies, often
utilizing immersive virtual reality in which the body plays a
different role from that in the real (or physical) world. While
neurodesign can establish its position as an interdisciplinary
inquiry and practice of design, encompassing psychology,
neuroscience, and related domains of design (Auernhammer
et al., 2021), studies have not sufficiently provided tangible
frameworks or guidelines for design practice that directly
contributes to people’s health, safety, and wellbeing.

2 Neurodiversity in design dialogues

In recent years, the design industry has acknowledged the
impact of neurodiversity on occupant experiences in built
environments: e.g., HKS, one of the leading architectural design
firms, has promoted brain-healthy workplace design. Studies on
workplace and educational environments have also suggested how
interior design can respond to spatial needs for hypersensitive and
hypo-sensitive individuals and different types of work such as
collaboration, respite, and independent tasks (Brinzea, 2019;
Bruyère and Colella, 2022; Krzeminska et al., 2019). Research has
shown overstimulating environments can trigger strong
reactions—e.g., anxiety, epileptic seizures, and stress—to smells,
sounds, temperature changes, harsh lighting, intense colors, and
complicated visuals, risking occupant health and wellness (Shraiky
et al., 2012). Studies on other aspects, e.g., visual attention or
wayfinding, have focused on environmental stimuli as cognitive
cues. In wayfinding, for example, considered crucial are visual
contrast between background and foreground, variety and
repetition of sensory stimuli, and place identity and spatial order
for affordance and legibility, which heavily affect how the viewers
comprehend the overall context of their surroundings (Palmer et al.,
2016). As the various emphases show, design domains have paid
attention to the explicit and implicit aspects of brain responses to
environments, ranging from disability and deficits to differences in
perceptual and cognitive patterns.

The issue is that the generally accepted, binary concept of
neurodiversity—neurotypical versus neurodiverse (or divergent)—
has dominated the dialogue in academic, industry, and public
contexts, despite the dictionary definition “individual differences
in brain functioning regarded as normal variations within the
human population” (Merriam-Webster Dictionary, 2022).
Primarily conceived neurodivergence are disorders or
impairments such as attention deficit disorder (ADD), attention
deficit hyperactivity disorder (ADHD), autism spectrum disorder

(ASD), dyslexia, developmental coordination disorder (DCD; also
known as dyspraxia), and epilepsy (Brinzea, 2019). Despite the
notable contributions of research specialized in the conditions,
misunderstanding the research purposes may result in a tendency
to focus on individual brain functions in design research and
approach, which may leave less-known phenomena out of the
dialogue around neurodiversity. While neurodiversity lies in the
complex and holistic brain-mind-body-environment interaction,
certain neurological aspects may be sheer differences, not
disorders of specific functions: e.g., a spectrum of
synesthesia—unique cross-sensory phenomena that can inform
design processes. Acknowledging such can help designers expand
and reframe the traditional concept and principles of universal
design from primarily focused on anthropometrics and visible
disabilities to encompassing a broader spectrum of diversity,
including the invisible neurodiversity.

Discussed in the following chapter are the advantages and
challenges in empirical research utilizing wearable technologies
and immersive environments and how such research relates to
design practice concerning the neurodiversity of the end-users.

3 Implementing wearable technologies
in neurodesign

Neurodesign is the intersection between neuroscience,
psychology, and design, which contribute to mutual benefit.
Because it is a relatively new field, a gap still exists in how
knowledge is communicated between research and design
practice under the umbrella (Auernhammer et al., 2021).
Measuring and analyzing human experiences, especially the
affective, perceptual, and cognitive, is a challenging process in
which various factors play a role, and no single method can
adequately work for all. Due to such challenges, environmental
design disciplines have long adopted interdisciplinary approaches
and methods. Self-report (e.g., interviews and surveys) and
interpretive content analysis have been popular methods in
investigating human perception and cognition in built
environments. In recent years, experimental methods, virtual
reality, and biometric measurements have increasingly been used
in environmental design fields: e.g., eye tracking,
electroencephalography (EEG), and functional magnetic
resonance imaging (fMRI), to examine human responses or
affects—e.g., sensations and emotions—to environmental stimuli
(Vecchiato et al., 2011; Vartanian et al., 2015). Immersive virtual
reality (IVR) has also been of growing interest to researchers, which
can simulate “presence in real life.” As IVR allows researchers to
control the setting and versatility to implement multisensory
elements, it has been used in studies on post-trauma
rehabilitation and interior design for dementia patients (Adi and
Aljunaidy, 2020).

