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Abstract

Social virtual reality (VR) enables users to interact within immersive shared envi-
ronments, making interpersonal interaction central to the user experience. As these
platforms continue to mature, regulating personal space has become an important
design challenge: personal space invasions (PSIs) can be unintended, yet still dis-
ruptive for the users involved. Existing research has primarily examined how to
protect users whose personal space is violated, while paying comparatively little
attention to how countermeasures affect the approaching user. To address this gap,
this thesis investigates personal space countermeasures through two complemen-
tary user studies. The first, a controlled VR experiment with 24 participants, eval-
uated three countermeasures using subjective questionnaires, ranking tasks, and
physiological measurements. The second, a qualitative study with 12 participants,
examined interactions from both users’ perspectives through semi-structured inter-
views and was analysed using thematic analysis. Across both studies, participants
preferred countermeasures that communicated personal space boundaries before
restricting movement. They perceived gradual interventions as more understand-
able, fair, and socially acceptable than forceful approaches, and they emphasised
the need to adapt countermeasures to contextual factors such as interpersonal re-
lationships, environmental conditions, and perceived intent. These findings in-
dicate that effective personal space regulation in social VR should consider both
interaction partners rather than focusing only on the user whose personal space
is violated. This thesis contributes design principles for reciprocal, context-aware
personal space regulation that prioritises communication before enforcement and
supports the continued maturation of social VR. These findings have direct im-
plications for developers of social VR platforms seeking to design personal space
mechanisms that balance user safety with social autonomy for all parties involved
in an interaction.
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Überblick

Soziale virtuelle Realität (VR) ermöglicht Nutzer*innen die Interaktion in immer-
siven gemeinsamen Umgebungen und macht zwischenmenschliche Interaktionen
zu einem zentralen Bestandteil des Nutzungserlebnisses. Mit der zunehmenden
Weiterentwicklung dieser Plattformen ist die Regulierung des persönlichen Raums
zu einer wichtigen Gestaltungsherausforderung geworden, da Verletzungen des
persönlichen Raums (PSIs) unbeabsichtigt sein können und dennoch die beteiligten
Personen beeinträchtigen. Die bisherige Forschung konzentrierte sich vor allem auf
den Schutz der betroffenen Person, während die Auswirkungen von Gegenmaß-
nahmen auf die sich nähernde Person bislang kaum untersucht wurden. Um diese
Forschungslücke zu schließen, untersucht diese Arbeit Gegenmaßnahmen zur Reg-
ulierung des persönlichen Raums anhand zweier komplementärer Nutzerstudien.
Eine kontrollierte VR-Studie mit 24 Teilnehmenden evaluierte drei Gegenmaßnah-
men mithilfe von Fragebögen, Rangordnungsaufgaben und physiologischen Mes-
sungen. Eine zweite qualitative Studie mit 12 Teilnehmenden untersuchte Inter-
aktionen aus beiden Perspektiven anhand semistrukturierter Interviews, die the-
matisch ausgewertet wurden. Über beide Studien hinweg bevorzugten die Teil-
nehmenden Gegenmaßnahmen, die persönliche Distanzgrenzen kommunizierten,
bevor sie Bewegungen einschränkten. Schrittweise Interventionen wurden als ver-
ständlicher, fairer und sozial akzeptabler wahrgenommen als unmittelbare Ein-
griffe. Zudem betonten die Teilnehmenden die Notwendigkeit, Gegenmaßnahmen
an zwischenmenschliche Beziehungen, die Umgebung und wahrgenommene Ab-
sichten anzupassen. Die Ergebnisse zeigen, dass eine wirksame Regulierung des
persönlichen Raums in sozialer VR beide Interaktionspartner*innen berücksichti-
gen sollte, anstatt sich ausschließlich auf den Schutz der betroffenen Person zu
konzentrieren. Die Arbeit leitet daraus Gestaltungsprinzipien für eine reziproke
und kontextabhängige Regulierung des persönlichen Raums ab, die Kommunika-
tion vor unmittelbarer Durchsetzung priorisiert und so zur Weiterentwicklung
sozialer VR beiträgt. Die Ergebnisse liefern zudem praktische Implikationen für
die Gestaltung von Mechanismen zur Regulierung des persönlichen Raums, die
Sicherheit und soziale Autonomie aller an einer Interaktion Beteiligten in Einklang
bringen.
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Conventions

Throughout this thesis, we use the following conventions:

• The thesis is written in British English.

• The first person is written in plural form.

Definitions are set off in coloured boxes.

EXCURSUS:
Excursuses are set off in orange boxes.

Where appropriate, paragraphs are summarised by one or This is a summary of a

paragraph.two sentences that are positioned at the margin of the page.

Conditions are represented in small-caps text, whereas CONDITION

questionnaire categories are represented in typewriter-style Category

text, and the individual questionnaire items within each Item

category are presented in italics.

Graphics used for data visualisation are generated using
Python scripts and are designed to ensure accessibility
through a colour-blind-friendly format.

To improve readability throughout the thesis, the sources
of all external images are compiled in Appendix A rather
than listed in the individual chapters.
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Chapter 1

Introduction

“The screen is a window through which one sees
a virtual world. The challenge is to make that world

look real, act real, sound real, feel real.”

—Ivan E. Sutherland (1965)

From the advent of the Sword of Damocles, introduced
by Sutherland [1968], to contemporary consumer-grade
head-mounted displays (HMDs), virtual reality (VR) has un- VR evolved from early

systems to modern

HMDs

dergone rapid technological advancement. Initially, VR
was confined to a limited range of domains, including
military [Furness, 1986] and aerospace institutions [Fisher
et al., 1988]. During the 2010s, however, cost-effective and
high-performance VR devices, including the Oculus Rift
and HTC Vive, widened access for researchers and en-
thusiasts, expanding opportunities for innovation within
the field [Shang and Alena, 2025]. By 2023, more than
171 million individuals were using VR technology world-
wide1, while the market was valued at approximately Increasing number of

VR usersUSD 15.6 billion and projected to exceed USD 40 billion by
20312. These figures reflect VR’s trajectory from a novelty-
driven technology towards wider adoption.

1 https://drawandcode.com/learning-zone/how-many-people-
use-virtual-reality/ [Accessed: April 2026]

2 https://www.mordorintelligence.com/industry-reports/
virtual-reality-market [Accessed: April 2026]

https://drawandcode.com/learning-zone/how-many-people-use-virtual-reality/
https://drawandcode.com/learning-zone/how-many-people-use-virtual-reality/
https://www.mordorintelligence.com/industry-reports/virtual-reality-market
https://www.mordorintelligence.com/industry-reports/virtual-reality-market
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As VR has matured, it has opened new research directions
across multiple domains, notably at the intersection of hu-
man–computer interaction (HCI), psychology, and the social
applications of VR. Within these environments, the grow-
ing user base has intensified attention to user well-beingRise of social VR as a

research focus [Schaffer et al., 2026]. This combined academic and in-
dustry interest has made social VR a central focus within
contemporary VR research [Han and Bailenson, 2024], mo-
tivating further investigation into its design, interaction
paradigms, and associated challenges.

1.1 Social Virtual Reality

Before examining the research context in detail, it is use-
ful to clarify the technological landscape surrounding so-
cial VR, as the broader category of extended reality (XR), an
umbrella term for augmented, virtual, and mixed realityThe focus is social VR

within social XR technologies that enable users to connect and interact with
one another [Niamut, 2021]. This provides the conceptual
frame for this thesis’s focus on VR, as social XR encom-
passes the broader ecosystem of immersive social technolo-
gies; however, this thesis focuses specifically on social VR.

SOCIAL VIRTUAL REALITY:
"Social virtual reality (VR) represents a growing set
of multiuser applications that enable people to in-
teract with one another in virtual space through VR
head-mounted displays (HMDs)." [McVeigh-Schultz
et al., 2019]

Definition:

Social Virtual Reality

Recent social VR research spans areas such as com-
munication practices [Cho and Riecke, 2025; Gunkel
et al., 2021], interaction design [Yassien and Abdennad-Social VR research

spans many areas,

increasingly focusing on

harassment

her, 2025; Zhou et al., 2026], users’ emotional experi-
ences [Kuang et al., 2026; Yoon et al., 2026], and privacy and
ethics [Chang et al., 2025]. Within this field, harassment has
become a critical area of concern, as it can induce psycho-
logical distress and contribute to the long-term exclusion of
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marginalised groups when affected users disengage from
these platforms [Zhang et al., 2023].

Harassment in social VR manifests in diverse forms, includ-
ing verbal abuse, sexual harassment, and identity-based
harassment [Gerritse et al., 2026]. Personal space inva- Social VR harassment

spans verbal, sexual,

identity-based, and

personal space invasion

sion differs from many other forms of harassment because
its perception and impact are highly context-dependent:
users’ responses may vary depending on factors such as lo-
comotion techniques [Connolly et al., 2025], cultural back-
ground [Hasler and Friedman, 2012], and gender differ-
ences [Nassiri et al., 2004].

Although social VR is relatively new, proxemics, intro-
duced by Hall [1966], and the related concept of personal
space invasion, as examined by Felipe and Sommer [1966], Proxemics research

dates to the 1960sare grounded in longstanding research on human spatial
behaviour. This research developed alongside early ad-
vances in VR and has become extensive within psychology,
encompassing studies across cultural contexts [Aiello and
Thompson, 1980; Baldassare and Feller, 2009], age groups
[Dean et al., 1976; Mirlisenna et al., 2024], and gender
[Fisher and Byrne, 1975; Skolnick et al., 1977]; together,
these factors define one’s perceptions of personal space.

Within this context, HCI provides a foundation for address-
ing these personal space violations in social VR: it informs
the design of interaction techniques and system-level coun-
termeasures that can mitigate unwanted proximity. Per- HCI informs

countermeasures

against personal space

violations in social VR

sonal space bubbles in VR platforms such as Meta Hori-
zon Worlds and Rec Room illustrate one such approach
[Zhu and Parker, 2025]. Another example is the “talk-to-
the-hand” gesture implemented in Rec Room, which allows
users to mute and ignore disruptive participants [McVeigh-
Schultz et al., 2019]. Blehm [2025] extends this work by
evaluating three distinct countermeasures from the recip-
ients’ perspective and examining their perceived usability
and effectiveness in social VR environments.
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Although research has increasingly examined personal
space invasion and its countermeasures in social VR from
the recipients’ perspective, the approaching user’s, or
invader’s, perspective remains comparatively underex-
plored. This gap raises an important question regardingInvader’s perspective

remains overlooked,

highlighting a key

research gap

how current countermeasures influence approaching users
and how support mechanisms can be designed to effec-
tively prevent violations while promoting the well-being of
all individuals involved. To address this gap, the present
work first investigates how invaders respond to existing
countermeasures before considering how these insights can
inform more mutually acceptable support mechanisms. It
is hence guided by the following research questions:

RQ1 How do invaders respond to countermeasures, and
which types of countermeasures do they perceive as
most acceptable or preferable?

RQ2 What countermeasures or support mechanisms can
be designed to reduce unintentional PSI while re-
maining mutually acceptable?

Extending Blehm’s work, this thesis uses two complemen-
tary studies to investigate personal space invasion from the
invader’s perspective. Study 1 examines the invader’s per-
spective in a controlled experimental setting, in which par-Two-study approach:

controlled experiment

and qualitative interview

study

ticipants evaluate three countermeasures. Study 2 uses a
retrospective reflection followed by semi-structured inter-
views: participants assess the same set of conditions as in
the first study while reflecting on and comparing the in-
vader’s and recipient’s perspectives.

Together, these investigations examine personal space in-
vasion in social VR from the invader’s perspective and
consider how users perceive countermeasures across inter-Aim of the thesis

action roles. The thesis aims to clarify how invaders re-
spond to countermeasures and derive design implications
for invader-aware support mechanisms that reduce unin-
tentional violations while promoting user well-being.
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1.2 Outline

This thesis is organised into six chapters. After this in-
troductory chapter, Chapter 2 reviews existing literature
on social VR, proxemics, PSI, and personal space coun-
termeasures. Chapter 3 details the research design and
methodology employed across both studies, while Chap-
ter 4 presents the questionnaire, ranking, physiological,
and qualitative results. Chapter 5 evaluates these find-
ings in relation to the research questions, discusses their
place within the broader research context, and addresses
the study’s limitations. Finally, Chapter 6 summarises the
thesis’s key contributions and outlines avenues for future
research.
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Chapter 2

Related Work

This chapter reviews the literature relevant to personal
space regulation in VR. It begins by tracing the develop-
ments of immersive technologies from early conceptual
work through successive commercial cycles, before exam-
ining how this evolution gave rise to social VR as a dis-
tinct research domain. The chapter then considers social
immersive platforms, proxemics and personal space inva-
sion within psychology before addressing the intersection
of these fields. Finally, it reviews the countermeasures cur-
rently employed or under investigation in this context.

2.1 Immersive Technologies

Perlin [2016] argues that virtual reality has entered the
later phase of the “long nose of innovation”, a phrase Bux-
ton [2008] introduced to describe the decades that technolo-
gies may require before achieving broad consumer accep-
tance. Against this backdrop, the present thesis focuses on Early VR concepts

trace to the mid-1930sinterpersonal interaction rather than technological capabil-
ity, reflecting the growing importance of refining user expe-
riences as immersive technologies mature. The conceptual
roots of virtual reality can be traced to Pygmalion’s Spectacles
by Weinbaum [1935]; practical virtual reality systems, how-
ever, did not emerge until several decades later. Among the
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Figure 2.1: Reality–virtuality continuum proposed by Milgram and Kishino [1994].

earliest practical developments were Morton Heilig’s Tele-
sphere Mask1 and Sensorama Simulator2, both introduced inEarliest practical VR

systems the early 1960s. A further milestone came with the Sword of
Damocles, introduced by Sutherland [1968] and widely re-
garded as the first HMD.

These technological advances set the stage for immersive
systems, while researchers simultaneously started to for-
malise the concepts and terminology used to describe them.
In this context, the term virtual reality (VR) was popularised
by Lanier [1992]: it generally refers to computer-generatedCoining of the

terms VR and AR interactive 3D environments that produce a sense of spa-
tial presence [Bryson, 2013]. The closely related term aug-
mented reality was first coined in 1992 by Boeing researchers
to describe systems that overlay digital information onto
the physical world [Janin et al., 1993].

Building upon these definitions, the reality–virtuality con-
tinuum, proposed by Milgram and Kishino [1994] and de-
picted in Figure 2.1, conceptualises a spectrum that extends
from the physical world, governed by the laws of physics,
to entirely virtual environments. Positioned between theseReality-Virtuality

Continuum two extremes are augmented reality (AR) and augmented
virtuality (AV), which represent varying degrees of integra-
tion between real and digital content. Collectively, these in-
termediate environments constitute mixed reality (MR), en-
compassing all experiences that combine real and virtual
elements to varying degrees.

1 https://patents.google.com/patent/US2955156 [Accessed: April
2026]

2 https://patents.google.com/patent/US3050870A [Accessed:
April 2026]

https://patents.google.com/patent/US2955156
https://patents.google.com/patent/US3050870A
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2.1.1 Maturation of Immersive Technologies

In Buxton’s model of the long nose of innovation, the re-
finement and augmentation phase describes a period in
which technological advances were largely confined to re- VR restricted to niche

uses during the

refinement phase

search and specialist applications. During this phase, the
military became one of VR’s most prominent application
domains, developing flight simulators, such as the Super
Cockpit, to train pilots in immersive environments [Fur-
ness, 1986]. Simultaneously, developments in interaction
and immersion technologies also continued. For instance,
Zimmerman et al. [1986] introduced hand tracking as a way
of interacting with virtual environments through the Data-
Glove. The Cave Automatic Virtual Environment (CAVE), took Immersion and

interaction advancesa different approach: rather than relying on an HMD, it pro-
jected stereoscopic imagery in a room-sized space [Cruz-
Neira et al., 1992]. Together, these developments advanced
immersive interaction techniques, though complexity and
cost continued to limit VR to specialised domains.

In the 1990s, VR moved from research laboratories into
the commercial market, entering what Buxton calls the VR’s transition into the

consumer marketproductisation phase. During this period, Nintendo re-
leased the Virtual Boy [Zagal and Edwards, 2024], and Dis-
ney opened DisneyQuest [Fisher, 1999], both of which sig-
nalled interest in immersive technologies within the gam-
ing and entertainment industries. Despite this momentum,
these efforts did not achieve sustained commercial success.
Partly, VR headsets of the period were expensive and tech-
nologically limited and many users reported discomfort, Multiple factors led to

VR’s early setbackheadaches, and cybersickness after use [Biocca, 1992; Mc-
Cauley and Sharkey, 1992; Kao et al., 2020]. Moreover,
the industry lacked the infrastructure to manufacture, dis-
tribute and support these systems at scale [Dzardanova and
Kasapakis, 2022]. By the end of the decade, the optimism
surrounding VR’s first commercial wave had given way to
a prolonged decline.

Despite the decline in consumer interest during the late
1990s and early 2000s, research and development in VR
and AR continued within specialised domains including
medicine, defence, and clinical psychology. In these fields, Research persisted

despite commercial

decline
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Figure 2.2: Timeline of key milestones in immersive technologies, organised ac-
cording to Buxton’s long nose of innovation and extended with the revival of VR.

immersive technologies were adopted for applications such
as surgical training [McCloy and Stone, 2001], anatomi-
cal visualisation [Falah et al., 2014], and military simula-
tion [Livingston et al., 2002; Lele, 2013], as well as the treat-
ment of post-traumatic stress disorder [Roy, 2006], phobias,
and eating disorders [Riva, 2003]. Meanwhile, ongoing ad-
vances in VR hardware, simulation techniques, and inter-
action design gradually laid the technological foundation
for the subsequent consumer revival.

A major turning point came in 2014, when Facebook ac-
quired Oculus VR for approximately USD 2 billion3, sig-
nalling renewed industry confidence in immersive tech-Revival of consumer VR

nologies. Subsequent consumer releases, including the
HTC Vive4, expanded access to VR; Apple’s more recent Vi-
sion Pro5 marks a further step towards mixed-reality inte-
gration. As Figure 2.2 illustrates, the long refinement phase

3 https://about.fb.com/news/2014/03/facebook-to-acquire-
oculus/ [Accessed: April 2026]

4 https://www.vive.com/eu/newsroom/2016-01-04/ [Accessed:
April 2026]

5 https://www.apple.com/newsroom/2023/06/introducing-apple-
vision-pro/ [Accessed: April 2026]

https://about.fb.com/news/2014/03/facebook-to-acquire-oculus/
https://about.fb.com/news/2014/03/facebook-to-acquire-oculus/
https://www.vive.com/eu/newsroom/2016-01-04/
https://www.apple.com/newsroom/2023/06/introducing-apple-vision-pro/
https://www.apple.com/newsroom/2023/06/introducing-apple-vision-pro/
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spanning several decades contrasts sharply with the rapid
acceleration of milestones from 2012 onwards, underscor-
ing how quickly the conditions for social VR emerged once
consumer hardware became viable. This revival has sup-
ported the growth of large-scale social VR, while raising
new questions about their long-term sustainability.

Across these cycles of commercial optimism and decline,
the growing social orientation of immersive technologies
has consistently shifted research attention towards inter-
personal interaction. Consequently, understanding how Social interaction

became central to VRusers negotiate interpersonal space has become an increas-
ingly important challenge for the design of social virtual
environments. The following section, therefore, examines
the emergence of social VR and the interactional challenges
associated with these environments.

2.1.2 Social VR Platforms

“Oculus has the chance to create the most social
platform ever, and change the way we work, play

and communicate.”

—Mark Zuckerberg (2014)

The commercial revival of VR in the mid-2010s was accom-
panied by a decisive shift towards social interaction as a
primary use case, with social interaction becoming central
to VR applications [Dzardanova et al., 2024] and introduc-
ing new challenges for interpersonal behaviour in shared
virtual spaces. Social VR platforms enabled users to inter-
act within embodied shared spaces: they could form so-
cial connections [Zamanifard and Freeman, 2019], engage Social VR enables

embodied interaction

and connection

in varied activities [Maloney and Freeman, 2020], explore
alternative forms of self-presentation [Freeman and Mal-
oney, 2021], and participate in collaborative or recreational
experiences [Montagud et al., 2022; Piitulainen et al., 2022].
This range of interaction distinguishes social VR from tra-
ditional social networking platforms. HMDs further rein-
forced this sense of embodiment, supporting more embod-
ied ways of interaction [Maloney et al., 2021]. Figure 2.3
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Figure 2.3: Examples of contemporary social VR platforms, illustrating embodied
avatars, shared virtual environments, and social interaction.

depicts several prominent social VR platforms, illustrating
the embodied avatars and shared virtual spaces that char-
acterise this mode of interaction.

Unlike conventional online social platforms, social VR en-
vironments provide users with a sense of embodied co-
presence, creating the impression of occupying the same
physical space as others despite being geographically sepa-Embodied co-presence

in social VR rated. Maloney et al. [2021] attribute this experience to em-
bodied avatars that convey users’ movements and gestures
in real time, immersive three-dimensional environments
enabled by six-degree-of-freedom tracking, and multiple
channels of verbal and non-verbal communication. To-
gether, these characteristics allow interactions to resembleSocial VR can elicit real

social responses face-to-face encounters more closely than traditional forms
of computer-mediated communication [Wei et al., 2024].
Social VR interactions can therefore evoke social and emo-
tional responses similar to those experienced during face-
to-face encounters, leading users to perceive virtual in-
teractions as meaningful and consequential [Freeman and
Acena, 2021].
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While these characteristics enable rich social experiences,
they also create opportunities for harassment and interper- Potential for

harassmentsonal boundary violations that can feel personally conse-
quential despite occurring in a virtual environment [Free- in social VR

man et al., 2022]. Understanding why such violations
are psychologically relevant requires first examining the
theoretical mechanisms through which virtual interactions
come to feel real.

2.1.3 Presence and Embodiment in Social VR

Two theoretical concepts, presence and embodiment, help
explain why interpersonal events in social VR are experi-
enced as psychologically real; together, they provide the
foundation for understanding why personal space viola- Presence and

embodiment underpin

realistic social VR

interactions

tions in these environments are not merely virtual. Pres-
ence provides a critical theoretical foundation for under-
standing why social VR interactions carry psychological
weight. Slater [2009] proposed that immersive virtual en-
vironments produce two interrelated illusions: the Place Il-
lusion, or the sense of actually inhabiting the virtual space,
and the Plausibility Illusion, or the sense that events within
that space genuinely refer to the user. Together, these illu-
sions can elicit realistic behavioural and physiological re-
sponses to virtual stimuli, even when users remain aware
that the environment is not real.

Slater et al. [2022] subsequently identified Embodiment as
a third component. The sense of embodiment encom-
passes body ownership, self-location, and agency, with
agency referring to the experience of controlling one’s ac-
tions through the virtual body [Kilteni et al., 2012]. In so- Embodiment theory

corroborates social VR

interactions

cial VR, users interact through embodied avatars that repli-
cate their movements in real time; interpersonal events are
therefore experienced as happening to the user rather than
merely to an avatar.

These characteristics have important implications for in-
terpersonal behaviour in social VR. Because embodied in-
teractions are experienced as being directed towards the
user, personal space violations can be perceived as gen-
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uine social transgressions rather than merely virtual events.Embodiment preserves

proxemic responses in

social VR

Consequently, such violations have been revealed to evoke
feelings of discomfort, unsafety, and harassment [Freeman
et al., 2022], indicating that proxemic principles established
in physical environments continue to govern behaviour in
immersive virtual environments. This theoretical foun-
dation motivates the following section, which introduces
proxemics as the framework for understanding interper-
sonal distance and personal space.

2.2 Proxemics

While early immersive technologies were emerging,
Hall [1963] introduced proxemics, a theory that examines
how interpersonal distance functions as a form of non-
verbal communication. Building on this work, Hall [1966]
identified four interpersonal distance zones, as illustratedHall’s theory of

proxemics in Figure 2.4, scaled to an individual of average height
to give a concrete sense of the interpersonal distances in-
volved. These zones could each be further divided into
close and far ranges, and correspond to different degrees
of social intimacy and interaction. However, Hall [1966]
emphasised that these distances should not be regarded
as universal: they were derived primarily from observa-
tions of middle-class North American adults and may vary
across cultural and social contexts.

Following Hall’s foundational work, proxemics research
expanded to examine the factors that interpersonal dis-
tance preferences, including culture [Aiello and Thomp-Personal space is

shaped by multiple

factors

son, 1980; Baldassare and Feller, 2009], age [Fry and
Willis, 1971], and gender [Fisher and Byrne, 1975; Skolnick
et al., 1977]. These studies indicate that personal space is
not fixed; rather, it varies according to individual, social,
and situational factors. Building on this understanding,
subsequent research investigated the psychological conse-
quences of violating preferred interpersonal distances.
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Figure 2.4: Visualisation of the proxemic zones defined by Hall [1966], compris-
ing intimate, personal, social, and public space. The human figure represents an
individual 175 cm tall, with the illustrated proxemic zones scaled accordingly.

2.2.1 Personal Space Invasion

Felipe and Sommer [1966] were among the earliest to ex-
amine violations of interpersonal distance, introducing the
concept of personal space invasion (PSI). In their study, stu- Origins of personal

space invasion

research

dents were instructed to sit in very close proximity to an-
other student. Their observations indicated that an unusu-
ally close approach by an unfamiliar individual in a public
setting elicited signs of discomfort and often prompted in-
dividuals to withdraw from the situation. These findings
provided early empirical evidence that violations of pre-
ferred interpersonal distances can influence both emotional
states and social behaviour.

Subsequent research extended these early findings by in-
vestigating both the consequences of PSI and the factors
that influence individuals’ responses. PSIs have been found Reactions to PSI vary

across individuals and

social contexts

to induce stress [Kanaga and Flynn, 1981]. Beyond the
invasion itself, the manner in which an intrusion occurs
also influences how it is perceived: Sundstrom and Sund-
strom [1977] found that seeking permission before enter-
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ing another person’s personal space altered participants’
responses, while Fisher and Byrne [1975] reported that re-
actions also varied according to gender, as they observed
lone males to erect barriers against face-to-face invasions,
whereas females to erect barriers against adjacent inva-
sions. Together, these findings suggest that the experience
of PSI is shaped by both individual characteristics and the
social context in which the interaction occurs.

Researchers have also examined the physiological corre-
lates of PSI using the skin conductance response (SCR), a
measure of electrodermal activity (EDA) that reflects sympa-
thetic nervous system arousal [Babaei et al., 2021]. Candini
et al. [2021] associated SCR with individuals’ preferred in-
terpersonal distance, establishing it as an objective comple-
ment to self-report measures. Notably, this response also
extends to virtual encounters: Llobera et al. [2010] andSCR as an objective

measure of PSI Tootell et al. [2021] reported systematic increases in SCR
as virtual agents approached participants in immersive VR
environments, mirroring responses observed in physical
settings. Together, these findings support the use of skin
conductance as an objective complement to subjective mea-
sures when investigating PSI in immersive virtual environ-
ments.

The growing recognition that interpersonal distance shapes
human behaviour led HCI researchers to adopt proxemic
principles. Greenberg et al. [2014] argued that spatial re-
lationships between users and technology could support
more natural forms of interaction across a range of inter-Proxemics extended to

HCI domains active systems. This perspective subsequently influenced
research in emerging domains such as human–robot inter-
action [Stark et al., 2018] and virtual environments [Nassiri
et al., 2010], where interpersonal distance became an impor-
tant consideration in interactions with embodied agents.
Social VR further extends this work by enabling researchers
to study proxemics between embodied users who share the
same virtual space. Overall, these findings establish that
personal space behaviour, and the psychological and phys-
iological consequences of its violation, are not confined to
the physical world, a foundation that directly motivates the
investigation of proxemics in virtual environments.
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2.3 Proxemics Research in Virtual Reality

Early research on proxemics in virtual environments asked
whether interpersonal distance preferences observed in
the physical world would also manifest in VR. Bailenson
et al. [2003] conducted one of the most influential studies
in this area, examining users’ responses to both passive and
active approaches by virtual agents. Participants respected Personal space

preferences persist in

VR

the personal space of virtual characters: they maintained
greater distances when approached from the front rather
than from behind and when engaging in mutual gaze. Fur-
thermore, participants preferred greater interpersonal dis-
tance from computer-controlled virtual agents than from
human-controlled virtual avatars, suggesting that prox-
emic behaviour in virtual environments is influenced by
both social cues and the perceived nature of the partner.

After researchers had established the existence of personal
space in virtual environments, they increasingly examined
the factors that influence its extent and regulation. As
in physical-world proxemics, interpersonal distance pref-
erences in VR vary according to both the individual and
interaction with the partner. Kim and Sung [2024] cor- Personal space in VR is

shaped by factors

similar to those in the

physical world

roborated the findings of Bailenson et al. [2003], observ-
ing that participants maintained substantially greater inter-
personal distances in the virtual world than in compara-
ble physical-world interactions. Subsequent studies have
further confirmed that these preferences are shaped by the
virtual interaction partner’s characteristics. For example,
Buck et al. [2020] found that personal space boundaries de-
pend on the appearance of the approaching entity, while
Iachini et al. [2016] and Kimoto et al. [2023] reported that
factors such as avatar appearance, age, and gender influ-
ence interpersonal distance preferences.

Bönsch et al. [2018] similarly found that interpersonal dis-
tance in a CAVE-based virtual environment varied accord-
ing to the emotional expression and number of approach- Social and contextual

cues shapeing virtual agents. Participants maintained greater dis-
tances from angry agents and groups than from happy proxemics in VR

or solitary agents, reinforcing the idea that proxemic be-



18 2 Related Work

haviour in virtual environments remains sensitive to social
and contextual cues.

More recently, Nelson et al. [2024] revealed that approach-
ing users adapt their behaviour in response to the proxim-PSI countermeasures

differ from ambient

social cues

ity and gestures of virtual characters. Personal space coun-
termeasures, however, differ from these ambient social cues
in that they constitute intentional interventions. Whether
approaching users perceive and respond differently to such
interventions remains unexplored.

With the emergence of social VR platforms, managing in-
terpersonal distance has become an increasingly impor-
tant design challenge. Personal space regulation has been
closely linked to users’ privacy, safety, and overall experi-
ence in immersive environments [Falchuk et al., 2018]. AtMotivation for

the same time, reports of harassment and other unwantedpersonal space

countermeasures behaviours in social VR have increased the need for effec-
tive mechanisms that protect users from personal space vi-
olations [Blackwell et al., 2019]. These concerns have moti-
vated both researchers and platform developers to investi-
gate countermeasures for preventing, communicating, and
responding to PSI.

2.4 Prevailing PSI Countermeasures

Although the literature does not formally distinguish be-
tween different classes of personal space countermeasures,
the approaches reviewed here can be organised accordingPreventative and

reactive

countermeasures

to the point at which they intervene. Some seek to prevent
personal space violations before they occur by establish-
ing or communicating personal space boundaries; others
respond once a PSI is imminent or already underway.

One of the most widely adopted preventive approaches es-
tablishes a protected boundary around the user. PersonalProtected personal

space boundaries in

social VR

space bubbles, or safety bubbles, create a virtual region
that discourages or prevents unwanted proximity before
direct interaction becomes possible. Several commercial
platforms have adopted this type of mechanism, includ-
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Figure 2.5: Implementation of personal safety bubbles in
Meta Horizon Worlds, illustrating protected zones around
user avatars that restrict close interpersonal proximity.

ing Meta Horizon Worlds6, as depicted in Figure 2.5. User
feedback suggests that safety bubbles are generally well re-
ceived: in the study by Freeman et al. [2022], participants
reported that they helped protect personal space and re-
duce experiences of harassment.

Alongside commercial implementations, researchers have
explored alternative designs for protective personal space
boundaries. Nassiri et al. [2009], for example, proposed
invisible protective bubbles that become visible when ex-
ternal objects come into contact with them and can be ac-
tivated or deactivated by users as needed. More recently, Research on protective

boundary designLaRubbio et al. [2023] investigated whether the bubble ge-
ometry affects perceived protection, comparing cylindrical,
polygonal, and body-shaped designs. Their findings re-
vealed no significant differences among these geometries,
suggesting that the presence of a protective boundary may
matter more than its specific shape.

Rather than establishing protective boundaries, other ap-
proaches regulate access to another person’s personal space
once interaction becomes unwanted. Many platforms
therefore provide mechanisms that interrupt, block, or oth-

6 https://mashable.com/article/meta-personal-boundary-
horizon-worlds-facebook [Accessed: May 2026]

https://mashable.com/article/meta-personal-boundary-horizon-worlds-facebook
https://mashable.com/article/meta-personal-boundary-horizon-worlds-facebook
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Figure 2.6: Stop gesture in Rec Room, allowing users to
block and mute unwanted interactions with other avatars.

erwise regulate unwanted interactions. For example, Rec
Room7 allows users to block other players through a stopInteraction-based

personal space

protection in social VR

gesture (see Figure 2.6). At the platform level, Microsoft in-
troduced private social hubs in AltspaceVR to reduce users’
exposure to harassment and other disruptive behaviours8.

Beyond commercial platforms, researchers have explored
a variety of mechanisms for responding to PSIs. Sun
et al. [2021] compared several methods for stopping ap-
proaching virtual agents, including gradual deceleration,
forced stopping, visual warnings, and temporary pauses.Research on reactive

personal space

countermeasures

Participants generally preferred interventions that imme-
diately halted an approaching agent; pause-based tech-
niques were viewed less favourably. Here too, however,
the countermeasure was evaluated from the standpoint of
the user being approached, rather than the approaching
user. Pohl and Achtelik [2019] similarly proposed multi-
level personal space controls: rather than a single restric-
tion, users could specify which objects or avatars may enter
different personal space zones.

7 https://www.youtube.com/watch?v=2bWTgmAxBes [Accessed: May
2026]

8 https://techcrunch.com/2022/02/16/microsoft-shuts-down-
altspacevrs-social-hubs-to-combat-harassment/ [Accessed:
May 2026]

https://www.youtube.com/watch?v=2bWTgmAxBes
https://techcrunch.com/2022/02/16/microsoft-shuts-down-altspacevrs-social-hubs-to-combat-harassment/
https://techcrunch.com/2022/02/16/microsoft-shuts-down-altspacevrs-social-hubs-to-combat-harassment/


2.4 Prevailing PSI Countermeasures 21

Blehm [2025] conducted a comparative evaluation of Blehm’s comparative

evaluation of PSI

countermeasures

three representative countermeasures: SAFETY BUBBLE,
MOVE, and BLOCK. In this study, participants encoun-
tered approaching avatars and activated a countermea-
sure whenever they felt uncomfortable with the remain-
ing interpersonal distance. Alongside subjective feedback,
Blehm [2025] measured physiological responses using skin
conductance to assess emotional arousal. The findings in-
dicated that personal space countermeasures generally im-
proved user experience and reduced the negative effects as-
sociated with PSI. However, participant preferences varied
considerably across participants; no single countermeasure
was universally preferred, and users may benefit from ac- Research focused only

on the protected usercess to multiple protection mechanisms. The evaluation
nevertheless remained centred on the perspective of the
user whose personal space was being violated, leaving the
approaching user’s experience unexplored.

Whereas body ownership has primarily explained re-
sponses to personal space violations, the agency compo-
nent of embodiment offers a complementary perspective Agency offers an

unexplored perspective

on countermeasures

on the approaching user’s experience [Kilteni et al., 2012].
Personal space countermeasures do not threaten the virtual
body in the same way as an intrusion might; rather, they
interrupt intended actions and may therefore influence the
user’s sense of agency. Whether this distinction shapes ap-
proaching users’ responses remains unexplored.

Across the countermeasures reviewed here, the approach-
ing users’ own experience has received little direct at-
tention. One notable exception is the work of Wang
et al. [2025], who proposed a negotiated user-to-user tele- Negotiation-based

personal space

regulation

portation framework that allows users to approve or deny
spatial access before another user enters their vicinity. This
principle of negotiated access mirrors earlier findings by
Sundstrom and Sundstrom [1977], who found that re-
questing permission before entering another person’s per-
sonal space influenced how the intrusion was perceived in
physical-world interactions. Yet even this work concerns
granting access rather than how an approaching user per-
ceives a countermeasure once it acts on them.
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Hence, to the best of our knowledge, research on PSI and its
countermeasures in social VR has been almost exclusively
conducted from the perspective of the user whose personalApproaching users’

perception of

countermeasures

remains unexplored

space is being violated. Whether these interventions are
experienced as fair, justified, or acceptable from the ap-
proaching side, and whether the same countermeasure is
perceived differently depending on which role a user occu-
pies, remains open.

Building on the countermeasures developed by
Blehm [2025], this thesis addresses this gap by investigat-Research gap and

thesis contribution ing personal space countermeasures from the approaching
user’s perspective, for whom, unlike the protected user,
countermeasures may interrupt intended actions rather
than respond to a perceived PSI. In addition, it examines
how these established countermeasures are perceived
across both interaction roles, providing a comparative
perspective that has not previously been explored.
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Chapter 3

Methodology

This chapter describes the methodology adopted in this
thesis and the design decisions underlying both studies.
It first introduces the shared experimental setup: the vir-
tual environment, locomotion, and PSI countermeasures
adapted from Blehm [2025]. The chapter then presents the
methodology of Study 1 and Study 2 in sequence, covering
each study’s designs, participant recruitment, data collec-
tion procedures, and pilot testing.

3.1 Shared Experimental Platform

The experimental platform used throughout this thesis was
based on Blehm’s application, developed for the Apple Vi-
sion Pro using Xcode and Reality Composer Pro and de-
ployed on visionOS. Adobe Mixamo1 was used to create the
virtual human animations, including idle, walking, block- Application adapted for

immersive VR from

Blehm [2025]

ing, and turning behaviours, which were subsequently in-
tegrated into the virtual environment. Although the origi-
nal application investigated PSI countermeasures in an AR
setting, this thesis adapted it for a fully immersive VR
environment by introducing a new virtual environment,
thereby modifying the interaction mechanics and extend-
ing the experimental procedures.

1 https://www.mixamo.com/ [Accessed: February 2026]

https://www.mixamo.com/
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Within the context of PSI, this thesis distinguishes between
two distinct roles. Throughout this thesis, the individ-
ual who approaches and enters another person’s personalDefinition of the invader

and invadee roles space is referred to as the invader, and the individual whose
space is entered as invadee. Although invadee is not a stan-
dard dictionary term, it is used throughout this thesis as a
counterpart to invader.

The adapted application served as the common experi-
mental platform for both studies presented in this the-
sis. Blehm’s application investigated PSI countermeasures
from the invadee’s perspective; in this thesis, the platformVR application adapted

for active interaction

and countermeasure

evaluation

was adapted so that participants could actively approach
virtual characters and experience the implemented coun-
termeasures from the invader’s perspective. Although both
studies of this thesis shared the same underlying system
and core interaction mechanics, minor adaptations were in-
troduced to accommodate their respective research objec-
tives. The following sections describe the virtual environ-
ment, locomotion, and PSI countermeasures implemented
within the system.

3.1.1 Virtual Environment

This subsection describes the design of the shared virtual
environment, covering the selection criteria that guided the
choice of setting and the resulting virtual office corridor de-
veloped for use across both studies. Before implementing
the virtual environment, several environmental concepts
and interaction scenarios were considered. Candidate set-
tings included private environments, such as a reception
area, waiting room, library corridor, and office, as well as
more public spaces, including a park and museum. TheSelecting a realistic yet

controlled virtual

environment

selection was guided by two competing requirements: the
environment needed to create a realistic interpersonal en-
counter while maintaining a high degree of experimental
control. It also had to support repeated interactions be-
tween users, provide a plausible context for approaching
another person, and minimise distractions unrelated to the
PSI countermeasures under investigation.
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Irrespective of the final setting, several criteria guided the Design criteria for the

virtual environmentvirtual environment design. The environment needed to
support repeated and reproducible interpersonal encoun-
ters while balancing experimental control with ecological
validity. At the same time, it had to provide a natural
context in which participants could approach another in-
dividual without both users remaining continuously visi-
ble throughout the interaction. To achieve this, the envi-
ronment was designed around an L-shaped layout: partic-
ipants entered the interaction space by turning a corner be-
fore approaching the other individual. This layout more L-shaped layout for

consistent interactionsclosely resembled naturally occurring encounters in every-
day environments while ensuring that each interaction be-
gan in a consistent and reproducible manner.

Based on these considerations, an office environment was
selected. The virtual environment was modelled after the
institute’s office corridor and closely resembled the physi-
cal surroundings in which the studies were conducted. By Office corridor selected

for plausible and

controlled interactions

recreating a familiar real-world setting, the design aimed to
enhance ecological validity and strengthen the plausibility
illusion of the virtual scenario, thereby encouraging natural
behaviour during interpersonal encounters. Furthermore,
the corridor accommodated the desired movement path,
enabling participants to approach another individual in a
controlled and reproducible manner.

The environment was created in Reality Composer Pro.
Architectural guidelines for buildings in North Rhine-
Westphalia informed the corridor dimensions. The cor- Corridor dimensions

informed by

architectural guidelines

ridor measured approximately 14 m in length, 2 m in
width, and 2.4 m in height, with the ceiling height match-
ing the minimum specified in the Bauordnung für das Land
Nordrhein-Westfalen2. Although these regulations specify a
minimum width of 1.2 m for escape-route corridors, the
width was increased to 2 m to provide participants with
greater freedom of movement and to facilitate more natu-
ral interpersonal interactions. The corridor length provided
sufficient walking distance before participants reached the
interaction area, while maintaining the proportions typical
of an office corridor.

2 https://recht.nrw.de/gvnrw/2016-s1162/ [Accessed: December
2025]

https://recht.nrw.de/gvnrw/2016-s1162/
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Figure 3.1: Virtual office corridor environment developed for the studies.

To reinforce the office setting, the corridor was connected
to four small offices, two on each side, and furnished with
freely available 3D assets from Sketchfab. Table A.2 pro-Four-office layout

strengthens

environmental realism

vides a complete list of the utilised assets. As Figure 3.1
depicts, the corridor’s proportions and furnishings closely
resemble a typical office environment, supporting the plau-
sibility illusion central to the study’s cover story. Having
established the environment’s design, the following sub-
section describes the locomotion and interaction techniques
used to navigate it.

3.1.2 Locomotion and Interaction

Participants navigated the virtual environment using a
handheld game controller. Controller-based locomotion
was selected for two reasons: it allowed participants toNavigation used

through

controller-based

locomotion

traverse the full length of the virtual corridor, and it kept
the movement technique consistent across all trials without
constraining participants to the available laboratory space.
Study 1 used an Xbox controller, and Study 2 employed a
PlayStation 4 controller. This difference reflected the hard-
ware available at the time of each study and did not affect
the implemented locomotion or interaction mechanics.
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The left thumbstick controlled continuous locomotion, al-
lowing participants to move forwards, backwards, and
sideways. In the terminology by Zhai [1996], this corre-
sponds to a rate-control transfer function because thumb-
stick displacement determines movement rate rather than Left thumbstick controls

locomotiondirectly specifying a target position. To ensure consis-
tent navigation throughout the experiment, movement was
constrained to the virtual corridor, preventing participants
from leaving the experimental area.

The right thumbstick controlled orientation within the vir-
tual environment. This can be characterised as a position-
control transfer function because the thumbstick specifies Right thumbstick

controls orientationthe desired change in viewing direction [Zhai, 1996]. The
Apple Vision Pro’s integrated head tracking complemented
this control scheme, allowing participants to inspect their
surroundings by moving their heads.

Although the specific interaction tasks differed between the
two studies and are described in the corresponding study-
design sections, the invader-perspective interaction fol- Approaching users

trigger

countermeasures

lowed the same underlying principle in both studies. Par-
ticipants navigated the virtual environment by approach-
ing a virtual human; once they reached the predefined dis-
tance threshold, the implemented PSI countermeasures ac-
tivated.

3.1.3 Implemented PSI Countermeasures

The experimental conditions investigated in this thesis
were adapted from the work of Blehm [2025]. While Four PSI

countermeasure

conditions investigated

throughout this thesis

Blehm’s original study examined the implemented coun-
termeasures from the invadee’s perspective, the present
work evaluates them from the invader’s perspective. Four
conditions were investigated: BASELINE, SAFETY BUBBLE,
EVADE, and PUSH. The latter two correspond to the MOVE

and BLOCK conditions proposed by Blehm [2025], but they
were renamed to better reflect the behaviour experienced
from the invader’s perspective.
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Figure 3.2: Invader’s view of the four experimental conditions, comprising BASE-
LINE, SAFETY BUBBLE, EVADE, and PUSH.

As Figure 3.2 illustrates, the three active conditions differ
markedly from the BASELINE in the visual or physical re-
sponse they impose: the SAFETY BUBBLE communicates the
violated boundary, the EVADE condition prompts retreat,
and the PUSH condition exerts direct physical force, repre-
senting three points on a spectrum from communicative to
coercive intervention.

Before completing the experimental conditions, partici-
pants undertook a familiarisation scenario that introduced
the virtual environment, locomotion, and interaction me-
chanics. They first received time to navigate the virtual cor-Participant

familiarisation before

the experiment

ridor and become comfortable with the controller-based lo-
comotion. Once familiar with the movement controls, they
could summon a virtual human positioned approximately
5 m away, which provided a reference for interpersonal dis-
tance and the virtual environment’s spatial scale. Partici-
pants could repeat both stages as often as desired before
the experiment began. As this served solely as a training
phase, the familiarisation phase was excluded from the ex-
perimental trials.
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Across all experimental conditions, the system continu-
ously monitored the interpersonal distance between the Countermeasures

activated at a 1.2 m

interpersonal distance

participant and the virtual human. In the active counter-
measure conditions, activation occurred at an interpersonal
distance of 1.2 m, corresponding to the outer boundary of
the personal distance zone defined by Hall [1966]. Upon
activation, the system briefly suspended participant loco-
motion before executing the respective countermeasure.
The accompanying Git repository provides demonstration
videos of the familiarisation phase and all experimental
conditions for both studies. The individual experimental
conditions are described below.

Baseline

The BASELINE condition served as the control condition BASELINE Condition

and did not implement an active PSI countermeasure. Par-
ticipants could therefore approach the virtual human with-
out eliciting a visual or behavioural response.

Safety Bubble

The SAFETY BUBBLE condition visualised the virtual hu- SAFETY BUBBLE

Conditionman’s personal space using a semi-transparent cylindrical
boundary surrounding the character. In line with the invisi-
ble protective bubbles proposed by Nassiri et al. [2009], this
boundary remained hidden during normal interaction and
became visible when the participant entered the personal
space threshold. The countermeasure therefore communi-
cated the limits of acceptable interpersonal distance.