Given that neurophysiological data are descriptive and do not
have the explanatory capacity, researchers have paid attention to
experimental phenomenology that attempts to identify “what” as
well as to uncover “how” and “why.” Neurophenomenology
grounded in the approach combines neuroscience and
phenomenology, with an emphasis on subjective experience,
mind, and consciousness (Varela, 1996; Petitmengin et al., 2007).
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When it comes to virtual environments (VE), one may experience
fast changes in feelings and perceptions in the sequence of spaces or
abrupt shifts between spaces in the VE. Measuring the emotional,
perceptual, and cognitive responses to an unfamiliar or less-usual
experience may involve a complicated setup and process utilizing
multiple devices to leverage different technologies. Despite the
attempt, they might still not be able to capture the covert aspects
of the subjective spatial experience, which may be better expressed
through interviews or think-aloud.

3.1 Immersive virtual reality (IVR)

One’s ability to process stimulus information is optimized by the
input of additional information to aid the visual information;
looking at proprioceptive feedback and actions such as turning
around or turning upside down affect the person’s understanding
of the surroundings and objects within it (Kwon and Iedema, 2022).
The large shift from physical to virtual environments has decreased
people’s kinetic engagement (Morel et al., 2015), but it might have
increased other types of sensory engagement in virtual
environments (Gallace et al., 2012; Wilson and Soranzo, 2015).
Research has informed that VR and the brain share the same
mechanism: embodied simulation of the body. While studies
suggest a possibility of IVR altering the experience of the
physical body by designing targeted virtual environments, the “I
don’t see my body where I am in” situation can cause perceptual and
cognitive confusion as the person immersed in the simulated virtual
world cannot see the movement of the physical body that the brain
needs to reference to predict the sensory consequences (Wilson and
Soranzo, 2015; Seabrook et al., 2020).

Although the terms IVR and VR are often interchangeably used,
IVR is a newer technology, and VR is a more general term under
which specific terms and concepts fall. Non-immersive VR and
semi-immersive VR have long been incorporated into education,
research, and even leisure. An example of non-immersive VR is a
video game that relies on a computer or video game console, display,
and input devices like keyboards, mice, and controllers. Semi-
immersive VR that provides users with a partially virtual
environment has long been used in design education, research,
and practice: e.g., high-resolution 3D graphics that give viewers
immersive feeling through partial replication of the real-world
mechanism; the viewers remain connected to their physical
surroundings. IVR has increasingly been used in user research on
sensory engagement (Gallace et al., 2012; Wilson and Soranzo,
2015), typically focused on the visual and often involving the
non-visual, e.g., auditory and haptic. The kinesthetic sense gives
humans the ability to identify specific environmental characteristics
based on the body’s spatial properties, including exteroception,
enteroception, and proprioception (Kwon and Iedema, 2022,
p. 5). How vision and proprioception contribute to retrieving
information about body location and movement is to be further
investigated, to which development of technologies that facilitate
human navigation and inform about motor rehabilitation can
contribute (Bayramova et al., 2021). IVR has also been used with
biometric tools such as EEG and eye tracking. Banaei et al. (2017)
used IVR and EEG to investigate how varying forms in the interior
environment affected the participants’ emotional state and the

aligning areas of the brain that process shape and forms that are
defined “not only by the geometry and by the features such as type,
location, scale, and angle, but also by the way the inhabitants
experience [the] environment” (p. 12).