Evade

The EVADE condition represented an avoidance response EVADE Condition

to a PSI. When the participant entered the personal space
threshold, the virtual human walked backwards to re-
establish interpersonal distance, emulating a common re-
sponse to an unwanted approach.
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Push

The PUSH condition represented a direct response to a PSI.PUSH Condition

When the participant entered the personal space threshold,
the virtual human performed a pushing gesture that redi-
rected the participant sideways and increased the interper-
sonal distance between both individuals. This behaviour
represented an active attempt to re-establish personal space
following the intrusion.

Together, the four conditions represent a spectrum from no
intervention in the BASELINE, through a communicative re-Experimental conditions

represent different

intervention strategies

sponse that signals a crossed boundary SAFETY BUBBLE

and a social avoidance response EVADE to a direct phys-
ical intervention PUSH, providing a structured basis for
comparing invaders’ responses across qualitatively differ-
ent approaches to personal space regulation.

3.2 Study 1: Evaluation of the Invader’s
Perspective

Having described the common experimental setup, this
section details Study 1’s design and procedure. Prior to the
experiment, participants were informed that they would
participate in a social VR scenario involving interactions
with other users in a shared virtual environment. ThisOverview of the

framing established a social context for the encounters andStudy 1 design

encouraged participants to interpret the virtual humans as
other users rather than solely as scripted virtual agents.
Within this scenario, participants approached individuals
in a virtual office environment while encountering the im-
plemented PSI countermeasures as part of realistic interper-
sonal interactions in social VR. The following subsections
describe the individual components of the study design,
participant recruitment, data collection, and pilot testing.
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3.2.1 Study Design

Study 1 employed a within-subjects design in which 24
participants experienced all four experimental conditions, Within-subjects

experimental design of

Study 1

allowing each participant to directly compare the differ-
ent approaches to personal space regulation while reducing
inter-participant variability. Each condition was presented
once, producing four trials per participant; after each trial,
participants completed a questionnaire assessing their ex-
perience of the encountered condition.

Study Mascot Condition 1 Condition 2 Condition 3 Condition 4
Dog BASELINE EVADE PUSH BUBBLE

Eagle BASELINE EVADE BUBBLE PUSH

Wolf BASELINE BUBBLE EVADE PUSH

Peacock BASELINE PUSH EVADE BUBBLE

Elephant BASELINE PUSH BUBBLE EVADE

Lion BASELINE BUBBLE PUSH EVADE

Table 3.3: Counterbalancing of the experimental conditions by study mascot.

The experimental conditions were counterbalanced across
participants to minimise potential order effects. The BASE- Counterbalancing

strategyLINE condition was always presented first, providing a
common reference interaction without an active counter-
measure before participants encountered the remaining
conditions. The three active countermeasure conditions
then appeared in a counterbalanced order.

The experimenter implemented counterbalancing, by as-
signing all possible conditions to study mascots and print-
ing them on individual chits. Before the experiment, par- Random assignment of

condition sequencesticipants randomly selected one of these chits, which deter-
mined the order in which they experienced the three active
countermeasure conditions. Table 3.3 depicts the resulting
counterbalancing scheme.

The study was framed as a social VR experience situated
within a busy office environment. Participants navigated
through the virtual corridor towards a vending machine lo- Participants’ task in

Study 1cated at the end of the environment; during this task, they
approached a virtual human acting as the invadee, whose
position required them to eventually enter the invadee’s
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personal space. The same avatar appeared throughout all
trials to ensure consistency across the conditions.

A television screen mirrored the participant’s view of the
virtual environment, allowing the experimenter to moni-
tor the study. Participants were informed the experimenter
represented the invadee, who was purportedly participat-Cover story to establish

a believable social VR

scenario

ing through a Meta Quest headset. This cover story rein-
forced the impression that the virtual human represented
another user rather than a scripted virtual character. In re-
ality, the avatar’s behaviour was pre-programmed and con-
trolled by the experimental system; participants were de-
briefed accordingly after the completion of the study.

The environment included two additional virtual humansSupporting characters

intended to strengthen

the plausibility illusion

to create the impression of a populated workplace. These
supporting characters either remained engaged in conver-
sation near the end of the corridor or moved into nearby
office rooms without interacting with the participant. Their
appearance and behaviour were randomised using four
different virtual characters and 30 predefined movement
scenarios. The invadee entered the interaction area either
from around the corner of the L-shaped corridor or from
one of the adjacent office rooms at the far end of the corri-
dor before moving to a predefined position in the centre of
the corridor. These variations resulted in 360 possible sceneRandomised interaction

scenarios configurations, reducing the predictability of individual in-
teractions. Figure 3.4 depicts the study scenario immedi-
ately before the participant entered the invadee’s personal
space. When the participant reached the predefined dis-
tance threshold, the system activated the assigned experi-
mental condition, as described in Chapter 3.1.3.
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Figure 3.4: Study 1 scenario showing the invadee and two supporting virtual hu-
mans within the virtual office environment.

3.2.2 Participant Recruitment and Data Collection

Recruitment combined convenience sampling and word-
of-mouth recruitment. Initial recruitment involved di- Study 1 recruitment

strategyrectly contacting participants, who were then encouraged
to share information about the study within their own so-
cial and professional networks. The study imposed no spe-
cific inclusion or exclusion criteria; all interested individ-
uals were eligible to participate. Data collection occurred
between 5 March 2026 and 10 March 2026.

The study protected participant anonymity by assign-
ing each participant a unique four-character alphanumeric
identifier for use throughout data collection and analysis.
Prior to the study, the responsible ethics committee granted
ethical approval, and all participants provided informed Ethical and procedural

safeguards for Study 1consent before participating in the experiment. To stan-
dardise the experimental procedure across participants, the
experimenter followed a predefined study guide that doc-
umented each stage of the study. Appendix B includes the
participant information sheet, informed consent form, and
study guide.
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The questionnaire comprised a demographics section, four
condition-specific sections, and a final ranking section. Par-
ticipants completed the demographics section before the
experiment, the condition-specific sections after each ex-
perimental condition, and the final ranking section after all
conditions. The condition-specific sections were further di-
vided into five subsections each and assessed participants’
perceptions, emotional responses, self-reflection, perceivedData collected using a

questionnaire

comprising

demographic,

condition-specific, and

ranking sections

realism, and evaluations of the implemented countermea-
sure, and concluded with an open-ended comment field
for additional feedback. All items employed a five-point
Likert scale with the response labels provided by Iowa
State University3, ranging from Strongly Disagree to Strongly
Agree. Participants completed the questionnaire through
a custom-developed iPad application4, which exported re-
sponses in JSON format. All questionnaire items, organised
by section, are provided in Appendix B.

Following Blehm [2025], the study recorded physiological
responses using a skin conductance sensor to complementAdditional collection of

EDA data the questionnaire data. The experimenter attached the sen-
sor to the index and middle fingers of the participant’s non-
dominant hand, which continuously recorded skin conduc-
tance throughout the experiment, providing an objective
measure of physiological arousal during each trial.

A pilot study was conducted to evaluate the virtual envi-
ronment, study procedure, and questionnaire design. Feed-Pilot testing prior to

data collection back from the pilot phase informed several refinements
to the experimental setup before data collection began.
Among other changes, these refinements included adjust-
ments to the position of the invadee during PSIs and to its
behaviour following the activation of a countermeasure.

Together, these design decisions positioned Study 1 to pro-
vide quantitative evidence of invaders’ responses to coun-
termeasures, establishing the empirical basis for the more
exploratory comparative investigation in Study 2.

3 https://www.extension.iastate.edu/documents/anr/
likertscaleexamplesforsurveys.pdf [Accessed: April 2026]

4 The application is included in the accompanying Git repository for
reuse and further development.

https://www.extension.iastate.edu/documents/anr/likertscaleexamplesforsurveys.pdf
https://www.extension.iastate.edu/documents/anr/likertscaleexamplesforsurveys.pdf
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3.3 Study 2: Comparative Evaluation of
Both Interaction Perspectives

While Study 1 examined personal space countermeasures
from the invader’s perspective, Study 2 adopted a compar-
ative design in which participants experienced both the in-
vader and invadee perspectives. This design was intended
to encourage participants to reflect on the implemented Overview of the

countermeasures from both sides of a PSI and thereby sup- Study 2 design

port the development of mutually acceptable countermea-
sures and support mechanisms. To facilitate this compari-
son, participants completed two complementary scenarios:
one from the perspective of the invadee and one from the
perspective of the invader. The invadee-perspective sce-
nario was adapted from the work of Blehm [2025], whereas
the invader-perspective scenario was based on the design
employed in Study 1. The following subsections describe
Study 2’s design, participant recruitment, experimental
procedure, and data collection methods.

3.3.1 Study Design

Study 2 employed a within-subjects design in which 12
participants experienced all four experimental conditions
from both the invadee and the invader perspectives. For Within-subjects

experimental design of

Study 2

each of the four experimental conditions described in
Chapter 3.1.3, participants first completed the invadee-
perspective scenario, followed by a corresponding invader-
perspective scenario specifically adapted to provide a com-
parable interaction from the opposite perspective. The or-
der of the experimental conditions was counterbalanced
using the same procedure described in Study 1 and the
scheme illustrated in Table 3.3.

As in Study 1, a television screen mirrored the partici-
pant’s view, allowing the experimenter to monitor progress
throughout the study. Study 2 retained the cover story from Study 2 retained the

cover story from

Study 1

Study 1: participants were informed that the virtual hu-
man represented the experimenter, who was purportedly
using a Meta Quest headset. As Figure 3.5 depicts, the mir-
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Figure 3.5: Participant during Study 2, with the partici-
pant’s view mirrored to a television screen for experimenter
monitoring throughout the session.

rored display allowed the experimenter to observe the par-
ticipant’s view in real time, ensuring consistent monitoring
of the interaction without interrupting the participant.

Participants first assumed the role of the invadee and acti-
vated the assigned countermeasure once they felt uncom-
fortable with the approaching invader. They then com-Participants’ Task in

Study 2 pleted the corresponding invader-perspective scenario, in
which they approached the invadee until the assigned
countermeasure was triggered. Unlike Study 1, no support-
ing virtual humans were present, and the invadee remained
in a fixed position throughout the interaction. These adap-
tations were intended to reduce differences between the
two scenarios so that participants could compare the im-
plemented countermeasures from both perspectives under
otherwise similar conditions. The procedure always pre-
sented the invadee-perspective scenario first, providing a
consistent basis for participants’ subsequent comparison
and reflection on both roles during the written reflection
and interview.
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3.3.2 Participant Recruitment and Data Collection

As in Study 1, recruitment combined convenience sam-
pling and word-of-mouth distribution. We initially con-
tacted participants directly and encouraged them to share Participant recruitment

strategy for Study 2information about the study within their own social and
professional networks. Unlike Study 1, however, Study 2
excluded individuals who had previously participated in
studies investigating PSIs, including the study conducted
by Blehm [2025], to minimise potential familiarity ef-
fects. Data collection occurred between 19 May 2026 and
23 May 2026. Similarly, the study pseudonymised par-
ticipant data using unique four-character alphanumeric
identifiers for use throughout data collection and analysis. Ethical and procedural

safeguards for Study 2To standardise the experimental procedure across partici-
pants, the experimenter followed a predefined study guide,
and all participants provided informed consent prior to
participation. The participant information sheet, informed
consent form, and study guide used during Study 2 are pro-
vided in Appendix C.

In contrast to Study 1, which primarily focused on quan-
titative measures, Study 2 adopted a more exploratory ap-
proach and placed greater emphasis on qualitative data col-
lection. Data collection consisted of a demographics ques- Qualitative data

collection through

retrospective reflection

tionnaire, written reflections, and a semi-structured inter-
view. The demographics questionnaire is provided in Ap-
pendix C. The study used a retrospective testing approach:
after each experimental condition, participants had up to
five minutes to document their reflections before proceed-
ing to the next condition. After completing all experimental
conditions, participants took part in a semi-structured in-
terview discussing their experiences, preferences, and per- Semi-structured

interviews after all

experimental conditions

ceptions of the implemented countermeasures from both
the invadee and invader perspectives. The interviews were
audio-recorded and transcribed, and Chapter 4 describes
the analysis procedure. The written reflections served as a
memory aid during the interview; although collected, they
were not included in the formal thematic analysis, as the
semi-structured interviews provided richer, more detailed
accounts of the same experiences.



38 3 Methodology

Before the main study began, a pilot study evaluated the ex-
perimental procedure and qualitative data collection meth-Pilot study refined the

reflection and interview

procedure

ods. Pilot feedback informed refinements to the retrospec-
tive reflection phase and the subsequent semi-structured
interview. Among other changes, these refinements re-
duced the reflection period from six to five minutes and
adjusted the transition between perspectives and the inter-
view structure to support a smoother study procedure.

Together, the two studies provide complementary quanti-
tative and qualitative data on invaders’ experiences of PSI
countermeasures, the results of which the following chap-
ter reviews.
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Chapter 4

Results

This chapter presents the results of the two studies de-
scribed in Chapter 3. It is organised into two sections,
each corresponding to one study and beginning with an
overview of the participant demographics to provide con-
text for the reported findings. The first section reports
Study 1’s quantitative results, including the questionnaire
responses and skin conductance measurements. The sec-
ond section reports Study 2’s qualitative results, present-
ing the themes identified through thematic analysis along-
side their associated codes and illustrative participant quo-
tations. To improve readability, Appendix D provides the
detailed statistical tables and the complete thematic anal-
ysis codebook, allowing the main chapter to focus on the
principal findings.

4.1 Study 1 Results

The results of Study 1 begin with an overview of participant
demographics, then report the quantitative questionnaire Organisation of the

Study 1 resultsresults, followed by the ranking task. It then presents par-
ticipants’ qualitative comments to contextualise the quan-
titative findings. Finally, it examines the physiological
responses recorded during the experiment using partici-
pants’ skin conductance measurements.
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Figure 4.1: Study 1 participant demographics, including age and gender distribu-
tion and prior VR and social VR experience.

A total of 24 participants participated in Study 1. Their ages
ranged from 19 to 66 years (M = 26.96, SD = 9.54), with aStudy 1 participant

demographics median age of 24.5 years. The sample comprised 14 male
and 10 female participants. Most participants were under-
graduate or postgraduate university students from a range
of disciplines, including computer science and dentistry,
while a smaller number worked in professional or technical
occupations. Prior VR experience varied across the sam-VR familiarity varied;

social VR familiarity

was rare

ple, whereas social VR experience was generally limited.
Figure 4.1 presents an overview of the participants’ age and
gender distribution, together with their prior VR and social
VR experience.

4.1.1 Questionnaire Results

This section presents the quantitative questionnaire re-
sponses collected after each experimental condition. ToShapiro–Wilk test

indicated non-normality

for all questionnaire

data

support reproducibility, the accompanying Git repository
includes the Python scripts used for the statistical analy-
ses, with Likert-scale responses mapped from 1 (Strongly
Disagree) to 5 (Strongly Agree). Given the sample size, the
Shapiro–Wilk test was used prior to the analyses to assess
the normality of each questionnaire item. Because none of
the Likert-scale responses met the assumption of normality,
the quantitative analyses employed non-parametric statis-
tical methods throughout.
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Differences between the experimental conditions were
evaluated using Friedman tests for repeated measures.
Where a Friedman test identified a statistically signifi- Friedman tests with

Bonferroni-corrected

post-hoc comparisons

cant overall effect, Bonferroni-corrected pairwise Wilcoxon
signed-rank tests were performed to determine which con-
ditions differed from one another. Table D.1 provides
an overview of the Friedman test results for all question-
naire items; the corresponding post-hoc comparisons are
reported within each questionnaire category.

Perception

The questionnaire’s Perception section assessed how par-
ticipants interpreted the virtual avatar’s response to their
approach. It comprised four items: Appropriate, Clear Rea- Four Perception

questionnaire itemssoning, Easy to Understand, and Fair Reaction. These items
collectively evaluated whether participants considered the
avatar’s response appropriate for the situation, understood
the response itself, perceived its underlying reasoning as
clear, and regarded it as a fair reaction to their behaviour.

Figure 4.2 illustrates that the PUSH condition shows a no-
tably different response profile from EVADE and SAFETY

BUBBLE, with responses skewed towards disagreement on
Appropriate in a way that is visually distinct even before
statistical testing. For Appropriate, the PUSH condition re-
ceived the lowest ratings (𝑀 = 2.50), whereas EVADE (𝑀 = Descriptively, EVADE

received the most

positive Perception

ratings

3.58) and SAFETY BUBBLE (𝑀 = 3.38) were rated more pos-
itively than the BASELINE (𝑀 = 3.17). For both Clear Rea-
soning (𝑀 = 4.12) and Easy to Understand (𝑀 = 4.00), the
EVADE condition achieved the highest level of agreement
among participants. In contrast, Fair Reaction responses
were more evenly distributed across the conditions, with
only minor differences in the observed means: although
SAFETY BUBBLE exhibited the lowest mean for this item
(𝑀 = 2.96), the overall response distributions appeared
broadly similar across the conditions.

The Friedman test results presented in Table D.1 indi-
cated significant effects of condition for Appropriate, Clear
Reasoning, and Easy to Understand, but not for Fair Reac-
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Figure 4.2: Stacked bar charts of Likert-scale responses for the Perception section,
with mean response scores shown above each bar.

tion. As reported in Table D.2, however, the Bonferroni-
corrected pairwise comparisons identified a significant dif-
ference only for Appropriate: participants rated EVADE asEVADE was rated

significantly higher on

Appropriate than PUSH

significantly more appropriate than PUSH (𝑝 = 0.0095). No
significant pairwise differences were found for Clear Rea-
soning or Easy to Understand, nor between any condition
and the BASELINE, suggesting that the observed overall
effects primarily reflected differences among the counter-
measures rather than between the presence and absence of
a countermeasure.

Emotional

The Emotional questionnaire section assessed participants’
emotional responses elicited during the interaction with the
virtual avatar. It captured participants’ perceived confi-Six Emotional

questionnaire items dence and sense of control, as well as their feelings of safety,
stress, discomfort, and social rejection associated with each
experimental condition. The questionnaire comprised six
items: Confidence, Control, Stress, Safety, Social Rejection, and
Uncomfortable.
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Figure 4.3: Stacked bar charts of Likert-scale responses for the Emotional section,
with mean response scores shown above each bar.

The Likert-scale response distributions in Figure 4.3 re-
vealed several descriptive differences between the exper-
imental conditions. For both Confidence and Control, the EVADE and SAFETY

BUBBLE yielded the

most positive

Emotional ratings

BASELINE condition received the highest mean ratings
(𝑀 = 3.92 and 𝑀 = 3.79, respectively), whereas PUSH

exhibited the lowest mean rating for Control (𝑀 = 3.04).
The pattern reversed for Safety: BASELINE received the
lowest mean rating (𝑀 = 2.54), while SAFETY BUBBLE

(𝑀 = 4.17) and EVADE (𝑀 = 4.08) were rated substan-
tially higher. Stress responses followed a similar pattern,
with BASELINE yielding the highest mean rating (𝑀 = 4.12)
and all countermeasure conditions producing lower rat-
ings, particularly EVADE (𝑀 = 2.42). Finally, PUSH re- PUSH elicited the most

negative Emotional

responses

ceived the highest mean ratings for Social Rejection (𝑀 =

4.42), whereas EVADE received the lowest rating for Uncom-
fortable (𝑀 = 2.79).

As Table D.1 illustrates, the Friedman tests indicated sig-
nificant effects of condition for Control, Safety, Social Rejec-
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Figure 4.4: Stacked bar charts of Likert-scale responses for the Self-Reflection
section, with mean response scores shown above each bar.

tion, Stress, and Uncomfortable, but not for Confidence. TheCountermeasures

significantly increased

Safety and reduced

Stress

Bonferroni-corrected pairwise comparisons presented in
Table D.3 clarified these effects: BASELINE was associated
with significantly lower Safety ratings than all three coun-
termeasure conditions (𝑝 ≤ 0.0199) and significantly higher
Stress ratings (𝑝 ≤ 0.0058). In addition, PUSH elicited sig-
nificantly higher Social Rejection ratings than both SAFETY

BUBBLE (𝑝 = 0.0220) and EVADE (𝑝 = 0.0035). For Uncom-
fortable, participants also reported significantly lower rat-
ings for EVADE than for both BASELINE (𝑝 = 0.0148) andPUSH elicited

significantly greater

Social Rejection

PUSH (𝑝 = 0.0483). Although the Friedman test indicated
a significant overall effect for Control, the pairwise compar-
isons did not identify any significant differences.

Self-Reflection

The questionnaire’s Self-Reflection section assessed par-
ticipants’ reflections on their own role during the inter-
action after each experimental condition. It focused pri-
marily on whether experiencing the interaction from the
invader’s perspective influenced participants’ sense of re-
sponsibility for their behaviour in the virtual environment.
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Accordingly, participants were asked whether they felt re-
sponsible for triggering or escalating the avatar’s response, Four Self-Reflection

questionnaire itemswhether the interaction encouraged them to reflect on their
own role, and whether the avatar’s response increased their
awareness of interpersonal distance and spatial behaviour
in VR. The section comprised four items: Responsibility Es-
calation, Responsibility Trigger, Role Reflection, and Spatial
Awareness.

The Self-Reflection questionnaire revealed a pattern dis-
tinct from the previous categories. BASELINE consistently Countermeasures

increased perceived

responsibility relative to

the BASELINE

received the lowest mean ratings for both Responsibility
Escalation (𝑀 = 2.62) and Responsibility Trigger (𝑀 =

2.50), whereas all three countermeasure conditions exhib-
ited higher levels of agreement; within this broader pattern,
EVADE received the highest mean rating for Responsibility
Trigger (𝑀 = 4.08), while EVADE and PUSH jointly received
the highest mean ratings for Responsibility Escalation (both
𝑀 = 3.50). Participants reported broadly comparable lev-
els of agreement for Role Reflection, with only minor differ-
ences observed between the experimental conditions. Spa-
tial Awareness followed a different pattern, with EVADE re- EVADE most strongly

increased spatial

awareness

ceiving the highest mean rating (𝑀 = 3.83), indicating that
participants reported the greatest awareness of their spatial
behaviour in this condition. Figure 4.4 presents the corre-
sponding Likert-scale response distributions.

The Friedman test results, presented in Table D.1, indicated All countermeasures

significantly increased

Responsibility Trigger

significant condition effects for Responsibility Escalation, Re-
sponsibility Trigger, and Spatial Awareness, but not for Role
Reflection. As reported in Table D.4, Bonferroni-corrected
pairwise comparisons clarified this pattern: all three coun-
termeasure conditions received significantly higher Respon-
sibility Trigger ratings than BASELINE (𝑝 ≤ 0.0199), whereas EVADE significantly

increased Spatial

Awareness

only EVADE received significantly higher ratings than
BASELINE for both Responsibility Escalation (𝑝 = 0.0206) and
Spatial Awareness (𝑝 = 0.0486). No significant pairwise dif-
ferences were observed for Role Reflection.
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Figure 4.5: Stacked bar charts of Likert-scale responses for the Realism section,
with mean response scores shown above each bar.

Realism

The questionnaire’s Realism section assessed participants’
perceptions of the virtual interaction’s realism and plau-
sibility. It measured the extent to which participants felt
immersed in the virtual environment, perceived the inter-Six Realism

questionnaire items action as realistic, regarded the avatar’s behaviour as in-
tentional and goal-directed, and experienced discomfort or
motion sickness during the interaction. The section com-
prised six items: Agent Intentional, Discomfort, Goal Directed,
Immersed, Interaction Realistic, and Motion Sickness.

Overall, responses to the Realism section remained fairlyDescriptively,

Discomfort and Motion

Sickness remained low

consistent across the experimental conditions. Participants
generally reported low levels of both Discomfort and Motion
Sickness, with the lowest mean ratings observed for EVADE

in Discomfort (𝑀 = 2.21) and SAFETY BUBBLE in Motion
Sickness (𝑀 = 1.88), whereas ratings for Agent Intentional,
Goal Directed, Immersed and Interaction Realistic remained
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consistent across conditions. Within this broader pattern, Consistent ratings for

Agent Intentional, Goal

Directed, Immersed,

and Interaction Realistic

PUSH received the highest mean ratings for both Agent In-
tentional (𝑀 = 4.00) and Goal Directed (𝑀 = 3.75), while re-
sponses for Immersed and Interaction Realistic exhibited only
minor differences between conditions. Figure 4.5 presents
the corresponding Likert-scale response distributions.

The Friedman tests indicated significant overall effects of
condition for Agent Intentional, Discomfort, and Motion Sick-
ness, as presented in Table D.1; however, the Bonferroni-
corrected pairwise comparisons in Table D.5 identified
only a single significant difference, with SAFETY BUB-
BLE receiving lower Motion Sickness ratings than BASE- Overall Realism effects

reflected subtle

differences across

conditions

LINE (𝑝 = 0.0416). Although significant overall effects
were observed for Agent Intentional and Discomfort, no sig-
nificant pairwise differences were identified, suggesting
that these overall effects reflected more subtle variation
across the experimental conditions rather than pronounced
differences between specific pairs of conditions. Further-
more, Goal Directed, Immersed, and Interaction Realistic ex-
hibited no significant overall effects.

Countermeasure Analysis

The Countermeasure Analysis questionnaire section eval-
uated participants’ perceptions of the implemented PSI
countermeasures. Specifically, it assessed whether par-
ticipants regarded each countermeasure as intuitive, real, Seven Countermeasure

Analysis questionnaire

items

socially acceptable, justified, predictable, and harsh, as
well as whether they would consider reusing it. Because
these items were specific to the countermeasures them-
selves, they were administered only for the SAFETY BUB-
BLE, EVADE, and PUSH conditions. The questionnaire com-
prised seven items: Harsh, Intuitive, Justified, Predictable, Re-
alistic, Socially Acceptable, and Would Reuse.

A clear distinction emerged between participants’ evalu-
ations of the three countermeasures. PUSH received the
highest mean rating for Harsh (𝑀 = 4.04), while also receiv-
ing the lowest ratings for Justified (𝑀 = 2.38), Predictable
(𝑀 = 2.25), Socially Acceptable (𝑀 = 2.12), and Would
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Figure 4.6: Stacked bar charts of Likert-scale responses for the Countermeasure
Analysis section, with mean response scores shown above each bar.

Reuse (𝑀 = 2.12). By contrast, EVADE and SAFETY BUB-
BLE were evaluated more favourably across most items:
EVADE received the highest mean ratings for Intuitive (𝑀 =Descriptively, PUSH

was evaluated markedly

differently from EVADE

and SAFETY BUBBLE

3.42), Realistic (𝑀 = 3.12), and Socially Acceptable (𝑀 =

3.46), whereas SAFETY BUBBLE received the highest rat-
ing for Would Reuse (𝑀 = 3.08), and both countermea-
sures received identical mean ratings for Justified (𝑀 =

3.33). Figure 4.6 provides an overview of the corresponding
Likert-scale response distributions.

As Table D.1 illustrates, the Friedman tests indicated signif-
icant overall effects of condition for Harsh, Justified, Socially
Acceptable, and Would Reuse, whereas Intuitive, Predictable,
and Realistic did not differ significantly between counter-
measures. The Bonferroni-corrected pairwise comparisonsPUSH differed

significantly from both

other countermeasures

in Table D.6 indicated a consistent pattern: PUSH was per-
ceived as significantly more Harsh than both SAFETY BUB-
BLE (𝑝 = 0.0106) and EVADE (𝑝 = 0.0025) and participants
also rated PUSH as significantly less Justified, less Socially
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Acceptable, and less likely to be Reused than both SAFETY

BUBBLE (𝑝 = 0.0076, 𝑝 = 0.0123, and 𝑝 = 0.0347, respec-
tively) and EVADE (𝑝 = 0.0096, 𝑝 = 0.0033, and 𝑝 = 0.0129,
respectively). No significant differences were observed be-
tween the SAFETY BUBBLE and EVADE countermeasures for
any questionnaire item.

4.1.2 Countermeasure Ranking

In addition to the condition-specific questionnaire re-
sponses, participants completed a ranking task that
allowed direct comparison of the three active counter-
measures across seven evaluation criteria, providing a
preference-based complement to the Likert-scale data. The Countermeasure

ranking across seven

evaluation criteria

assigned rankings used an Olympic medal system across
seven criteria, namely Intuitiveness, Least Physical
Demand, Least Stress Caused, Perceived Safety,
Realism, Sense of Control, and Social Acceptability.
For statistical analysis, the rankings were converted into
numerical values, with 1 representing the most preferred
countermeasure and 3 the least preferred.

Figure 4.7 presents participants’ mean rankings for the
three countermeasures across the seven evaluation criteria,
with lower values indicating stronger preference. Over-
all, SAFETY BUBBLE and EVADE were consistently ranked Descriptively, SAFETY

BUBBLE and EVADE

were consistently

preferred over PUSH

more favourably than PUSH: SAFETY BUBBLE achieved
the most favourable mean rankings for Least Physical
Demand (𝑀 = 1.46), Least Stress Caused (𝑀 = 1.62), and
Perceived Safety (𝑀 = 1.50), whereas EVADE achieved
the most favourable rankings for Intuitiveness (𝑀 =

1.58), Realism (𝑀 = 1.71), Sense of Control (𝑀 =

1.62), and Social Acceptability (𝑀 = 1.54). By con-
trast, PUSH consistently received the least favourable mean
rankings across most evaluation criteria, particularly for
Least Physical Demand (𝑀 = 2.96), Perceived Safety
(𝑀 = 2.62), Sense of Control (𝑀 = 2.54), and Social
Acceptability (𝑀 = 2.71). As Figure 4.7 illustrates, the
Olympic medal colour coding mirrors these findings: PUSH

is assigned the bronze colour across most criteria, indicat-
ing the least favourable rankings.
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Figure 4.7: Mean participant rankings of the three PSI countermeasures across the
evaluated criteria in Study 1, with colours indicating the ranking order.

As presented in Table D.7, the Friedman tests revealed sig-
nificant differences among the countermeasures for Least
Physical Demand, Least Stress Caused, Perceived
Safety, Sense of Control, and Social Acceptability,PUSH differed

significantly from both

SAFETY BUBBLE and

EVADE across multiple

criteria

whereas Intuitiveness or Realism did not differ signifi-
cantly. The Bonferroni-corrected pairwise comparisons in
Table D.8 exhibited a consistent pattern: SAFETY BUBBLE

and EVADE did not differ for any ranking criterion, while
PUSH was ranked significantly less favourably than both
SAFETY BUBBLE and EVADE for Least Physical Demand,
Least Stress Caused, Sense of Control, and Social
Acceptability. For Perceived Safety, only the compari-
son between SAFETY BUBBLE and PUSH reached statistical
significance (𝑝 = 0.0011), whereas the difference between
EVADE and PUSH was not significant after Bonferroni
correction (𝑝 = 0.0583).

4.1.3 Qualitative Findings

In addition to the quantitative measures, participants could
provide optional comments after each experimental con-Reflexive thematic

analysis followed Braun

et al. [2019]

dition and at the end of the study. We imported these
comments into MAXQDA1 and analysed them using the
six-phase reflexive thematic analysis framework proposed
by Braun et al. [2019]. The analysis aimed to identify re-
curring patterns in participants’ experiences that comple-

1 https://www.maxqda.com/de/ [Accessed: May 2026]

https://www.maxqda.com/de/
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mented the quantitative findings and provided additional
context for interpreting the results. Although the same an-
alytical framework was applied to both studies, the quali-
tative data in Study 1 consisted of brief optional comments
rather than extended interview responses, and the result-
ing themes should therefore be understood as contextual-
ising the quantitative findings rather than providing inde-
pendent qualitative depth.

The thematic analysis yielded four overarching themes
comprising 51 codes. Table D.9 presents the final code- 51 codes were

generated across four

themes

book, organised by theme and the participant IDs associ-
ated with each code. To support transparency and repro-
ducibility, the accompanying Git repository includes a dig-
ital copy of the MAXQDA project and the complete code-
book. The following sections present the identified themes.

Attitudes Towards Personal Space in VR

Participants expressed differing attitudes towards the rele-
vance of personal space in virtual environments. While a Contrasting views on

personal space in VRminority of participants questioned whether interpersonal
distance norms applied in virtual environments at all, the
majority reported that experiencing the countermeasures
increased their awareness of personal space and its so-
cial significance. This diversity of perspectives indicates
that participants did not share a common understanding of
personal-space expectations in virtual environments. One
participant, for example, questioned the need for personal
space altogether:

“In the virtual world, I personally see no reason
to maintain personal space.”

—Participant U09G
(translated from German)
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Emotional and Behavioural Impact of Countermeasures

Participants described a range of emotional and be-
havioural responses to the implemented countermeasures,Countermeasures

prompted

self-reflection,

emotional responses,

and appropriateness

judgements

particularly the PUSH condition. Several participants per-
ceived it as overly aggressive and reported discomfort or a
reduced sense of control, whereas others reflected on both
the appropriateness of the avatar’s response and their own
contribution to the interaction. One participant, for exam-
ple, questioned whether the escalation was justified while
simultaneously acknowledging their own behaviour:

“Violence is never the solution, not even in
corridor conflicts. That’s why I felt slightly less

responsible, because the escalation was the other
person’s decision, even though my behaviour wasn’t

nice either.”

—Participant 124B
(translated from German)

Interpretation of Countermeasure Feedback

Participants generally interpreted the visual and auditory
feedback as an effective means of communicating PSI,Perceptions of auditory

and visual feedback though they also identified opportunities to improve how
the countermeasures conveyed this information, particu-
larly by making the feedback more gradual and intuitive.
One participant, for example, highlighted the role of the
auditory feedback in clearly signalling that another user’s
personal space had been violated:

“The freezing noise made it clear that you are
invading someone’s personal space.”

—Participant L1K4
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Beyond recognising the purpose of the feedback, sev-
eral participants proposed refinements to improve its pre- Participants suggested

more gradual and

intuitive feedback

sentation; a recurring suggestion was to introduce the
SAFETY BUBBLE more gradually as interpersonal distance
decreased, allowing users to anticipate the activation of the
countermeasure more naturally:

“Make the bubble appear in a gradient, not
suddenly. The bubble should start showing with low

translucency as people get closer.”

—Participant MAD2

Perceived Realism and Naturalness

Participants evaluated the realism of the implemented
countermeasures by comparing them with expected so-
cial behaviour in everyday interactions. Within this frame, Realism judged against

expected social

behaviour

EVADE was most frequently perceived as the most natural
and believable response to a PSI, whereas the SAFETY BUB-
BLE was often regarded as a more artificial form of inter-
vention. One participant described EVADE as follows:

“This interaction was the only one that felt
truly realistic compared to the others because it
showed a relatively clear action by the avatar.”

—Participant 875X
(translated from German)

4.1.4 Skin Conductance Analysis

Skin conductance analysis assessed participants’ physio-
logical arousal in response to the experimental conditions.
The analysis focused on the tonic component of the EDA Physiological arousal

assessed using tonic

skin conductance

signal, which reflects sustained changes in physiological
arousal over time. Figure 4.8 illustrates the average tonic
EDA over the 14 s period following countermeasure acti-
vation; the vertical dashed line marks the activation of the
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Figure 4.8: Average tonic EDA in Study 1 relative to countermeasure activation,
with shaded areas indicating the standard error of the mean.

countermeasure, whereas the shaded regions represent the
standard error of the mean.

Descriptively, PUSH exhibited the largest increase in tonic
EDA after activation, reaching its maximum approximately
8 s after the countermeasure was triggered; SAFETYDescriptively, PUSH

elicited the greatest

tonic EDA response

BUBBLE and EVADE displayed smaller increases and fol-
lowed broadly comparable temporal trajectories, whereas
BASELINE remained relatively stable throughout the ob-
servation period. Nevertheless, the substantial overlap
among the standard-error bands indicated considerable
inter-participant variability.

Friedman tests were used to compare the mean and peak
tonic EDA across the three countermeasure conditions. Al-
though PUSH exhibited the highest mean tonic EDA change
(𝑀 = 0.431), followed by SAFETY BUBBLE (𝑀 = 0.189)
and EVADE (𝑀 = 0.132), the tests indicated no statisti-
cally significant differences between the countermeasures
(𝜒2 = 0.5833, 𝑝 = 0.7470). Peak tonic EDA followed theNo significant

differences in mean or

peak tonic EDA

same descriptive pattern, with PUSH again exhibiting the
highest mean peak response (𝑀 = 0.959), followed by
EVADE (𝑀 = 0.777) and SAFETY BUBBLE (𝑀 = 0.604), but
the effect of the condition was not statistically significant
(𝜒2 = 3.5833, 𝑝 = 0.1667). Overall, the physiological mea-
surements suggested a tendency towards greater sustained
physiological arousal during PUSH; however, substantial
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Figure 4.9: Study 2 participant demographics, including age and gender distribu-
tion and prior VR and social VR experience.

inter-participant variability accompanied these descriptive
differences, and these differences did not reach statistical
significance. Table D.10 provides the descriptive statistics
for the mean and peak tonic EDA analyses.

4.2 Study 2 Results

The results of Study 2 begin with an overview of participant
demographics and then provide an overview of the qualita-
tive findings, organised around four themes derived from
the thematic analysis.

Study 2 involved 12 participants aged 20 to 57 years (M
= 26.75, SD = 9.78), with a median age of 24.5 years. The Study 2 participant

demographicssample comprised seven male and five female participants;
most were university students from technical disciplines,
while a small number worked in computing-related fields.
Prior experience with immersive technologies was gener-
ally limited: most participants reported little or no VR ex-
perience, and only two had previously used social VR. As
Figure 4.9 shows, the Study 2 sample was similarly limited
in social VR experience to Study 1, with only two partici-
pants reporting prior use of social VR: a shared character-
istic across both studies that is relevant to how the findings
generalise to a broader population.
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Following the demographic overview, the interview
recordings were transcribed and imported into MAXQDA
for qualitative analysis. We then applied the same analytic
procedure used in Study 1, following the six-phase frame-117 initial codes refined

into four themes work proposed by Braun et al. [2019]. This process gen-
erated 117 initial codes, which were subsequently refined
into four overarching themes comprising 11 sub-themes.
Table D.11 presents the final codebook, and the accompany-
ing Git repository provides the complete codebook synthe-
sis and MAXQDA project. The following sections present
the identified themes:

4.2.1 Negotiating Personal Space Through Social
Communication

Participants consistently described personal space regula-
tion as a collaborative social process rather than a purelyPersonal space

regulation as a

collaborative social

process

technical problem. Across the interviews, they emphasised
that personal space boundaries should be communicated in
ways that were intuitive, transparent, and respectful of user
autonomy; effective personal space negotiation, in their ac-
counts, depended not only on the implemented counter-
measures but also on how users communicated and re-
sponded to one another.

Communicating the Countermeasure

Participants generally appreciated receiving feedback
when they entered another person’s personal space, butFeedback should be

intuitive, predictable,

and familiar

they emphasised that such feedback should be intuitive,
predictable, and based on familiar interaction paradigms.
Although they usually understood the purpose of the coun-
termeasures, several participants reported that the feed-
back occurred too abruptly, making it difficult to anticipate
when the reaction would be triggered; familiar techniques,
such as controller vibration, were therefore perceived as
more natural ways of communicating potential PSIs.



4.2 Study 2 Results 57

“In my mental model, I’ve crashed into
something, so the controller vibrates. That makes

sense to me.”

—Participant 1LBN

Several participants also suggested that earlier warning Earlier warnings could

improve anticipationcues would make the countermeasures easier to under-
stand and anticipate:

“The reactions sometimes felt sudden because
there was no warning beforehand.”

—Participant I0X1

Negotiating Personal Space

Participants also viewed communication as essential to ne-
gotiating personal space in virtual environments. Rather Verbal and non-verbal

communication

supported personal

space negotiation

than relying solely on automated countermeasures, they
suggested that avatars should communicate their inten-
tions through verbal and non-verbal cues, enabling both
users to recognise and address PSIs before stronger inter-
ventions became necessary.

“Even just making eye contact, smiling, or
using some kind of body language would help the

invadee feel less threatened.”

—Participant P081

In situations where maintaining personal space was not al-
ways possible, such as in narrow passages or crowded envi-
ronments, participants emphasised the value of direct ver-
bal communication:

“If there’s a narrow passage and one person
wants to get through, the two people could simply

communicate so that one of them moves aside.”

—Participant Z2T1
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Fairness and User Agency

Participants consistently emphasised that PSI countermea-
sures should preserve user autonomy: rather than auto-
matically restricting movement, they preferred interven-Participants

emphasised preserving

user autonomy

tions that informed users about boundary violations while
still allowing them to regulate their own behaviour, espe-
cially because PSIs are not always intentional and may re-
sult from limited awareness or environmental constraints.

4.2.2 Designing Effective PSI Countermeasures

Participants frequently moved beyond evaluating the im-
plemented countermeasures to propose recommendationsDesign

recommendations for

future PSI

countermeasures

for improving future PSI countermeasures. Rather than
favouring a single solution, they emphasised designs that
were intuitive, adaptable, and minimally intrusive, while
also considering how systems should communicate bound-
aries, deliver feedback, and accommodate different users
and interaction contexts.

Boundary and Warning Design

Participants frequently proposed redesigning personal
space boundaries so that users could perceive them beforeParticipants advocated

visible personal space

boundaries

a violation occurred. Rather than relying on a single activa-
tion threshold, many suggested visible boundary represen-
tations and gradual visual cues that would communicate
increasing proximity before stronger countermeasures be-
came necessary.

“Even if the invader can simply see the
circumference on the ground, they would know

where the boundary is and could avoid crossing it.”

—Participant J91B



4.2 Study 2 Results 59

To make activation feel less abrupt, participants also pro- Progressive visual cues

for boundary awarenessposed progressive visual indicators, such as changes in
colour or transparency, to provide earlier boundary warn-
ings as they approached another person’s personal space.

“Maybe it could even change colour from yellow
to red the closer you get.”

—Participant C461

Multimodal Sensory Feedback

Participants frequently discussed complementing visual
feedback with additional sensory modalities, particularly Preference for

multimodal personal

space feedback

haptic and auditory cues. Many viewed controller vibra-
tion as a natural way to reinforce proximity awareness,
whereas others questioned whether continuous sensory
feedback would always enhance the experience, suggesting
that it could become distracting during social interactions.

“As for audio or haptic cues, I think they could
become a little distracting.”

—Participant Q0P1

Alternative Countermeasure Concepts

Participants proposed several concepts that extend be-
yond the countermeasures evaluated in the study. Their Suggestions extended

beyond the evaluated

countermeasures

suggestions ranged from avatar-shaped personal-space
boundaries and system-assisted movement redirection to
friendship-based permissions and blocking or warning
mechanisms modelled on existing social VR platforms. To-
gether, these suggestions indicate that participants viewed
personal space support as extending beyond the three
countermeasures investigated in this study.
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Adaptive Countermeasure Behaviour

Participants suggested that PSI countermeasures should
adapt to different users and interaction contexts rather than
relying on a single fixed response. Several proposed al-
lowing users to customise their preferred interpersonal dis-
tance, while others suggested that countermeasures couldPSI countermeasures

should adapt to users

and context

dynamically respond to environmental constraints or the
relationship between users. Rather than applying the same
intervention in every situation, participants favoured sys-
tems that responded proportionally to the context and sup-
ported users in navigating social interactions with minimal
disruption. One participant, for example, proposed subtly
redirecting the invader’s movement to avoid PSIs without
interrupting the interaction:

“Even though you’re technically walking
towards the other person, the system could slightly

shift your movement sideways without you
noticing, so that, from the invadee’s perspective, you

simply slide around the Bubble instead of entering
it.”

—Participant C461

4.2.3 Experiences and Evaluation of Countermea-
sures

Participants reflected on the implemented countermea-Participants’ evaluation

of the implemented

countermeasures

sures after interacting with them from both the invader and
invadee perspectives. Across the interviews, they evalu-
ated each intervention’s realism, effectiveness, emotional
impact, and overall suitability, highlighting the strengths
and limitations of the different approaches.
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Perceived Realism

Participants frequently evaluated the countermeasures by
comparing them with expected real-world interpersonal
behaviour. Across the interviews, EVADE was consis-
tently perceived as the most realistic response because step- Participants evaluated

countermeasures

against real-world

social behaviour

ping aside or backwards reflected familiar social behaviour,
whereas SAFETY BUBBLE was often described as more arti-
ficial, and PUSH was frequently interpreted as resembling
a slap. Several participants therefore suggested replacing
PUSH with a gentler one-handed push that more closely re-
sembled everyday interpersonal interactions.

Perceived Effectiveness

Participants evaluated the countermeasures according to
how effectively they prevented PSIs. Stronger interven- Trade-off between

effectiveness and

proportionality

tions were generally considered more effective at stopping
the invader, though participants often viewed them as dis-
proportionate when PSIs were unintentional; as a result, ef-
fectiveness alone did not define perceived appropriateness.

“I also think the Push countermeasure is still
necessary because some people simply won’t behave

the way we’d like them to.”

—Participant P081

By contrast, less intrusive countermeasures such as EVADE Appropriateness did not

always ensure

effectiveness

were regarded as more socially appropriate, though some
participants considered them less able to discourage con-
tinued approach behaviour.

“With Evade, I knew the other person had
moved away, but if there hadn’t been a physical
collision or stop in VR, I probably would have

continued moving forwards anyway.”

—Participant 7M8W
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Emotional and Behavioural Responses

Participants described a range of emotional and be-Countermeasures

promoted awareness

and self-reflection

havioural responses to the implemented countermeasures.
Many reported becoming more aware of both their own
behaviour and the other users’ personal space, while also
describing surprise, discomfort, or frustration when in-
terventions were perceived as abrupt or disproportionate.
The movement-based countermeasures, EVADE and PUSH,
evoked noticeably different experiences: EVADE was com-EVADE and PUSH

evoked contrasting

emotional responses

monly described as a subtle cue that encouraged partici-
pants to adjust their behaviour, whereas PUSH more often
interrupted the interaction and produced a stronger emo-
tional response.

Countermeasure Preference

Participants expressed diverse preferences for the imple-
mented countermeasures, reflecting different priorities re-SAFETY BUBBLE was

the most frequently

preferred

countermeasure

garding realism, effectiveness, and social appropriateness.
Overall, SAFETY BUBBLE emerged as the most frequently
preferred countermeasure because it prevented PSIs with-
out creating direct confrontation.

“Definitely the Bubble. The reason is that it
solves the problem without creating confrontation

between people.”