3.2 Eye tracking

Eye tracking is a popular tool used in studying visuoperceptual
processes, which has historical roots in cognitive research on
reading. Eye tracking can measure eye movements—how, where,
and what people look at—with high precision providing insights
into cognitive processes and attentional states. Although eye
tracking is not a direct measure of visual acuity, it has been
effectively used in various domains, including usability research
(Manhartsberger and Zellhofer, 2005), human factors research, and
safety applications (Han et al., 2020), psychological/cognitive
research (Mele and Federici, 2012), education and training (Tien
et al., 2014), kinesiology and sports sciences (Lim et al., 2018), and
car/airplane simulations (Palinko et al., 2010). The types of eye
trackers currently used in research include screen-mounted,
wearable (e.g., glasses and IVR eye tracker), and web-based. One
of the significant advantages of mobile eye tracking technology is the
versatile application in wearable devices, including HMD-based IVR
that can simulate not only a visual setting but also invisible or non-
fixed attributes (e.g., movements, sounds, and human interactions)
of the human environment. It can purposefully and effectively
separate the subject from the implication of the real-world space
where the physical body is situated. The technology allows
unobtrusive or less obtrusive experience in eye tracking in 3D
settings, whether physical or virtual.

The early research and some recent studies on visual attention
took the eye-mind hypothesis as a strong validation for the power of
eye-tracking, which claims the mind processes what eyes are seeing
(Schindler and Lilienthal, 2019). A concern with the eye-mind
hypothesis is that it could lead to overgeneralization or
oversimplification, undermining the covert aspects of visual
attention, because gaze data alone cannot explain the ‘why
factors’ of the gaze behaviors, which is critical information for
the design process. Individuals’ gazes respond differently to what
they see in a three-dimensional space, from how they respond to
visual content displayed on a two-dimensional fixed surface. Despite
its advantages in certain types of research (e.g., patterns in reading a
webpage), a 2-D digital display cannot sufficiently resemble a real-
life space where brain responses are affected by various non-visual
factors, physical depth of space, the distance between objects and
thus, sense of scale in relation to the body. For this reason, wearable
eye-tracking technologies have been adopted in studies concerning
spatial identification, navigation, and wayfinding. Figure 1.

3.3 Participatory Neurodesign (PND)
framework

The Spatial Perception and Cognitive Experience (SPACE)
Laboratory at Colorado State University has implemented in-situ
eye tracking and IVR in its recent projects using a neurodesign
process model grounded in experimental phenomenology to fill in
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the overlooked gap between neurodesign research and design
practice. The Participatory Neurodesign (PND) framework
(Figure 2) bridging the gap between academic research and
design practice consists of six phases: 1) participatory visioning

with stakeholders, 2) pre-design research, 3) co-design, prototyping,
and stakeholder feedback, 4) post-design assessment, 5) fabrication
and construction (installation) and 6) post-project research and
post-occupancy assessment (Kwon et al., 2022; Kwon et al., 2023).

FIGURE 1
Wearable devices used in environmental design research: eye tracking, and head-mounted display immersive virtual reality (HMD IVR),
computerized dynamic posturography (CDP IVR), and electroencephalography (EEG)—order from left to right (photo credit: Kwon).

FIGURE 2
Participatory Neurodesign (PND) framework adopted in wayfinding design projects based on eye tracking research.
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While no precedents have been found, a sheer assumption might be
that the PND framework is not a novel method because eye tracking
and IVR have been used in research for many years. However, the
mixed-method PND approach is unique in its flexibility in
application and suitability to various types of evidence-based
design practices that engage stakeholders.

The SPACE Lab conducted research-based wayfinding design
projects engaging the client stakeholders and current users. The
PND approach was particularly important as the building users
included counselors working with individuals at risk and with
various conditions. In the PND process, the pre-design research
implemented in-situ eye tracking involving concurrent think-
aloud to examine subjects’ gaze patterns in navigating inside an
unfamiliar building. Pre-design research findings were applied in
the environmental graphic design process, and the design
outcomes were simulated in a digital building model. For
post-design research, in-lab eye tracking was conducted using
a walkthrough simulation of the digital model. In tandem with
eye tracking, IVR experiments using a head-mounted display
(HMD) device were conducted to examine how subjects reacted
to the virtual building space, which was found to deliver a better
sense of the real-world scale. Both the pre-design and post-design
experiments incorporated concurrent think-aloud to understand
the “why factors” of the gaze behaviors. For the same purpose,
Kwon and Kim. (2021) also adopted an experimental
phenomenology approach using eye tracking and open-ended
interview to investigate the impacts of auditory stimuli on
individuals’ gaze behaviors in commercial environments. The
unique strength of these studies using concurrent think-aloud is
in the meaningful findings that the descriptive (or objective)
gaze data alone could not explain. For example, visual attention,
e.g., longer dwell time or frequent fixations appearing in gaze
data, can mean not only interests but also distractors or
stressors; gaze fixations indicate not only positive but also
negative attention implying oddness, unfit, or confusion; gaze
fixations do not always indicate that the subject notices and
comprehends the content. As such, the hidden dimensions of
environmental perception, cognition, and behavior are the key
to designers’ adequate understanding of occupant
neurodiversity.