—Participant AI12

Although participants widely regarded EVADE as the most
natural countermeasure and considered PUSH appropriate
in situations requiring a stronger intervention, they gener-
ally viewed the three approaches as suited to different cir-No single

countermeasure suited

all situations

cumstances rather than as options with a single best solu-
tion. Many therefore favoured combining multiple coun-
termeasures that could be adapted to different situations
and levels of PSIs.
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4.2.4 Contextual Factors Influencing Personal
Space in Social VR

Participants consistently described personal space as
context-dependent rather than by a fixed interpersonal dis- Personal space was

perceived as

context-dependent

tance. In their accounts, environmental constraints, so-
cial relationships, and perceived user intentions influenced
both the acceptability of PSIs and the suitability of different
countermeasures.

Several participants identified narrow corridors and
crowded environments as situations in which avoiding
PSIs would often be tough or impossible; in these contexts,
they argued that countermeasures should account for the
environmental restraints when deciding how to respond.

“I will inevitably have to enter their personal
space at some point in order to pass them.”

—Participant C461

Participants also emphasised that acceptable interpersonal
distance depended on the social relationship between Personal space

depended on the

relationship between

users

users. Several noted that they would respond differently
depending on whether the other user was a stranger, ac-
quaintance, or friend; others suggested that avatar charac-
teristics could similarly influence how comfortable they felt
during the interaction.

“I think I would have felt more comfortable with
a female avatar.”

—Participant Q0P1

Taken together, the results of both studies suggest that in-
vaders consistently preferred countermeasures that com-
municated personal space boundaries before imposing re-
strictions, valued interventions that resembled familiar so-
cial behaviour, and viewed stronger interventions as appro-
priate only when earlier communication had failed. These
findings are examined in depth in the following chapter.
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Chapter 5

Evaluation

This chapter evaluates and discusses the findings reported
in Chapter 4. The results of both studies converge in
demonstrating that invaders consistently preferred coun-
termeasures that communicated personal space boundaries
before imposing direct restrictions, a pattern that the fol-
lowing discussion interprets in relation to the research
questions and existing literature. The chapter is divided
into three sections: the first examines invaders’ responses
to the countermeasures under investigation; the second ex-
plores the implications for designing future countermea-
sures; and the final section outlines the limitations of the
conducted studies.

5.1 Understanding Invaders’ Responses to
PSI Countermeasures

The results of both studies converge in revealing that in-
vaders did not reject PSI countermeasures: they responded Communication shaped

acceptance of PSI

countermeasures

differently depending on how clearly and fairly each coun-
termeasure communicated the personal space boundary.

RQ1 How do invaders respond to countermeasures, and
which types of countermeasures do they perceive as
most acceptable or preferable?
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Together, these findings address RQ1 and are discussed in
the following subsections:

Preventive Communication of Personal Space
Boundaries

The two studies clearly indicated that participants consis-
tently preferred the countermeasures that defined personalExplicit communication

improved

countermeasure

acceptance

space boundaries before imposing direct movement restric-
tions. Participants valued interventions that preserved
their sense of agency, allowing them to recognise and vol-
untarily correct an impending PSI rather than having their
movement automatically restricted. These findings indi-
cate that explicit communication is important for the accep-
tance of PSI countermeasures.

The same preference for communicative over coercive
countermeasures was apparent in Study 1’s quantitative
results. The Countermeasure Analysis indicated that the
SAFETY BUBBLE and EVADE countermeasures were much
more socially acceptable and justified than the PUSH coun-Participants rated PUSH

less favourably than the

other countermeasures

termeasure, and participants were significantly more ready
to reuse them. By comparison, participants judged the
PUSH countermeasure to be far more severe than the other
two options. The ranking task also supported this pat-
tern: participants consistently associated the SAFETY BUB-
BLE with higher perceived safety, lower stress, and lower
physical demand, indicating that they preferred counter-
measures that communicated personal space boundaries
without resorting to forceful intervention.

The physiological findings neither confirmed nor contra-
dicted these subjective evaluations. Although neither thePhysiological evidence

suggested greater

arousal for PUSH

mean nor peak tonic skin conductance analyses revealed
statistically significant differences among the countermea-
sures, the PUSH condition consistently produced the largest
increase following activation. These descriptive trends
should be interpreted with caution; nevertheless, they sug-
gest that abrupt physical interventions may evoke greater
emotional arousal than countermeasures that first commu-
nicate interpersonal boundaries before intervening.
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The qualitative findings further clarify this preference for
preventive countermeasures. Rather than viewing the
SAFETY BUBBLE as a barrier that prevented movement, par- Preventive

countermeasures

enabled voluntary

self-correction

ticipants frequently described it as a warning: it informed
them that they were approaching another person’s personal
space. Participants considered this distinction important
because it allowed invaders to recognise a potential PSI
and voluntarily adjust their behaviour before a stronger
intervention became necessary. Across both studies, they
repeatedly associated this opportunity for self-correction
with fairness and respect for both interaction partners, sug-
gesting that they valued clear communication more highly
than immediate behavioural restriction.

These findings are consistent with, and extend, prior
work on personal space regulation in social VR. Nas- Participants preferred

gradual communication

of personal space

boundaries

siri et al. [2009] suggested that the personal space bubble
should remain hidden until another user attempts to en-
ter it, at which point the border should become visible to
explain why further movement is blocked. Participants in
the present work similarly appreciated inconspicuous per-
sonal space bubbles, though several also objected to the
sudden halt in movement after reaching the border. In-
stead, they proposed incrementally increasing visual, au-
ditory, or tactile cues as users approached another person’s
personal space, allowing them to identify and avoid a po-
tential PSI before physical action became necessary. Free-
man and Acena [2021] similarly found that users appreci-
ated personal space bubbles as a proactive way of avoid-
ing unwelcome contacts. Blehm [2025] also found that Findings extend prior

work to the invader’s

perspective

preventive countermeasures enhanced the invadee’s expe-
riences compared to having no protection. The present
work extends these findings: invaders also value preven-
tive countermeasures when they transparently expressed
the personal space boundaries and permitted voluntary be-
havioural adjustments.
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Socially Meaningful Communication of Personal
Space Boundaries

Although participants consistently preferred preventive
countermeasures, prevention alone did not ensure accep-
tance. Across both studies, participants also evaluated howSocially meaningful

communication shaped

countermeasure

acceptance

personal space boundaries were communicated, express-
ing a clear preference for interactions that resembled famil-
iar social behaviour rather than abrupt, system-enforced
responses. These findings suggest that socially meaning-
ful communication is a key factor in the acceptance of PSI
countermeasures.

This difference also appeared in Study 1’s quantitative re-
sults. In the questionnaire’s Countermeasure Analysis sec-
tion, participants rated SAFETY BUBBLE and EVADE simi-
larly positively overall. Within this overall positive evalua-EVADE was perceived

as the most realistic

and intuitive

tion, however, they perceived EVADE as more realistic, intu-
itive, and socially acceptable than the other conditions. The
rankings further supported this interpretation, with EVADE

ranked as the most realistic and intuitive countermeasure.

Apart from these evaluations, EVADE appeared to promote
greater self-reflection. Participants reported higher levels
of spatial awareness and more frequent reflection on their
own role in the encounter. This suggests that the avatar’sSocially meaningful

countermeasures

encouraged

self-awareness

behaviour prompted them to consider how their own ac-
tions contributed to the developing PSI. In summary, these
results suggest that socially meaningful countermeasures
not only express interpersonal borders but may also moti-
vate users to become more aware of their own behaviour.

The qualitative results help explain why participants re-
sponded more favourably to EVADE. Rather than inter-Participants interpreted

EVADE as natural social

behaviour

preting the avatar’s evasive movement as a fixed system
response, many participants interpreted it as a familiar in-
terpersonal behaviour that they would expect from another
person in a comparable real-world situation. In most cases,
they understood the gesture as the avatar creating per-
sonal space without escalating the situation, making the
interaction more understandable and socially acceptable.
Rather than merely observing the avatar’s action, partic-
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ipants often attempted to infer its intentions from its be-
haviour, characterising the movement as a courteous at-
tempt to maintain personal space rather than as a random
system response.

Across both studies, however, participants emphasised that
movement alone was insufficient to fully communicate the Participants advocated

multiple non-verbal

social cues

invadee’s intentions; they proposed that avatar behaviour
should be augmented with non-verbal social cues such as
gaze, posture, and gesture. This observation shows that
participants expected personal space limits to be commu-
nicated through a combination of social cues, rather than
through explicit system interventions alone, and has di-
rect implications for the design of socially enriched coun-
termeasures, as discussed in the following section.

These findings are also consistent with broader work
within social VR research. Slater’s [2009] account of the
Plausibility Illusion suggests that people react more natu- The findings support

the Plausibility Illusionrally to virtual characters that behave in socially plausible
ways. The current results are consistent with this propo-
sition, as participants repeatedly characterised the evasive
movement as a socially intentional response rather than
as a system-defined action. Similarly, Wang et al. [2025]
found that users appreciated negotiation-based teleporta-
tion methods, which significantly improved privacy pro-
tection and reduced anxiety associated with unwanted
proximity. Although that interaction differs from the one Countermeasures

should communicate

socially meaningful

intentions

examined here, both studies imply that interventions are
more acceptable when they preserve the social nature of the
interaction. Together, these findings suggest that effective
PSI countermeasures should not only govern interpersonal
distance but also express another user’s intentions in a so-
cially meaningful manner.
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Context-Dependent Acceptance of Strong Interven-
tions

This preference for preventive and socially meaningful re-
sponses should not be mistaken for a rejection of stronger
interventions. In general, participants distinguished be-Stronger interventions

were accepted when

proportionate

tween interventions that seemed unduly forceful and those
they considered appropriate for the situation. They evalu-
ated the appropriateness of the PUSH countermeasure not
in principle, but according to whether the response seemed
proportionate to the unfolding PSI.

This pattern also emerged in Study 1’s quantitative data.
Participants rated the PUSH countermeasure as signifi-
cantly harsher, less justified, and less socially acceptable
than the SAFETY BUBBLE and EVADE countermeasures, and
they were significantly less willing to use it themselves. AtPUSH was understood

but perceived as

disproportionate

the same time, they consistently rated all three countermea-
sures highly for Clear Reasoning, Easy to Understand, and
Agent Intentional. Collectively, these results indicate that
participants understood the aim of the PUSH countermea-
sure but perceived it as disproportionate to the scenario
provided. Although the physiological analyses did not re-
veal statistically significant differences, the PUSH condition
also consistently produced the largest increase in tonic skin
conductance following activation. The considerably higher
ratings of EVADE for Appropriate point in the same direction:
participants regarded less intrusive behavioural responses
as a more suitable way to address PSI.

The qualitative findings further clarify why participants
evaluated the PUSH countermeasure less favourably in thePUSH was viewed as a

final-stage intervention experimental scenario. Rather than rejecting forceful inter-
ventions altogether, participants repeatedly described them
as appropriate only when less intrusive countermeasures
had failed or when another user deliberately continued to
violate the invadee’s personal space. Many viewed the
PUSH countermeasure as a final stage within a sequence of
escalating interventions, rather than as an appropriate ini-
tial response to an accidental or first-time PSI.
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Participants repeatedly explained that the appropriateness
of stronger interventions was situation-dependent. In gen- Repeated or intentional

PSIs justified stronger

interventions

eral, they viewed more aggressive responses as justified
when another user repeatedly or deliberately violated per-
sonal space, especially if previous attempts to communicate
interpersonal boundaries had been ignored. Participants
also referred to crowded or spatially constrained environ-
ments, where PSI was sometimes unavoidable regardless
of intent, a context in which stronger interventions were
viewed as disproportionate. Rather than treating more ag-
gressive interventions as inevitably appropriate, they as-
sessed them in regard to the context in which they were
used.

Contemporary social VR platforms reflect a similar logic
by providing multiple safety mechanisms that allow re-
sponses to scale with the severity of an interaction, rather
than relying on a single intervention. The present find-
ings extend this narrative by suggesting that invaders like- Invaders also preferred

escalating intervention

strategies

wise conceptualise PSI countermeasures as part of an es-
calating sequence. Preventive communication was gener-
ally preferred as an initial response, whereas stronger in-
terventions were considered appropriate only after earlier
attempts to establish interpersonal boundaries had failed
or when another user deliberately continued the violation.
Collectively, these findings suggest that the acceptability of
stronger countermeasures depends less on the countermea-
sure itself than on whether users perceive it as a proportion-
ate response to the social context.

Together, these findings indicate that invaders did not reject
PSI countermeasures as a category; they evaluated them ac-
cording to three interrelated criteria: whether they commu-
nicated boundaries before restricting movement, whether
they did so through socially recognisable behaviour, and
whether the response was proportionate to the perceived
severity of the violation. These observations provide the
foundation for the design considerations discussed in the
following section.



72 5 Evaluation

5.2 Designing Mutually Acceptable
Countermeasures

The discussion of the first research question identified sev-
eral features that influenced participants’ acceptance of PSIFindings informing the

design of future PSI

countermeasures

countermeasures. Building on these findings, the second
research question shifts from evaluation to design, consid-
ering how future social VR systems can be designed to re-
duce unintentional PSI while remaining acceptable to both
interaction partners.

RQ2 What countermeasures or support mechanisms can
be designed to reduce unintentional PSI while re-
maining mutually acceptable?

Rather than focusing solely on the design of individual
countermeasures, the following sections consider how the
design of future systems can support all actors involved in
a PSI. The proposed design considerations are therefore or-
ganised around three complementary perspectives: help-
ing the invadee communicate personal space boundaries,
helping the invader recognise and avoid unintentional PSI,
and supporting both users through platform-level mecha-
nisms that adapt to the social context.

Invadee-Oriented Countermeasure Design

Throughout the interviews, participants repeatedly dis-
cussed how existing countermeasures could communicate
the invadee’s personal space boundaries more efficiently.
Rather than proposing entirely new countermeasures,Invadees should

communicate

discomfort before

intervening

many focused on enriching existing mechanisms so that the
invadee’s discomfort became visible before stronger inter-
ventions were required. Across both studies, participants
suggested that the invadee should be able to gradually ex-
press the desire for greater interpersonal distance, allowing
invaders to recognise these cues and adjust their behaviour
before the interaction escalates.
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Participants proposed several refinements that would de-
fine the invadee’s personal space boundaries more clearly.
Instead of simply displaying a static visual personal space Personal space

boundaries should be

communicated visually

bubble, many suggested that the representation should
change as another person approached, for instance by grad-
ually shifting in colour or opacity. This visual would warn
potential invaders of an impending PSI without abruptly
interrupting the interaction. Others suggested more spa-
tially specific representations, including clearly defined
borders projected onto the floor or avatar-shaped hitboxes
that more closely approximated the invadee’s avatar and
supported more natural movement.

Participants also suggested adding gaze direction, facial ex- Non-verbal social cues

should complement

visual feedback

pressions, body posture or subtle gestures to these visual
cues, as such behaviours can naturally signal discomfort
and the need for greater interpersonal distance. Rather than
relying on one single visual indicator, participants favoured
multiple complementary cues that could communicate the
invadee’s personal space boundaries in a more intuitive
and socially meaningful way.

Interestingly, participants rarely argued that existing coun-
termeasures themselves should be replaced. Instead, they Existing

countermeasures

should be refined rather

than replaced

consistently sought ways to make them easier to perceive
and interpret. Their focus, therefore, remained on improv-
ing how the invadees communicated their personal space
boundaries rather than on introducing entirely new inter-
ventions. Many also proposed combining multiple coun-
termeasures and communication cues within the same in-
teraction, so the visual, behavioural, and environmental
signals could complement one another before stronger in-
terventions became necessary. Overall, these findings sug-
gest that future PSI countermeasures may benefit less from
additional intervention mechanisms than from enabling the
invadees to communicate discomfort clearly, naturally, and
through a combination of complementary cues.
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Invader-Oriented Support Mechanisms

The previous section considered how countermeasures
could better communicate the invadee’s personal space
boundaries; this section turns to the invader’s perspec-
tive, examining how systems could better support users
before they breach another person’s personal space. ManyPSI prevention should

not rely solely on the

invadee

argued that preventing unintentional PSI should not rest
solely with the invadee; rather, future systems should help
invaders recognise nearby personal space boundaries be-
fore a countermeasure becomes necessary. Participants
emphasised that many PSIs resulted from limited spatial
awareness or uncertainty about the invadee’s comfort level.
They therefore proposed support mechanisms that would
help invaders recognise an impending PSI, interpret the in-
vadee’s boundaries, and adjust their behaviour before the
interaction escalated.

Participants proposed several mechanisms for increasing
invaders’ awareness of nearby personal space boundaries:
proximity indicators resembling a wireless signal, distance
bars that continuously visualised the remaining distance to
the invadee’s personal space boundary, and progressivelyParticipants proposed

continuous proximity

awareness cues

increasing auditory feedback, which participants compared
to a car’s reversing sensors. Others proposed subtle con-
troller vibrations that intensified as interpersonal distance
decreased, allowing invaders to perceive an approaching
boundary without interrupting the interaction. Collec-
tively, these mechanisms were intended to provide contin-
uous feedback while allowing invaders to remain in control
of their own movement.

Participants rarely viewed these mechanisms as additional
countermeasures. Instead, they described them as forms of
support that would help invaders become more aware of
their surroundings and avoid unintentional PSIs altogether.
Several participants also emphasised that such feedbackAwareness

mechanisms were

viewed as support

rather than intervention

should remain gradual and unobtrusive: they often per-
ceived abrupt warning sounds as startling or error-like,
with some comparing the implemented sound to an object
breaking. They preferred auditory feedback that increased
progressively in intensity, again drawing on the compari-
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son with a car’s reversing sensors, because this would al-
low them to anticipate an approaching boundary without
disrupting the interaction. Participants expressed similar
preferences for haptic feedback, favouring nuanced con-
troller vibrations over systems that physically affected the
headset or the user’s motion.

In summary, these results suggest that future systems
should support invaders through continuous awareness
mechanisms that encourage voluntary behavioural adjust-
ment, rather than relying solely on reactive countermea- Future systems should

support voluntary

behavioural adjustment

sures. By enabling invaders to recognise the invadee’s dis-
comfort and an impending PSI before interpersonal bound-
aries are crossed, such support mechanisms may reduce
unintentional violations, while preserving the invader’s
sense of agency and the invadee’s personal space.

Platform-Level Personal Space Regulation

Participants’ comments extended beyond individual coun-
termeasures and support mechanisms: they repeatedly
considered how the platform itself could coordinate per-
sonal space regulation. Rather than expecting every inter-
action to rely on a single predefined countermeasure, many Participants advocated

platform-level support

for PSI regulation

envisioned the platform as an active mediator that could
support both interaction partners according to the sur-
rounding social context. Throughout the interviews, par-
ticipants proposed platform-level mechanisms that would
support communication, adapt to different situations, and
coordinate personal space regulation in ways that balanced
the needs of both the invadee and the invader.

One recurring suggestion was that future platforms should
support communication between users before automati-
cally intervening. Participants repeatedly proposed that Participants preferred

mutual understanding

over automatic

intervention

platforms could help resolve many instances of uninten-
tional PSI by giving users simple ways to communicate
discomfort or intentions, such as through voice commu-
nication, predefined messages, or non-verbal interaction
cues. Several participants also suggested mechanisms that
would encourage users to acknowledge one another or ne-
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gotiate interpersonal boundaries before the platform acti-
vated stronger countermeasures. Overall, they preferred
systems that supported mutual understanding and vol-
untary behavioural adjustment over immediate system-
enforced intervention.

Participants also recognised that VR enables forms of per-
sonal space regulation that are not possible in the physical
world. Rather than presenting an identical interaction to
both users, several participants suggested that future plat-
forms could tailor the experience to each user’s perspec-
tive: some envisioned invaders continuing to walk alongParticipants advocated

perspective-dependent

personal space

regulation

their intended paths, whereas the invadees would simul-
taneously perceive those users as moving around a per-
sonal space boundary. Participants felt that this kind of
perspective-dependent interaction could preserve the in-
vadee’s sense of safety without disrupting the invader’s ex-
perience, thereby minimising the need for more intrusive
interventions.

Participants regularly questioned whether a single per-
sonal space policy could be effective in all situations. Many
argued that future platforms should consider personal pref-Platforms should be

personalised to users,

relationships, and

context

erences, the relationship between invader and invadee and
the social context in which an interaction occurs. For exam-
ple, they suggested allowing users to adjust the size of their
personal space boundaries, adapting countermeasures in
crowded settings, or varying the intensity of interventions
depending on whether a PSI appeared to be accidental, re-
current, or deliberate. Rather than applying a one-size-fits-
all approach, participants envisioned platforms that cus-
tomised personal space regulation to fit the interaction’s
specific context.

In answer to RQ2, the findings suggest that mutu-Mutually acceptable

PSI requires support for

both interaction

partners

ally acceptable countermeasures should combine invadee-
oriented visual and behavioural cues, invader-oriented
proximity awareness support, and platform-level adaptive
mechanisms that respond to relationship, context, and the
severity of the violation. As reducing unintentional PSI
requires support for both interaction partners rather than
relying on countermeasures alone, Figure 5.1 synthesises
participant-inspired design concepts that emerged from the
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Figure 5.1: Examples of participant-inspired design concepts for mutually accept-
able personal space regulation.

interviews and illustrates how these complementary sup-
port mechanisms could be realised in future social VR sys-
tems. The proposed design considerations are therefore
organised around three complementary perspectives: en-
abling invadees to communicate personal space bound-
aries, helping invaders recognise and avoid unintentional
PSI, and providing platform-level mechanisms that adapt
to the surrounding social context.

5.2.1 Emerging Design Considerations

Taken together, the findings discussed point towards a few
considerations for designing future PSI countermeasures. Design considerations

derived from the

empirical findings

We present these considerations as recommendations based
on the study results rather than as validated guidelines:
they derive from participants’ experiences with a fixed set
of countermeasures and would benefit from further devel-
opment and testing through purpose-built designs.
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The first consideration concerns the point at which a coun-
termeasure intervenes. Participants consistently preferred
countermeasures that signalled a boundary to those that re-Design Consideration 1:

Preventive Boundary

Communication

stricted movement directly. Accordingly, participants eval-
uated SAFETY BUBBLE and EVADE more favourably than
PUSH for safety, stress, and physical demand, while rating
PUSH significantly harsher and less acceptable. In the in-
terviews, the recurring request was not for an entirely dif-
ferent boundary but for one that appeared earlier and more
gradually, for example, through a bubble that faded in with
proximity, or a warning before movement was restricted.
Countermeasures may therefore be more readily accepted
when they signal a boundary early enough for invaders to
correct their course.

The second consideration concerns the strength of the re-
sponse. Participants’ preference for gentler signals did notDesign Consideration 2:

Proportionate

countermeasure

responses

amount to a rejection of forceful interventions. They un-
derstood PUSH as intentional and well-reasoned; however,
they judged it disproportionate as a first response to an ac-
cidental intrusion, while several still regarded it as a rea-
sonable last resort after gentler cues had failed. This pat-
tern points towards interventions that scale according to
the context, including repetition, crowding, and apparent
intent, rather than responding the same way every time.
The discomfort some participants reported in the invader
role further suggests that systems should not treat an unin-
tentional approach as hostile by default.

Finally, our findings suggest a potential trade-off between ac-
ceptability and effectiveness, as the most acceptable counter-
measure was often the least effective. Participants per-
ceived EVADE as natural but easy to ignore; PUSH reli-Design Consideration 3:

Reciprocal Personal

Space Support

ably stopped the approach, but they rejected it as too force-
ful. Refining a single countermeasure, therefore, seems un-
likely to satisfy both objectives simultaneously. One direc-
tion for future work is therefore to distribute the response
across both users: the invadee could gradually communi-
cate a boundary, while the invader receives support to per-
ceive and respect it, so that forceful intervention becomes
a last resort. This discussion presents that direction as a
promising avenue rather than a conclusion, since the stud-
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ies were not designed to test a reciprocal approach directly.

5.3 Limitations

Although the two studies provide complementary insights,
their findings presented in this thesis should be interpreted
within the scope of the research design. The studies delib-
erately prioritised experimental control over ecological va- Generalisability is

limited to the

investigated VR

scenario

lidity, enabling direct comparisons of PSI countermeasures
under consistent conditions. Accordingly, both studies oc-
curred in a virtual office corridor and used a predefined
navigation task; although this strengthened the findings’
internal validity, it represents only a limited range of the so-
cial situations encountered in contemporary social VR plat-
forms. Moreover, the studies focused exclusively on frontal
interactions, even though full immersive social VR enables
encounters from all directions, and they employed only
controller-based locomotion. Consequently, the reported
findings should not be assumed to generalise to other envi-
ronments, interaction scenarios, or locomotion techniques.

The two studies provided complementary quantitative and Participant sample was

predominantly students

with limited social VR

experience

qualitative perspectives, yet both relied on relatively small
samples composed predominantly of university students.
In addition, most participants reported little or no prior ex-
perience with social VR; consequently, the findings should
be interpreted within the context of the participant popu-
lation examined in this thesis. Relatedly, the EDA mea-
surements did not yield significant differences across the
countermeasures. Given the descriptive trend and the high
inter-participant variability, this may reflect insufficient sta-
tistical power; hence, a larger sample size would help es-
tablish whether more assertive countermeasures produce
higher physiological arousal.

The fixed position of the baseline condition presents an- Fixed baseline order

may have introduced an

order effect

other limitation. The baseline condition was always pre-
sented first so that participants could familiarise them-
selves with the interaction before experiencing the coun-
termeasures. While this design reduced comparisons with
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previously experienced interventions, it may also have in-
troduced an order effect. Participants also believed they
were interacting with another user, although the counter-
part’s behaviour was predetermined; this perspective in-
creased the interaction’s plausibility, but it did not capture
the spontaneity of genuine multi-user encounters.

Although an established thematic analysis framework wasThematic analysis was

conducted by a single

researcher

followed and the coding was refined iteratively, the anal-
ysis was not subject to independent peer review or inter-
rater reliability checking, which represents a limitation of
the single-researcher approach within the scope of a mas-
ter’s thesis. To support transparency and traceability of
this process, the complete analytic workflow is provided in
the accompanying repository, documenting all six phases
of the thematic analysis approach of Braun et al. [2019] for
the qualitative components of both studies.

Finally, this thesis evaluated only three personal space
countermeasures, selected as representative examples of
preventive, behavioural, and restrictive approaches to per-Countermeasure and

avatar diversity were

limited

sonal space regulation rather than an exhaustive set of so-
lutions. Further, both studies used a single invadee avatar.
Because avatar characteristics may influence interpersonal
distance preferences, the findings should be interpreted
within the context of the specific avatar used in this work.
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Chapter 6

Summary and Future
Work

This chapter summarises the thesis’s main findings and
contributions. It also outlines potential directions for future
research that could extend and build on the present work.

6.1 Summary

Personal space regulation is essential for maintaining com-
fortable and socially acceptable interactions in social VR.
Although numerous countermeasures aim to protect users
from PSIs, comparatively little work has examined how Thesis overview and

research contributionthese interventions affect the invaders who trigger them.
This thesis therefore investigated invaders’ responses to ex-
isting PSI countermeasures and explored how future so-
cial VR systems can reduce unintentional PSIs while re-
maining acceptable to both interaction partners. The thesis
used a mixed-methods approach, combining a controlled
quantitative study with an exploratory qualitative study;
together, these studies examined participants’ experiences
with existing countermeasures and derived participant-
inspired design implications for future personal space reg-
ulation in social VR.
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The findings indicate that invaders consistently pre-
ferred countermeasures that communicated personal space
boundaries before imposing direct restrictions on their
movement. Participants perceived the SAFETY BUBBLE

and EVADE countermeasures as more appropriate, sociallyAcceptance depended

on clear and

proportionate

communication

acceptable, and justified than the PUSH countermeasure,
while the qualitative findings further revealed that they
valued interventions that allowed them to recognise and
correct an impending PSI voluntarily. The physiological
data, though statistically not significant, showed descrip-
tively higher arousal during the more restrictive PUSH con-
dition. Collectively, the results suggest that the acceptabil-
ity of PSI countermeasures depends less on whether they
intervene than on how clearly and proportionately they
communicate the invadee’s personal space boundaries.

Beyond evaluating existing countermeasures, the thesis
identified several design considerations for future personal
space regulation in social VR. Rather than proposing en-
tirely new intervention mechanisms, participants consis-
tently emphasised the need to improve communication be-
tween interaction partners. They envisioned future sys-
tems in which invadees could communicate personal spaceDesign considerations

emphasised

communication and

shared support

boundaries more naturally, invaders would receive sup-
port that increased their spatial awareness, and platforms
would coordinate these mechanisms according to the sur-
rounding social context. Together, these findings suggest
that reducing unintentional PSIs requires support for both
interaction partners rather than reliance on reactive coun-
termeasures alone.

Overall, this thesis extends existing research on personal
space regulation in social VR by investigating PSI counter-
measures from the invader’s perspective. By combining
controlled quantitative evidence with in-depth qualitative
insights, the findings indicate that mutually acceptable per-
sonal space regulation depends not only on protecting theSupporting both

interaction partners

enables mutually

acceptable PSI

regulation

invadee but also on supporting the invader through effec-
tive communication and increased spatial awareness. The
empirical findings and resulting design implications there-
fore provide a foundation for developing future social VR
systems that better balance user safety, agency, and natural
social interaction.
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6.2 Future Work

The findings of this thesis also raise several questions that
remain to be explored. Three directions are identified: ex-
tending the present findings to a broader range of scenar-
ios and populations, empirically evaluating the participant-
inspired design concepts proposed in this thesis, and ex-
ploring how social VR platforms can support personal
space regulation at the system level.

Building on the limitations discussed in Chapter 5.3, fu-
ture studies should investigate whether the reported find-
ings extend beyond the controlled conditions of the present
work. Such research could examine personal space reg- Future research should

extend the findings

beyond the present

study

ulation in a broader range of interaction scenarios, such
as collaborative activities with multiple users or differ-
ent virtual environments. It could also investigate differ-
ent locomotion techniques or different directions of ap-
proach during PSIs. Extending the proposed framework
across the reality–virtuality continuum, including CAVE-
based virtual environments, could further clarify how dif-
ferent immersive technologies influence the effectiveness of
PSI countermeasures. Furthermore, involving participants
with greater experience in social VR may provide valuable
insights into how PSI countermeasures can be designed to
better support both invaders and invadees across a wider
range of social interactions.

Another promising direction is the implementation and
evaluation of the participant-inspired design concepts pro-
posed in this thesis. Although the present work identified
a range of visual, auditory, haptic, and behavioural sup- Participant-inspired

design concepts require

empirical evaluation

port mechanisms, it did not investigate their effectiveness
experimentally. Future research could therefore examine
how individual communication cues, as well as combina-
tions of complementary cues, influence the perception, ac-
ceptance, and effectiveness of PSI countermeasures. Such
work could help identify which combinations best support
both invaders and invadees while maintaining natural and
socially acceptable interactions.
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Finally, future work should also examine how social VR
platforms can support personal space regulation beyondFuture work should

investigate

context-aware platform

support

individual countermeasures. Rather than relying on a sin-
gle intervention, future systems could adapt personal space
regulation to the surrounding context: the relationship be-
tween the invader and invadee, the level of crowding,
and whether a PSI appears accidental or intentional could
all influence how a system responds. Personalised per-
sonal space boundaries, adaptive intervention strategies,
and perspective-dependent feedback for both interaction
partners may contribute to more flexible and socially ac-
ceptable approaches to personal space regulation.

Beyond these specific avenues for future research, this the-
sis emphasises the continued need to refine interpersonalRefining interpersonal

interaction plays a key

role in the maturation of

social VR

interaction in social VR. As discussed in Chapter 2, tech-
nological innovations typically mature over an extended
period before reaching widespread commercial adoption.
In the case of social VR, this refinement extends beyond
hardware advances: it also requires safe, comfortable, and
socially meaningful interactions. By supporting both in-
vaders and invadees through cordial, yet effective, personal
space regulation, future research can contribute not only to
PSI countermeasures but also to the maturation of social VR
as a socially engaging and sustainable medium.

The long arc of VR development, traced throughout this
thesis from early laboratory systems to contemporary social
platforms, reflects a challenge that extends beyond techno-
logical performance: how to make shared virtual spacesThe future of social VR

depends on socially

meaningful interactions

genuinely liveable. More than sixty years after Ivan Suther-
land first envisioned immersive virtual environments, re-
markable progress has been made. However, the recent
struggles of several prominent social VR platforms1 sug-
gest that technological maturity alone is insufficient to re-
alise the broader vision of immersive social worlds: the fu-
ture of social VR depends not just on how convincingly it
recreates reality but on how thoughtfully it supports the so-
cial interactions that enable people to share virtual spaces
with confidence, respect, and trust.

1 https://www.heise.de/en/background/The-Metaverse-and-
its-ghost-towns-Why-social-VR-apps-are-struggling-
11311515.html [Accessed: July 2026]

https://www.heise.de/en/background/The-Metaverse-and-its-ghost-towns-Why-social-VR-apps-are-struggling-11311515.html
https://www.heise.de/en/background/The-Metaverse-and-its-ghost-towns-Why-social-VR-apps-are-struggling-11311515.html
https://www.heise.de/en/background/The-Metaverse-and-its-ghost-towns-Why-social-VR-apps-are-struggling-11311515.html
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Appendix A

Implementation
Resources

This appendix documents the external image sources used
throughout the thesis, the sources of the assets incorpo-
rated into the virtual environment, and the organisation
of the accompanying Git repository1. Table A.1 lists all
external image sources according to the figures in which
they appear. The cited references identify the sources from
which the graphics were obtained and do not necessarily
correspond to the original works or inventions depicted.
Table A.2 documents the external sources of the 3D assets
used in the virtual environment, while Table A.3 provides
an overview of the top-level directories in the accompany-
ing Git repository to facilitate navigation, future adapta-
tions, and further development of the project.

1 https://git.rwth-aachen.de/i10/thesis/thesis-anubhav-
punetha-psi-countermeasures-confederate

https://git.rwth-aachen.de/i10/thesis/thesis-anubhav-punetha-psi-countermeasures-confederate
https://git.rwth-aachen.de/i10/thesis/thesis-anubhav-punetha-psi-countermeasures-confederate
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Figure Image Source

Figure 2.1
Reality-Virtuality
Continuum

Milgram and Kishino [1994]

Telesphere Mask Lescop [2017]
Sensorama
Simulator

Xu [2022]

Sword of Damocles Sheikh and Crolla [2023]
DataGlove Pinto [2010]

Figure 2.2 CAVE Cruz-Neira et al. [1992]

Virtual Boy
https://en.wikipedia.org/wiki/
Virtual_Boy [Accessed: April 2026]

Oculus Acquisition

https:
//fortune.com/2017/10/11/facebook-
oculus-work-virtual-reality/
[Accessed: April 2026]

HTC Vive
https://mixed.de/htc-vive-
erscheint-erst-2016/ [Accessed:
April 2026]

Apple Vision Pro
https://www.apple.com/newsroom/
2023/06/introducing-apple-vision-
pro/ [Accessed: April 2026]

VRChat
https://store.steampowered.com/
app/438100/VRChat/ [Accessed: April
2026]

Rec Room
https://recroom.com/ [Accessed: April
2026]

Figure 2.3
AltspaceVR

https://roadtovr.com/oculus-
founder-try-save-altspacevr/
[Accessed: April 2026]

Horizon Worlds

https://tecnoblog.net/noticias/
meta-encerrara-horizon-worlds-em-
vr-nos-headsets-quest/ [Accessed:
April 2026]

Figure 2.4
Human Avatar for
Illustrating Proxemic
Zones

Avatar generated using OpenAI
ChatGPT (GPT-5.5, June 2026)

Figure 2.5
Personal Boundaries
in Meta Horizon
Worlds

https://mashable.com/article/meta-
personal-boundary-horizon-worlds-
facebook [Accessed: April 2026]

Figure 2.6
Stop Gesture in Rec
Room

https://www.youtube.com/watch?v=
2bWTgmAxBes [Accessed: April 2026]

Table A.1: External image sources referenced throughout the thesis, organised ac-
cording to the corresponding figures, with references indicating the sources of the
graphics rather than the original works or inventions depicted.

https://en.wikipedia.org/wiki/Virtual_Boy
https://en.wikipedia.org/wiki/Virtual_Boy
https://fortune.com/2017/10/11/facebook-oculus-work-virtual-reality/
https://fortune.com/2017/10/11/facebook-oculus-work-virtual-reality/
https://fortune.com/2017/10/11/facebook-oculus-work-virtual-reality/
https://mixed.de/htc-vive-erscheint-erst-2016/
https://mixed.de/htc-vive-erscheint-erst-2016/
https://www.apple.com/newsroom/2023/06/introducing-apple-vision-pro/
https://www.apple.com/newsroom/2023/06/introducing-apple-vision-pro/
https://www.apple.com/newsroom/2023/06/introducing-apple-vision-pro/
https://store.steampowered.com/app/438100/VRChat/
https://store.steampowered.com/app/438100/VRChat/
https://recroom.com/
https://roadtovr.com/oculus-founder-try-save-altspacevr/
https://roadtovr.com/oculus-founder-try-save-altspacevr/
https://tecnoblog.net/noticias/meta-encerrara-horizon-worlds-em-vr-nos-headsets-quest/
https://tecnoblog.net/noticias/meta-encerrara-horizon-worlds-em-vr-nos-headsets-quest/
https://tecnoblog.net/noticias/meta-encerrara-horizon-worlds-em-vr-nos-headsets-quest/
https://mashable.com/article/meta-personal-boundary-horizon-worlds-facebook
https://mashable.com/article/meta-personal-boundary-horizon-worlds-facebook
https://mashable.com/article/meta-personal-boundary-horizon-worlds-facebook
https://www.youtube.com/watch?v=2bWTgmAxBes
https://www.youtube.com/watch?v=2bWTgmAxBes
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VR Asset Source
Avatar of
Virtual Agent

https://www.fab.com/listings/2e872a96-686e-4955-
8256-82fa19904f92

Chair
https://sketchfab.com/3d-models/modern-chair-
f91f386f3602463cb161437d3c42d3b7

Clock
https://sketchfab.com/3d-models/cc0-wall-clock-3-
8c95c5e879f24f8294d9c8c25804ab95

Coffee
Machine

https://sketchfab.com/3d-models/cafetera-
profesional-mtrl-e9c06e5c826c41a1a2468556189de241

Computer
https://sketchfab.com/3d-models/macbook-laptop-
7ceb46a1425b475fa7f6bf192e01ed74

Door Handle
https://sketchfab.com/3d-models/cc0-door-handle-3-
0f4459df86af469dad41c5d025973d87

Dustbin
https://sketchfab.com/3d-models/dust-bin-
895fb3596c16407e8a30f0a29bea08a4

First Aid Box
https://sketchfab.com/3d-models/first-aid-box-
b16686cb9b284cf892c5a939d357f73c

Office Chair
https://sketchfab.com/3d-models/office-chair-
5cd859cd7b9a430db0195af2ba89949b

Painting (1) in
the corridor

https://sketchfab.com/3d-models/wall-picture-
6ceabfb0ad844c66b70a6ded2bf3d436

Paintings (4) in
the corridor

https://sketchfab.com/3d-models/picture-frame-
collection-987f8659bdd34549955c38ea1f4a6fe9

Printer
https://sketchfab.com/3d-models/mfp-office-printer-
d55f6fca7c3d45c883bbff770672970d

Radiator
https://sketchfab.com/3d-models/radiator-low-poly-
509e0519c5694d11bd015fd6c7b60df7

Table
https://www.fab.com/listings/c3e5c435-07fd-435d-
be85-a94b4acbf94b

Tubelight
https://sketchfab.com/3d-models/tube-light-
c0a1a915abba44319f47c87aa9c1fa52

Vending
Machine

https://sketchfab.com/3d-models/soda-vending-
machine-f753a659faae499282e882d63972d4c2

Water Cooler
https://sketchfab.com/3d-models/office-electronics-
water-cooler-74e2cabe19014c20b10d38a023fd05a5

Whiteboard
Wall

https://sketchfab.com/3d-models/whiteboard-low-poly-
f69949960b5049f0b7a733e47d9da489

Whiteboard
Standing

https://sketchfab.com/3d-models/low-poly-whiteboard-
1cbf089ec4b741ad9d092d15db6d55ba

Table A.2: External sources of the 3D assets used throughout the virtual office en-
vironment, with references indicating the sources from which the assets were ob-
tained rather than their original creators or designers.

https://www.fab.com/listings/2e872a96-686e-4955-8256-82fa19904f92
https://www.fab.com/listings/2e872a96-686e-4955-8256-82fa19904f92
https://sketchfab.com/3d-models/modern-chair-f91f386f3602463cb161437d3c42d3b7
https://sketchfab.com/3d-models/modern-chair-f91f386f3602463cb161437d3c42d3b7
https://sketchfab.com/3d-models/cc0-wall-clock-3-8c95c5e879f24f8294d9c8c25804ab95
https://sketchfab.com/3d-models/cc0-wall-clock-3-8c95c5e879f24f8294d9c8c25804ab95
https://sketchfab.com/3d-models/cafetera-profesional-mtrl-e9c06e5c826c41a1a2468556189de241
https://sketchfab.com/3d-models/cafetera-profesional-mtrl-e9c06e5c826c41a1a2468556189de241
https://sketchfab.com/3d-models/macbook-laptop-7ceb46a1425b475fa7f6bf192e01ed74
https://sketchfab.com/3d-models/macbook-laptop-7ceb46a1425b475fa7f6bf192e01ed74
https://sketchfab.com/3d-models/cc0-door-handle-3-0f4459df86af469dad41c5d025973d87
https://sketchfab.com/3d-models/cc0-door-handle-3-0f4459df86af469dad41c5d025973d87
https://sketchfab.com/3d-models/dust-bin-895fb3596c16407e8a30f0a29bea08a4
https://sketchfab.com/3d-models/dust-bin-895fb3596c16407e8a30f0a29bea08a4
https://sketchfab.com/3d-models/first-aid-box-b16686cb9b284cf892c5a939d357f73c
https://sketchfab.com/3d-models/first-aid-box-b16686cb9b284cf892c5a939d357f73c
https://sketchfab.com/3d-models/office-chair-5cd859cd7b9a430db0195af2ba89949b
https://sketchfab.com/3d-models/office-chair-5cd859cd7b9a430db0195af2ba89949b
https://sketchfab.com/3d-models/wall-picture-6ceabfb0ad844c66b70a6ded2bf3d436
https://sketchfab.com/3d-models/wall-picture-6ceabfb0ad844c66b70a6ded2bf3d436
https://sketchfab.com/3d-models/picture-frame-collection-987f8659bdd34549955c38ea1f4a6fe9
https://sketchfab.com/3d-models/picture-frame-collection-987f8659bdd34549955c38ea1f4a6fe9
https://sketchfab.com/3d-models/mfp-office-printer-d55f6fca7c3d45c883bbff770672970d
https://sketchfab.com/3d-models/mfp-office-printer-d55f6fca7c3d45c883bbff770672970d
https://sketchfab.com/3d-models/radiator-low-poly-509e0519c5694d11bd015fd6c7b60df7
https://sketchfab.com/3d-models/radiator-low-poly-509e0519c5694d11bd015fd6c7b60df7
https://www.fab.com/listings/c3e5c435-07fd-435d-be85-a94b4acbf94b
https://www.fab.com/listings/c3e5c435-07fd-435d-be85-a94b4acbf94b
https://sketchfab.com/3d-models/tube-light-c0a1a915abba44319f47c87aa9c1fa52
https://sketchfab.com/3d-models/tube-light-c0a1a915abba44319f47c87aa9c1fa52
https://sketchfab.com/3d-models/soda-vending-machine-f753a659faae499282e882d63972d4c2
https://sketchfab.com/3d-models/soda-vending-machine-f753a659faae499282e882d63972d4c2
https://sketchfab.com/3d-models/office-electronics-water-cooler-74e2cabe19014c20b10d38a023fd05a5
https://sketchfab.com/3d-models/office-electronics-water-cooler-74e2cabe19014c20b10d38a023fd05a5
https://sketchfab.com/3d-models/whiteboard-low-poly-f69949960b5049f0b7a733e47d9da489
https://sketchfab.com/3d-models/whiteboard-low-poly-f69949960b5049f0b7a733e47d9da489
https://sketchfab.com/3d-models/low-poly-whiteboard-1cbf089ec4b741ad9d092d15db6d55ba
https://sketchfab.com/3d-models/low-poly-whiteboard-1cbf089ec4b741ad9d092d15db6d55ba
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Repository Overview
𝑚𝑎_𝑞𝑢𝑒𝑠𝑡𝑖𝑜𝑛𝑛𝑎𝑖𝑟𝑒𝐴𝑝𝑝

Contains the iPad questionnaire application developed for Study 1. The
application generated random four-character participant IDs and exported
questionnaire responses in JSON format. It was developed specifically for this
thesis and would require additional testing and documentation before reuse.
𝑚𝑎_𝑠𝑡𝑢𝑑𝑦1
Contains the questionnaire and EDA data collected during Study 1, together
with the Python analysis scripts, the MAXQDA project, and documentation of
the thematic analysis process. See 𝑚𝑎_𝑠𝑡𝑢𝑑𝑦1_𝑟𝑒𝑎𝑑𝑚𝑒.𝑚𝑑 for further details.
𝑚𝑎_𝑠𝑡𝑢𝑑𝑦1_𝑝𝑠𝑖𝑉𝑖𝑠𝑖𝑜𝑛𝑃𝑟𝑜

Contains the visionOS application used in Study 1, as well as the Arduino
and Python scripts provided by Franca Hübner for EDA data collection.
𝑚𝑎_𝑠𝑡𝑢𝑑𝑦2
Contains the demographics data and transcripts from the semi-structured
interviews during Study 2, together with the Python analysis scripts, the
MAXQDA project, and documentation of the thematic analysis process. See
𝑚𝑎_𝑠𝑡𝑢𝑑𝑦2_𝑟𝑒𝑎𝑑𝑚𝑒.𝑚𝑑 for further details.
𝑚𝑎_𝑠𝑡𝑢𝑑𝑦2_𝑝𝑠𝑖𝑉𝑖𝑠𝑖𝑜𝑛𝑃𝑟𝑜

Contains the visionOS application used in Study 2 from the invader’s
perspective.
𝑚𝑎_𝑣𝑖𝑑𝑒𝑜𝑠
Contains the view recordings of the different conditions across both studies.
See 𝑚𝑎_𝑣𝑖𝑑𝑒𝑜𝑠_𝑟𝑒𝑎𝑑𝑚𝑒.𝑚𝑑 for further details.