4 Challenges with using wearable
technologies in neurodesign

Despite many advantages, using wearable or immersive
technologies in research experiments can be challenging due to
the potential risks from direct contact between the devices and the
subject’s body and the impact of associated stimuli on the brain. For
example, despite the slim chance, the lights from the sensors built
into a wearable eye tracker can trigger photosensitive epileptic
reactions. Although such impacts might not always be noticeable
immediately, they can potentially harm participants with certain
conditions related to hypersensitivity: e.g., epilepsy that is rarely
instantaneous and develops over time with a sequence of triggers
(Petitmengin et al., 2007). While triggers are not universal among
people with epilepsy, complex and intense visual stimuli are
common triggers for seizures: e.g., bright light, complex patterns,

and vivid colors (Shraiky et al., 2012). IVR can also cause discomfort,
including feelings of sway, to which some research participants
respond sensitively.

The current scope of neurodiversity considered in interior
design practice and related fields seems limited to a few
conditions, such as autism and dementia. With this concern,
the SPACE Lab has developed research tools integrating
immersive environments illustrating distinct types of building
interior configurations and factors to examine how occupant
comfort and performance, including physical balancing, are
affected by visual stimuli regarding neurodiversity. The
development process involves researchers with varied expertise
to assure the safety of research participants, as leveraging IVR in
research concerning neurodiverse end-users can be a complex,
sensitive, and time-consuming process with potential risks to
participant health and safety. In 2022, Brinley Shultz and the
SPACE Lab conducted an exploratory pilot study for an interior
design project for occupants with epilepsy, using visual stimuli
that consisted of interior images focused on color, light, and
pattern, with subtle adjustments of the visual complexity and
intensity. Due to the varying risk factors in using wearable
technologies and the absence of precedent research verifying
the safety of such methods in design research, the researchers
used still images on a digital display despite acknowledging the
effectiveness of IVR in simulating spatial experience. The image
tool was used paired with an open-ended interview questionnaire
developed based on a symbolic interaction framework rooted in
phenomenology and psychology. The study helped understand
how individuals with epileptic episodes may perceive their
surroundings and how the spatial elements and factors may
affect their daily functions. Specific details found from the
pilot study were applied in a multi-purpose wellness center
design resulting in unconventional design solutions specific to
the target users. The various challenges found in the research and
design processes are great opportunities for further research in
the underexplored area of study.

5 Conclusion

In recent years, the concepts and contexts of human
environments have evolved, and digital content and virtual reality
have become part of people’s mundane lives. Wearable technologies
have also rapidly evolved, making meaningful contributions to
research on human behaviors and perception in various fields,
including environmental design disciplines. Especially, wearable
devices and immersive technologies allow subjects less obtrusive
visual experience along with physical mobility at varying degrees,
delivering a strong sense of presence in the virtual environment
separate from the real world where the physical body is situated.
Digital modeling plays an essential role in developing visual stimuli
to adequately utilize VR in design research and practice, which is
crucial for effective communication with participants and
stakeholders. This, especially in practice, can prevent errors and
unnecessary costs. With such advantages, immersive and wearable
technologies can help bridge the gap between empirical research and
the production of tangible outcomes for end-users. To an extent,
immersive technologies can help designers explore and better
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understand the spatial experiences of occupants/users with a varying
range of neurological (dis)abilities, which, in the long term, can
contribute to shifting the climate around neurodiversity: instead of
‘neurodiverse’ being seen as having a disability, it is seen as having a
difference in strengths and ways of processing experiences and
stimuli.
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