Table A.3: Overview of the top-level directories in the Git repository accompanying
this thesis, summarising the purpose and primary contents of each directory.
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Appendix B

Study 1 Supplementary
Material

This appendix documents the materials associated with the
study described in Chapter 3.2. It comprises four sections.
The first outlines the study protocol, including the prepa-
ration, experimental procedure, and post-session activities.
Participant appointments were coordinated using the DFN
Terminplaner platform1. The second presents the English
participant information sheet, the third the informed con-
sent form, and the fourth the English questionnaire. The
questionnaire was implemented as a custom iPad applica-
tion that exported responses in JSON format. The data were
subsequently processed and analysed using Python, with
the corresponding variable names shown in bold alongside
each questionnaire item.

1 https://terminplaner6.dfn.de/de/b/
831f8be67b3d5763fec3812d5088171c-1644895

https://terminplaner6.dfn.de/de/b/831f8be67b3d5763fec3812d5088171c-1644895
https://terminplaner6.dfn.de/de/b/831f8be67b3d5763fec3812d5088171c-1644895
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Study Protocol

Before the Experiment

1. Before each study session, ensure that all equipment
(Apple Vision Pro, Meta Quest, Apple TV, Controller,
Arduino), materials, and the experimental environ-
ment are properly prepared.

2. The seminar room with the Apple Vision Pro and
Meta Quest must be booked in advance. The room
should be arranged so that the participant has enough
space to comfortably perform the VR tasks.

3. Snacks and water should be prepared for partici-
pants.

4. All devices must be fully charged before the experi-
ment begins.

5. The Arduino sensor system must be prepared before
the session.

6. All required printed materials must be available.
Spare copies of the questionnaire should be printed in
both supported languages to ensure that participants
can complete the study even if technical issues occur.

7. The iPad used for the questionnaire must be pre-
pared in advance. The correct questionnaire should
be opened and ready for participants. Screen record-
ing must be started to capture the questionnaire inter-
action.

8. Finally, the Apple TV should be set up and connected
properly to ensure that the display and mirroring
functions work as intended during the experiment.

9. Once all equipment and materials are prepared, begin
the study session when the participant arrives.

Experiment Procedure

1. Participant Welcome
When the participant arrives, welcome them and
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briefly introduce yourself and the study environment.
Ensure the participant feels comfortable before start-
ing the experiment.

2. Language Selection
Ask the participant to select their preferred language
for the study. All explanations and materials should
be provided in the selected language.

3. Study Information and Consent
Provide the participant with the study information
sheet and give them time to read it carefully. Explain
the purpose of the study, what participation involves,
and any potential risks or discomforts such as cyber-
sickness. After explaining the study, present the in-
formed consent form. Allow the participant to ask
questions. Once all questions are answered and the
participant agrees to participate, ask them to sign the
informed consent form.

4. Study Mascot Selection
Ask the participant to pick the study mascot.

5. Device Setup
Prepare the Apple Vision Pro for the participant.

• Set up hand tracking calibration.

• Set up eye tracking calibration.

• Connect the Xbox controller and ensure it works
correctly.

• Teach them how to connect the Apple TV.

Make sure the participant is comfortable wearing the
headset and understands how to interact with the
system.

6. Start Questionnaire Recording
Before the participant begins answering question-
naires, start screen recording on the iPad that is used
to display the questionnaire.

7. Demographics Questionnaire
Ask the participant to complete the demographics
section of the questionnaire on the iPad.
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8. Intro Scene
Start the intro scene. This allows the participant to be-
come familiar with the virtual environment and the
controls. The participant may repeat the introduction
as many times as they want until they feel comfort-
able with the system.

9. Short Break
After the introduction, give the participant a short
break. During this break, ask the participant whether
they are experiencing cybersickness or any discom-
fort. If necessary, allow additional time before contin-
uing.

Baseline Condition

• Begin the baseline condition of the experiment.

• Ensure that the Meta Quest system is running.

• Ensure that the Arduino sensor system is active and
recording data.

• Participant completes the baseline scenario in VR.

• After finishing the baseline condition, ask the partic-
ipant to complete the baseline questionnaire on the
iPad.

• After the questionnaire, ask the participant if they are
experiencing cybersickness or any discomfort.

Condition 1

• Start Condition 1 of the experiment.

• Ensure that the Meta Quest system is running.

• Ensure that the Arduino sensor system is recording.

• Participant completes the VR task for Condition 1.

• After finishing the task, ask the participant to com-
plete the questionnaire for Condition 1.



93

• Ask again whether the participant is experiencing cy-
bersickness.

Condition 2

• Start Condition 2 of the experiment.

• Ensure that the Meta Quest system is running.

• Ensure that the Arduino sensor system is recording.

• Participant completes the VR task for Condition 2.

• After finishing the task, ask the participant to com-
plete the questionnaire for Condition 2.

• Ask again whether the participant is experiencing cy-
bersickness.

Condition 3

• Start Condition 3 of the experiment.

• Ensure that the Meta Quest system is running.

• Ensure that the Arduino sensor system is recording.

• Participant completes the VR task for Condition 3.

• After finishing the task, ask the participant to com-
plete the questionnaire for Condition 3.

• Ask again whether the participant is experiencing cy-
bersickness.

Ranking

After all conditions are completed, ask the participant to
rank the conditions according to their experience. Finally,
ask the participant to finish the remaining questionnaire
questions. The experiment session is then completed.
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End of the Study

• Check if all data has been collected properly.

• Verify that the questionnaire responses are saved.

• Verify that the screen recording from the iPad is
saved.

• Verify that the Arduino sensor data is saved.

• Stop and store all recordings if necessary.

• Clean the VR headset and the controllers.

• Organise the equipment.

• Dispose of any trash.

• Ensure the room is ready for the next session.

Participant Information Form

Figure B.1 presents the English version of the study infor-
mation form provided to participants prior to signing the
informed consent form. Participants were given the option
to select either English or German as their preferred lan-
guage. A corresponding version of the study information
was also made available within the questionnaire applica-
tion on the iPad prior to the commencement of each study.

Informed Consent Form

Figure B.2 presents the English version of the informed con-
sent form provided to participants. Participants received
the document in their previously selected language. A cor-
responding version of the study information was also made
available within the questionnaire application on the iPad
prior to the commencement of each study, where partici-
pants were required to confirm their consent by activating
an acceptance toggle before proceeding with the study.
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Figure B.1: Participant information form provided to participants in Study 1.
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Figure B.2: Informed consent form used in Study 1.
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Questionnaire

The questionnaire was divided into six sections: a de-
mographics section, four condition-specific sections, and
a final ranking section. The questions included in the
condition-specific sections employed a five-point Likert
scale using the scale labels provided by Iowa State Uni-
versity2, with the response categories Strongly Agree, Agree,
Undecided, Disagree, and Strongly Disagree. For improved
readability, these response categories are not repeated
within the corresponding questionnaire sections presented
in this appendix.

Demographics

• [demographics_age] Age:

• [demographics_gender] Gender:

– Male

– Female

– Non-Binary

– Prefer not to say

• [demographics_occupation] Occupation:

• [demographics_education] Highest Education:

• [demographics_mascot] Study Mascot:

• [demographics_vr] Prior VR Experience:

– Never
– Once a year
– Once a month

– Once a week

– Daily

2 https://www.extension.iastate.edu/documents/anr/
likertscaleexamplesforsurveys.pdf [Accessed: April 2026]

https://www.extension.iastate.edu/documents/anr/likertscaleexamplesforsurveys.pdf
https://www.extension.iastate.edu/documents/anr/likertscaleexamplesforsurveys.pdf
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• [demographics_svr] Prior Social VR Experience:

– Never
– Once a year
– Once a month

– Once a week

– Daily

Condition Baseline

Perception

• [baseline_per_appropriate] The avatar’s reaction felt
appropriate for the situation.

• [baseline_per_clearReasoning] I clearly understood
why the virtual avatar reacted this way.

• [baseline_per_easyToUnderstand] The reaction of
the virtual avatar was easy to understand.

• [baseline_per_fairReaction] The reaction of the vir-
tual avatar felt fair and natural.

Emotional

• [baseline_emo_confidence] I felt confident continu-
ing my movement.

• [baseline_emo_control] I felt in control during the
experiment.

• [baseline_emo_safety] I felt safe during the experi-
ment.

• [baseline_emo_socialRejection] I felt socially re-
jected by the avatar.

• [baseline_emo_stress] I felt stressed during the inter-
action.

• [baseline_emo_uncomfortable] The situation made
me feel uncomfortable.
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Self-Reflection

• [baseline_srf_responsibilityEscalation] I felt respon-
sible for the escalation of the interaction.

• [baseline_srf_responsibilityTrigger] I felt responsi-
ble for triggering the avatar’s reaction.

• [baseline_srf_roleReflection] I reflected on my role
in the interaction.

• [baseline_srf_spatialAwareness] I became more
aware of my own spatial distances in the virtual
world.

Realism

• [baseline_rea_agentIntentional] The virtual avatar
was appeared to act intentionally.

• [baseline_rea_discomfort] I experienced discomfort.

• [baseline_rea_goalDirected] The avatar’s behaviour
felt goal-directed.

• [baseline_rea_immersed] I felt immersed in the vir-
tual environment.

• [baseline_rea_interactionRealistic] The virtual inter-
action felt realistic.

• [baseline_rea_motionSickness] I experienced mo-
tion sickness.

Further Comments
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Condition Push

Perception

• [push_per_appropriate] The avatar’s reaction felt ap-
propriate for the situation.

• [push_per_clearReasoning] I clearly understood
why the virtual avatar reacted this way.

• [push_per_easyToUnderstand] The reaction of the
virtual avatar was easy to understand.

• [push_per_fairReaction] The reaction of the virtual
avatar felt fair and natural.

Emotional

• [push_emo_confidence] I felt confident continuing
my movement.

• [push_emo_control] I felt in control during the exper-
iment.

• [push_emo_safety] I felt safe during the experiment.

• [push_emo_socialRejection] I felt socially rejected by
the avatar.

• [push_emo_stress] I felt stressed during the interac-
tion.

• [push_emo_uncomfortable] The situation made me
feel uncomfortable.

Countermeasure Analysis

• [push_cou_harsh] The countermeasure felt harsh.

• [push_cou_intuitive] The countermeasure felt intu-
itive.

• [push_cou_justified] The countermeasure felt justi-
fied in this situation.
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• [push_cou_predictable] The countermeasure was
predictable.

• [push_cou_realistic] The countermeasure felt realis-
tic.

• [push_cou_sociallyAcceptable] The countermeasure
felt socially acceptable to use.

• [push_cou_wouldReuse] I would have used the
same countermeasure if I could.

Self-Reflection

• [push_srf_responsibilityEscalation] I felt responsi-
ble for the escalation of the interaction.

• [push_srf_responsibilityTrigger] I felt responsible
for triggering the avatar’s reaction.

• [push_srf_roleReflection] I reflected on my role in
the interaction.

• [push_srf_spatialAwareness] I became more aware
of my own spatial distances in the virtual world.

Realism

• [push_rea_agentIntentional] The virtual avatar was
appeared to act intentionally.

• [push_rea_discomfort] I experienced discomfort.

• [push_rea_goalDirected] The avatar’s behaviour felt
goal-directed.

• [push_rea_immersed] I felt immersed in the virtual
environment.

• [push_rea_interactionRealistic] The virtual interac-
tion felt realistic.

• [push_rea_motionSickness] I experienced motion
sickness.
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Further Comments

Condition Evade

Perception

• [evade_per_appropriate] The avatar’s reaction felt
appropriate for the situation.

• [evade_per_clearReasoning] I clearly understood
why the virtual avatar reacted this way.

• [evade_per_easyToUnderstand] The reaction of the
virtual avatar was easy to understand.

• [evade_per_fairReaction] The reaction of the virtual
avatar felt fair and natural.

Emotional

• [evade_emo_confidence] I felt confident continuing
my movement.

• [evade_emo_control] I felt in control during the ex-
periment.

• [evade_emo_safety] I felt safe during the experiment.

• [evade_emo_socialRejection] I felt socially rejected
by the avatar.

• [evade_emo_stress] I felt stressed during the interac-
tion.
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• [evade_emo_uncomfortable] The situation made me
feel uncomfortable.

Countermeasure Analysis

• [evade_cou_harsh] The countermeasure felt harsh.

• [evade_cou_intuitive] The countermeasure felt intu-
itive.

• [evade_cou_justified] The countermeasure felt justi-
fied in this situation.

• [evade_cou_predictable] The countermeasure was
predictable.

• [evade_cou_realistic] The countermeasure felt realis-
tic.

• [evade_cou_sociallyAcceptable] The countermea-
sure felt socially acceptable to use.

• [evade_cou_wouldReuse] I would have used the
same countermeasure if I could.

Self-Reflection

• [evade_srf_responsibilityEscalation] I felt responsi-
ble for the escalation of the interaction.

• [evade_srf_responsibilityTrigger] I felt responsible
for triggering the avatar’s reaction.

• [evade_srf_roleReflection] I reflected on my role in
the interaction.

• [evade_srf_spatialAwareness] I became more aware
of my own spatial distances in the virtual world.

Realism

• [evade_rea_agentIntentional] The virtual avatar was
appeared to act intentionally.
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• [evade_rea_discomfort] I experienced discomfort.

• [evade_rea_goalDirected] The avatar’s behaviour
felt goal-directed.

• [evade_rea_immersed] I felt immersed in the virtual
environment.

• [evade_rea_interactionRealistic] The virtual interac-
tion felt realistic.

• [evade_rea_motionSickness] I experienced motion
sickness.

Further Comments

Condition Bubble

Perception

• [bubble_per_appropriate] The avatar’s reaction felt
appropriate for the situation.

• [bubble_per_clearReasoning] I clearly understood
why the virtual avatar reacted this way.

• [bubble_per_easyToUnderstand] The reaction of the
virtual avatar was easy to understand.

• [bubble_per_fairReaction] The reaction of the virtual
avatar felt fair and natural.



105

Emotional

• [bubble_emo_confidence] I felt confident continuing
my movement.

• [bubble_emo_control] I felt in control during the ex-
periment.

• [bubble_emo_safety] I felt safe during the experi-
ment.

• [bubble_emo_socialRejection] I felt socially rejected
by the avatar.

• [bubble_emo_stress] I felt stressed during the inter-
action.

• [bubble_emo_uncomfortable] The situation made
me feel uncomfortable.

Countermeasure Analysis

• [bubble_cou_harsh] The countermeasure felt harsh.

• [bubble_cou_intuitive] The countermeasure felt in-
tuitive.

• [bubble_cou_justified] The countermeasure felt jus-
tified in this situation.

• [bubble_cou_predictable] The countermeasure was
predictable.

• [bubble_cou_realistic] The countermeasure felt real-
istic.

• [bubble_cou_sociallyAcceptable] The countermea-
sure felt socially acceptable to use.

• [bubble_cou_wouldReuse] I would have used the
same countermeasure if I could.
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Self-Reflection

• [bubble_srf_responsibilityEscalation] I felt respon-
sible for the escalation of the interaction.

• [bubble_srf_responsibilityTrigger] I felt responsible
for triggering the avatar’s reaction.

• [bubble_srf_roleReflection] I reflected on my role in
the interaction.

• [bubble_srf_spatialAwareness] I became more
aware of my own spatial distances in the virtual
world.

Realism

• [bubble_rea_agentIntentional] The virtual avatar
was appeared to act intentionally.

• [bubble_rea_discomfort] I experienced discomfort.

• [bubble_rea_goalDirected] The avatar’s behaviour
felt goal-directed.

• [bubble_rea_immersed] I felt immersed in the virtual
environment.

• [bubble_rea_interactionRealistic] The virtual inter-
action felt realistic.

• [bubble_rea_motionSickness] I experienced motion
sickness.

Further Comments
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Countermeasure Ranking

Please rank the countermeasures (Push, Evade, Bubble) ac-
cording to the following criteria:

Rank 1 Rank 2 Rank 3
Intuitiveness
Realism
Perceived Safety
Socially Acceptable
Least Physical Demand
Least Stress Caused
Sense of Control

Table B.3: Participants ranked the three countermeasures for each attribute us-
ing an Olympic medal-style ranking system, assigning each rank only once per
attribute. Figure B.4 shows the corresponding interface.

Figure B.4: Screenshot of the Study 1 countermeasure ranking interface, showing
the first attribute presented for ranking.



108 B Study 1 Supplementary Material

Do you have any further comments?
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Appendix C

Study 2 Supplementary
Material

This appendix comprises four sections documenting the
materials and procedures associated with the study de-
scribed in Chapter 3.3. The first outlines the study pro-
tocol, including the preparation, experimental procedure,
and post-session activities. Participant appointments were
coordinated using the DFN Terminplaner platform1. The
second presents the participant information sheet, the third
the informed consent form, and the fourth the question-
naire used during the study.

1 https://terminplaner6.dfn.de/de/b/
b56ac7cfa1d118e7a2a2e5b75610703f-1751793

https://terminplaner6.dfn.de/de/b/b56ac7cfa1d118e7a2a2e5b75610703f-1751793
https://terminplaner6.dfn.de/de/b/b56ac7cfa1d118e7a2a2e5b75610703f-1751793
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Study Protocol

Before the Experiment

1. Before each study session, ensure that all equip-
ment (Apple Vision Pro, MetaQuest, Apple TV, Con-
troller), materials, and the experimental environment
are fully prepared and functioning correctly.

2. The user study room with the Apple Vision Pro and
MetaQuest must be booked in advance. The room
should be arranged so that the participant has enough
space to comfortably perform the VR tasks.

3. Snacks and water should be prepared for partici-
pants.

4. All devices must be fully charged before the experi-
ment begins.

5. All required printed materials must be available.

6. The Apple TV should be set up and connected prop-
erly to ensure that the display and mirroring func-
tions work as intended during the experiment.

7. Once all equipment and materials are prepared, begin
the study session when the participant arrives.

Experiment Procedure

1. Participant Welcome
When the participant arrives, welcome them and
briefly introduce yourself and the study environment.
Ensure the participant feels comfortable before start-
ing the experiment.

2. Study Information and Consent
Provide the participant with the study information
sheet and allow sufficient time for them to read it
carefully. Explain the purpose of the study, the na-
ture of participation, and any potential risks or dis-
comforts, including the possibility of cybersickness.
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Following this explanation, present the informed con-
sent form. Allow the participant to ask any ques-
tions they may have. Once all questions have been
answered satisfactorily and the participant agrees to
take part, ask them to sign the informed consent form.

3. Study Mascot Selection
Ask the participant to pick the study mascot.

4. Device Setup
Prepare the Apple Vision Pro for the participant.

• Set up eye tracking calibration.

• Set up hand tracking calibration.

• Connect the PS4 controller and ensure it works
correctly.

• Teach them how to connect the Apple TV.

Ensure that the participant is comfortable wearing
the headset and understands how to interact with the
system and controls.

5. Demographics Questionnaire
Ask the participant to complete the demographics
section of the questionnaire on the iPad.

6. Intro Scene
Start the intro scene. This allows the participant to
become familiar with the virtual environment and the
controls. Participants may repeat the introduction as
many times as necessary until they feel comfortable
using the system.

7. Short Break
Following the introduction, offer the participant a
short break if required. During this break, ask the par-
ticipant whether they are experiencing cybersickness
or any discomfort. If necessary, allow additional time
before continuing.

Baseline Condition

• Begin the baseline condition of the experiment.
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• Start with the participant in the role of the defender.
In this phase, the participant will use the Apple Vi-
sion Pro headset, while you operate the MetaQuest
headset and controller.

• Subsequently, begin the invader perspective condi-
tion, during which the participant will use the PS4
controller.

• After completing the baseline condition, provide the
participant with a sheet of paper for note-taking. Al-
low the participant five minutes to record their obser-
vations and reflections.

Condition 1

• Begin Condition 1 of the experiment.

• Start with the participant in the role of the defender.
In this phase, the participant will use the Apple Vi-
sion Pro headset, while you operate the MetaQuest
headset and controller.

• Subsequently, begin the invader perspective condi-
tion, during which the participant will use the PS4
controller.

• Upon completion of the condition, provide the partic-
ipant with a sheet of paper for note-taking. Allow the
participant five minutes to record their observations
and reflections. During this time, review the partici-
pant’s notes from the previous condition.

Condition 2

• Begin Condition 2 of the experiment.

• Start with the participant in the role of the defender.
In this phase, the participant will use the Apple Vi-
sion Pro headset, while you operate the MetaQuest
headset and controller.
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• Subsequently, begin the invader perspective condi-
tion, during which the participant will use the PS4
controller.

• Upon completion of the condition, provide the partic-
ipant with a sheet of paper for note-taking. Allow the
participant five minutes to record their observations
and reflections. During this time, review the partici-
pant’s notes from the previous condition.

Condition 3

• Begin Condition 3 of the experiment.

• Start with the participant in the role of the defender.
In this phase, the participant will use the Apple Vi-
sion Pro headset, while you operate the MetaQuest
headset and controller.

• Subsequently, begin the invader perspective condi-
tion, during which the participant will use the PS4
controller.

• Upon completion of the condition, provide the partic-
ipant with a sheet of paper for note-taking. Allow the
participant five minutes to record their observations
and reflections. During this time, review the partici-
pant’s notes from the previous condition.

8. Short Break
Following the completion of all conditions, provide
the participant with a short break before beginning
the interview session. During this break, review the
participant’s notes from the last conditions.

9. Semi-structured Interview
Begin recording the interview. Ask the partici-
pant about their experiences and emotional responses
throughout the experiment. Guide the interview
as minimally as possible, allowing the participant
to speak freely and openly. Seek to gather de-
tailed insights regarding their overall experience,
perceived limitations, emotional reactions, support
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mechanisms, and possible interventions from the per-
spective of the invader.

10. Drawing Task
Provide the participant with a screenshot of the in-
vader’s perspective. Ask the participant to draw po-
tential support mechanisms or interaction concepts
that they believe could improve the experience.

End of the Study

• Check if all data has been collected properly.

• Verify that the questionnaire responses are saved.

• Stop and store all recordings if necessary.

• Clean the VR headset and the controllers. Put the de-
vices to charge if needed.

• Organise and store all equipment appropriately.

• Dispose of any rubbish or unused materials.

• Ensure that the room is clean, organised, and pre-
pared for the next session.

Participant Information Form

Figure C.1 presents the study information form provided to
participants prior to signing the informed consent form.

Informed Consent Form

Figure C.2 presents the informed consent form provided to
participants.
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Figure C.1: Participant information form provided to participants in Study 2.
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Figure C.2: Informed consent form used in Study 2.
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Demographics Questionnaire

The questionnaire was designed to gather information
about the demographics of the participants.

Demographics

• Age:

• Gender:

– Male

– Female

– Non-Binary

– Prefer not to say

• Occupation:

• Highest Education:

• Study Mascot:

• Prior VR Experience:

– Never
– Once a year
– Once a month

– Once a week

– Daily

• Prior Social VR Experience:

– Never
– Once a year
– Once a month

– Once a week

– Daily
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Appendix D

Supporting Analysis
Results

This appendix provides supplementary material support-
ing the findings presented in Chapter 4 and the discussion
developed in Chapter 5. It includes detailed statistical anal-
ysis results from Study 1, together with the complete the-
matic analysis codebooks developed for Studies 1 and 2.
These materials are provided to improve the readability of
the main chapters while ensuring transparency and repro-
ducibility of the analyses.

The complete datasets collected during the studies are
available in the accompanying Git repository. This includes
the JSON data files from Study 1 and the interview tran-
scripts from Study 2. In addition, the repository contains
the Python scripts used to perform the statistical analyses,
the MAXQDA project files used for the qualitative analy-
sis, and an exported version of the thematic codebooks in
Microsoft Excel format.
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𝜒2 𝑝-value
Appropriate 8.7350 0.0330
Clear Reasoning 10.3070 0.0161

PERCEPTION
Easy to Understand 9.0550 0.0286
Fair Reaction 2.0530 0.5616
Confidence 3.8550 0.2776
Control 10.6330 0.0139

EMOTIONAL
Safety 30.1220 0.0000
Social Rejection 19.3810 0.0002
Stress 32.4870 0.0000
Uncomfortable 14.7400 0.0021
Responsibility Escalation 12.3450 0.0063
Responsibility Trigger 24.9570 0.0000

SELF-REFLECTION
Role Reflection 4.3270 0.2282
Spatial Awareness 8.8720 0.0310
Agent Intentional 8.5740 0.0355
Discomfort 8.7320 0.0331

REALISM
Goal Directed 3.6580 0.3009
Immersed 1.5260 0.6763
Interaction Realistic 2.5560 0.4653
Motion Sickness 11.3930 0.0098
Harsh 13.8180 0.0010
Intuitive 2.6560 0.2650

COUNTERMEASURE
ANALYSIS

Justified 8.2190 0.0164
Predictable 3.1140 0.2107
Realistic 2.2690 0.3216
Socially Acceptable 16.1470 0.0003
Would Reuse 10.0000 0.0067

Table D.1: Summary of the Friedman test results for all questionnaire items across
the experimental conditions in Study 1. Statistically significant results (𝑝 < 0.05)
are highlighted in orange. For further details, see Chapter 4.1.1.
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Condition A Condition B Median A Median B p-value

BASELINE
SAFETY

BUBBLE
3.5 4.0 1.0000

BASELINE EVADE 3.5 4.0 1.0000
BASELINE PUSH 3.5 2.0 0.8200

Appropriate SAFETY

BUBBLE
EVADE 4.0 4.0 1.0000

SAFETY

BUBBLE
PUSH 4.0 2.0 0.2422

EVADE PUSH 4.0 2.0 0.0095

BASELINE
SAFETY

BUBBLE
4.0 4.0 1.0000

BASELINE EVADE 4.0 4.0 0.2612
BASELINE PUSH 4.0 4.0 1.0000

Clear
Reasoning

SAFETY

BUBBLE
EVADE 4.0 4.0 0.1002

SAFETY

BUBBLE
PUSH 4.0 4.0 1.0000

EVADE PUSH 4.0 4.0 0.0993

BASELINE
SAFETY

BUBBLE
4.0 4.0 1.0000

BASELINE EVADE 4.0 4.0 0.1058
BASELINE PUSH 4.0 4.0 1.0000

Easy to
Understand

SAFETY

BUBBLE
EVADE 4.0 4.0 0.0628

SAFETY

BUBBLE
PUSH 4.0 4.0 1.0000

EVADE PUSH 4.0 4.0 0.0712

Table D.2: Summary of the post-hoc pairwise comparisons for the Perception sec-
tion across the experimental conditions in Study 1. Statistically significant differ-
ences (𝑝 < 0.05) are highlighted in orange. For further details, see Chapter 4.1.1.
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Condition A Condition B Median A Median B p-value

BASELINE
SAFETY

BUBBLE
4.0 4.0 0.4138

BASELINE EVADE 4.0 4.0 1.0000
BASELINE PUSH 4.0 3.5 0.0918

Control SAFETY

BUBBLE
EVADE 4.0 4.0 0.2857

SAFETY

BUBBLE
PUSH 4.0 3.5 1.0000

EVADE PUSH 4.0 3.5 0.1400

BASELINE
SAFETY

BUBBLE
2.0 4.0 0.0009

BASELINE EVADE 2.0 4.0 0.001
BASELINE PUSH 2.0 4.0 0.0199

Safety SAFETY

BUBBLE
EVADE 4.0 4.0 1.0000

SAFETY

BUBBLE
PUSH 4.0 4.0 0.2767

EVADE PUSH 4.0 4.0 0.1153

BASELINE
SAFETY

BUBBLE
4.0 4.0 1.0000

BASELINE EVADE 4.0 3.0 1.0000
BASELINE PUSH 4.0 5.0 0.0700

Social
Rejection

SAFETY

BUBBLE
EVADE 4.0 3.0 1.0000

SAFETY

BUBBLE
PUSH 4.0 5.0 0.0220

EVADE PUSH 3.0 5.0 0.0035
Continued on next page
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Condition A Condition B Median A Median B p-value

BASELINE
SAFETY

BUBBLE
4.0 2.0 0.0028

BASELINE EVADE 4.0 2.0 0.0007
BASELINE PUSH 4.0 2.5 0.0058

Stress SAFETY

BUBBLE
EVADE 2.0 2.0 1.0000

SAFETY

BUBBLE
PUSH 2.0 2.5 1.0000

EVADE PUSH 2.0 2.5 0.3982

BASELINE
SAFETY

BUBBLE
4.0 4.0 0.3568

BASELINE EVADE 4.0 2.5 0.0148
BASELINE PUSH 4.0 4.0 1.0000

Uncom-
fortable

SAFETY

BUBBLE
EVADE 4.0 2.5 0.8652

SAFETY

BUBBLE
PUSH 4.0 4.0 0.7323

EVADE PUSH 2.5 4.0 0.0483

Table D.3: Summary of the post-hoc pairwise comparisons for the Emotional sec-
tion across the experimental conditions in Study 1. Statistically significant differ-
ences (𝑝 < 0.05) are highlighted in orange. For further details, see Chapter 4.1.1.
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Condition A Condition B Median A Median B p-value

BASELINE
SAFETY

BUBBLE
2.0 3.0 0.1137

BASELINE EVADE 2.0 4.0 0.0206
BASELINE PUSH 2.0 4.0 0.0507

Responsi-
bility

Escalation

SAFETY

BUBBLE
EVADE 3.0 4.0 0.9305

SAFETY

BUBBLE
PUSH 3.0 4.0 1.0000

EVADE PUSH 4.0 4.0 1.0000

BASELINE
SAFETY

BUBBLE
2.0 4.0 0.0009

BASELINE EVADE 2.0 4.0 0.0010
BASELINE PUSH 2.0 4.0 0.0199

Responsi-
bility
Trigger

SAFETY

BUBBLE
EVADE 4.0 4.0 1.0000

SAFETY

BUBBLE
PUSH 4.0 4.0 0.2767

EVADE PUSH 4.0 4.0 0.1153

BASELINE
SAFETY

BUBBLE
4.0 4.0 1.0000

BASELINE EVADE 4.0 4.0 0.0486
BASELINE PUSH 4.0 4.0 0.5968

Spatial
Awareness

SAFETY

BUBBLE
EVADE 4.0 4.0 0.4537

SAFETY

BUBBLE
PUSH 4.0 4.0 1.0000

EVADE PUSH 4.0 4.0 1.0000

Table D.4: Summary of the post-hoc pairwise comparisons for the
Self-Reflection section across the experimental conditions in Study 1. Sta-
tistically significant differences (𝑝 < 0.05) are highlighted in orange. For further
details, see Chapter 4.1.1.
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Condition A Condition B Median A Median B p-value

BASELINE
SAFETY

BUBBLE
4.0 4.0 1.0000

BASELINE EVADE 4.0 4.0 1.0000
BASELINE PUSH 4.0 4.0 0.0511

Agent
Intentional

SAFETY

BUBBLE
EVADE 4.0 4.0 1.0000

SAFETY

BUBBLE
PUSH 4.0 4.0 0.0855

EVADE PUSH 4.0 4.0 0.8235

BASELINE
SAFETY

BUBBLE
3.0 2.0 0.2972

BASELINE EVADE 3.0 2.0 0.2428
BASELINE PUSH 3.0 3.5 1.0000

Discomfort SAFETY

BUBBLE
EVADE 2.0 2.0 1.0000

SAFETY

BUBBLE
PUSH 2.0 3.5 0.6610

EVADE PUSH 2.0 3.5 0.4808

BASELINE
SAFETY

BUBBLE
2.0 1.5 0.0416

BASELINE EVADE 2.0 1.5 0.1179
BASELINE PUSH 2.0 1.5 0.4825

Motion
Sickness

SAFETY

BUBBLE
EVADE 1.5 1.5 0.6285

SAFETY

BUBBLE
PUSH 1.5 1.5 1.0000

EVADE PUSH 1.5 1.5 1.0000

Table D.5: Summary of the post-hoc pairwise comparisons for the Realism section
across the experimental conditions in Study 1. Statistically significant differences
(𝑝 < 0.05) are highlighted in orange. For further details, see Chapter 4.1.1.
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Condition A Condition B Median A Median B p-value
SAFETY

BUBBLE
EVADE 3.0 2.0 0.4860

Harsh
SAFETY

BUBBLE
PUSH 3.0 4.5 0.0106

EVADE PUSH 2.0 4.5 0.0025
SAFETY

BUBBLE
EVADE 4.0 4.0 1.0000

Justified
SAFETY

BUBBLE
PUSH 4.0 2.0 0.0076

EVADE PUSH 4.0 2.0 0.0096
SAFETY

BUBBLE
EVADE 4.0 4.0 1.0000

Socially
Acceptable

SAFETY

BUBBLE
PUSH 4.0 2.0 0.0123

EVADE PUSH 4.0 2.0 0.0033
SAFETY

BUBBLE
EVADE 3.0 4.0 1.0000

Would
Reuse

SAFETY

BUBBLE
PUSH 3.0 2.0 0.0347

EVADE PUSH 4.0 2.0 0.0129

Table D.6: Summary of the post-hoc pairwise comparisons for the Countermeasure
Analysis section across the experimental conditions in Study 1. Statistically sig-
nificant differences (𝑝 < 0.05) are highlighted in orange. For further details, see
Chapter 4.1.1.

𝜒2 𝑝-value
Intuitiveness 1.583 0.4531
Least Physical Demand 33.250 0.0000
Least Stress Caused 18.083 0.0001
Perceived Safety 15.750 0.0004
Realism 3.583 0.1667
Sense of Control 11.083 0.0039
Social Acceptability 18.583 0.0001

Table D.7: Summary of the Friedman test results for the ranking task in Study 1.
Statistically significant results (𝑝 < 0.05) are highlighted in orange. For further
details, see Chapter 4.1.2.
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Condition A Condition B Median A Median B p-value
SAFETY

BUBBLE
EVADE 1.0 2.0 1.0000

Least
Physical
Demand

SAFETY

BUBBLE
PUSH 1.0 3.0 0.0000

EVADE PUSH 2.0 3.0 0.0000
SAFETY

BUBBLE
EVADE 1.0 2.0 1.0000

Least
Stress
Caused

SAFETY

BUBBLE
PUSH 1.0 3.0 0.0022

EVADE PUSH 2.0 3.0 0.0004
SAFETY

BUBBLE
EVADE 1.0 2.0 0.4545

Perceived
Safety

SAFETY

BUBBLE
PUSH 1.0 3.0 0.0011

EVADE PUSH 2.0 3.0 0.0583
SAFETY

BUBBLE
EVADE 2.0 1.0 1.0000

Sense of
Control

SAFETY

BUBBLE
PUSH 2.0 3.0 0.0345

EVADE PUSH 1.0 3.0 0.0315
SAFETY

BUBBLE
EVADE 2.0 1.5 1.0000

Social
Accept-
ability

SAFETY

BUBBLE
PUSH 2.0 3.0 0.0117

EVADE PUSH 1.5 3.0 0.0008

Table D.8: Summary of the post-hoc pairwise comparisons for the countermeasure
ranking task in Study 1. Statistically significant differences (𝑝 < 0.05) are high-
lighted in orange. For further details, see Chapter 4.1.2.
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Code Participant ID(s)
Attitudes Towards Personal Space in VR

Baseline condition lacked interaction 875X
Baseline interaction perceived as impolite PG1L
Evade perceived as an introverted response U1BK
Expectation that users would pass through one another
in virtual reality

7MH9

Personal space perceived as unnecessary in virtual
reality

U09G

Personal space perceived as unusual in virtual reality U09G
Preference for more assertive countermeasures U1BK
Recognition of the need for personal space
countermeasures

U1BK

Interpretation of Countermeasure Feedback
Annoying auditory feedback 124B, PG1L
Auditory feedback influenced emotional responses 124B
Auditory feedback signalled a personal space violation L1K4

Confusing behaviour of the invadee
D5JG, OAEM,

PG1L
Difficulty distinguishing between Bubble and Evade L1K4
Early bubble activation VF7M
Evade perceived as confusing OAEM
Misaligned personal space notification OAEM
Mistimed auditory feedback 124B, D5JG
Need for improved auditory feedback 515Q
Perceived similarity between Bubble and Evade OAEM
Preference for displaying both safety bubbles MAD2
Preference for gradually increasing bubble visibility MAD2, OAEM
Restoration of movement perceived as unintuitive OAEM

Sudden auditory feedback
124B, 7MH9,

KXR8, OAEM

Sudden bubble activation
K0DF, DTNA,

OAEM
Continued on next page
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Code Participant ID(s)
Emotional and Behavioural Impact of Countermeasures

Avatar’s emotional expression influenced participants’
emotions

124B

Baseline condition elicited discomfort 124B
Bubble reduced participants’ sense of control K0DF
Countermeasures perceived as less intuitive from the
invader’s perspective

K0DF

Push perceived as aggressive
124B, 4DSF,

OAEM, PG1L,
VF7M

Push perceived as enjoyable DTNA
Push perceived as harsh 515Q
Push perceived as justified L1K4
Reduced perceived social rejection GL3Z
Restricted movement perceived as frustrating D5JG
Restricted movement perceived as harsh VF7M
Restricted movement perceived as uncomfortable K0DF
Sudden push activation K0DF

Perceived Realism and Naturalness
Bubble perceived as artificial 7MH9
Bubble perceived as unnatural VF7M
Countermeasure perceived as unnatural K0DF
Evade perceived as more natural 7MH9
Evade perceived as realistic 4DSF, 875X
Lack of avatar emotional expression K0DF
Lack of environmental audio KXR8
Motion sickness 515Q, U1BK
Perceived realism of the virtual environment L1K4
Poor avatar animation GL3Z, OAEM
Push perceived as realistic GL3Z, U1BK
Supporting avatars enhanced environmental realism 124B
Unexpected movement speed changes reduced realism OAEM
Weak interaction with the avatar 875X

Table D.9: Codebook developed from the qualitative analysis of the open-ended
comments collected in Study 1. Codes are organised according to the final themes
identified during the analysis, with the corresponding participant ID(s) indicating
which participants expressed each code. For further details, see Chapter 4.1.3.
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EVADE PUSH
SAFETY

BUBBLE

Mean Tonic EDA Analysis
Mean 0.132 0.431 0.189

Descriptive
Statistics

Median 0.219 0.574 0.082
𝑆𝐷 0.876 0.828 0.755
𝑊 0.9351 0.9737 0.9761Shapiro-Wilk

Test 𝑝 0.1270 0.7590 0.8139
𝜒2 0.5833

Friedman Test
𝑝 0.7470

Peak Tonic EDA Analysis
Mean 0.777 0.959 0.604

Descriptive
Statistics

Median 0.453 0.884 0.376
𝑆𝐷 0.908 0.954 0.722
𝑊 0.8263 0.8913 0.8412Shapiro-Wilk

Test 𝑝 0.0008 0.0142 0.0015
𝜒2 3.5833

Friedman Test
𝑝 0.1667

Table D.10: Summary of the descriptive statistics and statistical analyses for the
tonic EDA measurements in Study 1. Mean and peak tonic EDA values are reported
for each countermeasure condition. For further details, see Chapter 4.1.4.
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Code Participant ID(s)
Negotiating Personal Space Through Social Communication

Communicating the Countermeasure
Negative perception of pop-up notifications C461
Countermeasure reactions were anticipated Z2T1
Existing mental models should be incorporated 1LBN
Visual indicators can be easily overlooked J91B
Countermeasure reactions perceived as sudden P081, I0X1
Countermeasure perceived as confusing I0X1

Negotiating Personal Space
Avatar colour proposed as a visual warning AI12
Avatar expressions proposed to communicate
discomfort

AI12, EBKH

Lack of social cues I0X1

Mutual cooperation during passing
1LBN, 52K1,

7M8W, EBKH,
I0X1, P081

Request for non-verbal communication cues
1LBN, AI12,
EBKH, P081

Request for verbal communication cues P081, Z2T1
Suggestion to incorporate emoji-based feedback 1LBN

Fairness and User Agency
Balancing invadee protection with invader awareness J91B, Z2T1
Bubble perceived as avoiding blame towards the
invader

Z2T1

Explicit notifications perceived as socially unnatural C461

Importance of user autonomy
1LBN, AI12, C461,
I0X1, J91B, M0D1,

Q0P1
Pop-up notifications perceived to increase confrontation C461
Preference for passive countermeasures AI12
Punishment considered inappropriate for accidental
behaviour

52K1, C461, P081

Support for the use of PSI countermeasure 52K1, AI12, Z2T1
System perceived as assuming hostile intent C461

Continued on next page
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Code Participant ID(s)
Designing Effective Personal Space Countermeasure

Boundary and Warning Design
Bubble considered sufficient without additional visual
feedback

1LBN

Bubble perceived as providing insufficient visual
feedback

1LBN, 52K1, C461,
J91B, M0D1, Q0P1,

Z2T1
Bubble preferred as warning rather than a
countermeasure

P081

Preference for colour-coded proximity feedback
7M8W, AI12, C461,

J91B

Preference for gradually increasing bubble visibility
1LBN, AI12,

EBKH, I0X1, J91B,
M0D1, P081, Z2T1

Preference for larger personal space boundaries EBKH, J91B, Z2T1

Preference for prevention over reaction
52K1, C461, I0X1,

P081, Z2T1
Preference for preventive feedback AI12, C461

Preference for progressive warning cues
52K1, 7M8W, AI12,
C461, EBKH, I0X1,

P081, Q0P1

Request for a visible boundary
1LBN, C461,

EBKH, J91B, Q0P1
Visual proximity feedback suggested AI12

Sensory Feedback
Audio cues may distract the participant Q0P1
Auditory feedback considered acceptable when
accompanied by the invadee’s physical response

Z2T1

Auditory feedback perceived as difficult to ignore A112, J91B

Current auditory cue perceived as inappropriate
1LBN, AI12,

EBKH, I0X1, M0D1
Haptic feedback perceived to reduce cognitive load J91B
Haptic feedback perceived as an intrusion on the user P081
Haptic feedback perceived as distracting Q0P1

Positive attitude towards auditory feedback
AI12, I0X1, J91B,

M0D1
Preference for controller-based rather than
headset-based haptic feedback

1LBN, AI12, Z2T1

Continued on next page
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Code Participant ID(s)
Preference for less intrusive auditory feedback I0X1, M0D1, Q0P1
Preference for subtle haptic notifications J91B
Preference for unobtrusive visual feedback 1LBN, C461, I0X1

Request for haptic feedback
AI12, C461, I0X1,

Z2T1
Request for multimodal warning cues P081
Reservations regarding auditory feedback 52K1, 7M8W
Reservations regarding haptic feedback 1LBN, 52K1, EBKH
Sound reinforced the perceived effectiveness of the
countermeasure

1LBN , 7M8W

Unexpected sound startled participant
7M8W, EBKH,

P081, Z2T1
Adaptive and Personalised Systems

Context-aware visualisation proposed C461
Desire for customisable personal space settings 1LBN, 52K1, C461
Individualised view for each user I0X1
Learning-based adaption suggested 1LBN
Suggestion to incorporate physiological sensing 1LBN

Alternative Countermeasure Concept
Avatar-shaped bubble proposed as a countermeasure Z2T1
Existing social media moderation as inspiration I0X1, M0D1
Invader made invisible to the invadee I0X1
Mutual visibility considered necessary within the
bubble

C461

Preference for bubble-inspired solutions Z2T1
System-assisted movement correction C461

Experiences and Evaluation of Countermeasures
Perceived Realism

Bubble compared to a sci-fi shield 1LBN
Evade considered an expected response Q0P1
Evade perceived as most realistic countermeasure C461
Push considered an expected response Q0P1
Push interpreted as a slap and perceived as excessive J91B
Push interpreted as a slap and perceived as humorous J91B
Push interpreted differently from a slapping action J91B
Push perceived as lacking realism J91B
Push preferred over a slapping motion EBKH, J91B, M0D1

Continued on next page



134 D Supporting Analysis Results

Code Participant ID(s)
Perceived Effectiveness

All countermeasure perceived as overly aggressive C461
Evade considered not to require warning cues for the
invader

C461

Freeze considered appropriate following a serious
boundary violation

C461

Freeze the invader only if the invadee continues to
evade

C461

Invader should be frozen immediately after being
pushed

C461

Push considered necessary as an assertive
countermeasure

AI12, C461, EBKH,
I0X1, M0D1, P081

Bubble insufficiently alleviated the feeling of personal
space invasion

7M8W

Countermeasure perceived as having limited impact on
the invader

7M8W

Push provides the invadee with a sense of control AI12
Evade alone perceived as insufficient to deter the
invader

7M8W, I0X1

Evade perceived as requiring minimal effort AI12, Q0P1
Push perceived as having the greatest impact on the
invader

7M8W

Push perceived as unsuitable for practical
implementation

1LBN

Recognition of the need for more assertive
countermeasures

52K1

Emotional and Behavioural Responses
Baseline condition caused discomfort for the invader AI12
Invader experienced discomfort when entering another
person’s personal space

52K1, EBKH

Movement-based defence altered the interaction
experience

7M8W

Psychological burden associated with the invader role P081
Push perceived as unpleasant for the invader AI12, 1LBN, 52K1
System induces feelings of guilt 1LBN

Continued on next page



135

Code Participant ID(s)
Countermeasure Preference

Bubble perceived as a balanced solution AI12
Bubble preferred for accidental personal space invasion Z2T1
Bubble preferred from the invader perspective 52K1, AI12, I0X1
Bubble preferred to avoid rather than confront the
invader

AI12, 7M8W

Evade considered suitable for accidental personal space
invasion

C461

Overall preference for Evade 1LBN, AI12, Q0P1

Overall preference for the Bubble
52K1, 7M8W, AI12,
C461, I0X1, M0D1,

P081, Z2T1
Recognition that each countermeasure serves a distinct
purpose

C461, EBKH,
M0D1

Satisfaction with current Push implementation C461
Contextual Factors Influencing Personal Space in Social VR

Audio and haptic cues perceived as distracting in
crowded environments

I0X1

Audio cue preferred in a less crowded environment I0X1
Blind spots increase the likelihood of PSI J91B
Boundaries considered unnecessary for Evade and Push Q0P1
Boundaries preferred only for nearby users J91B
Bubble perceived as suitable for crowded environments 1LBN
Different behavioural expectations within VR 52K1
Difficulty judging interpersonal distance in VR 1LBN, 7M8W, I0X1
Gender influences proxemic behaviour in VR Q0P1
Limitations of artificial locomotion 1LBN, 7M8W, P081
Personal space invasion perceived as unavoidable in
confined spaces

C461

Preference for a personal bubble for every user J91B
Real-world avoidance behaviour transferred to VR 52K1, C461
Social hierarchy influences countermeasure in social VR I0X1

Table D.11: Codebook developed from the thematic analysis of the semi-structured
interviews conducted in Study 2. Codes are organised according to the final themes
identified during the analysis, with the corresponding participant ID(s) indicating
which participants expressed each code. For further details, see Chapter 4.2.
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