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“Time is not a line but a dimension, like the dimensions of space. If you can

bend space you can bend time also, and if you knew enough and could move

faster than light you could travel backwards in time and exist in two places at

once.”

– Margaret Atwood





Abstract

Collaborative engineering tasks are not only cognitively demanding, but often
involve physical, spatial, and technical complexity. While established computer-
supported cooperative work (CSCW) technologies provide effective support for
synchronous collaboration, asynchronous collaboration – especially on spatially
procedural tasks – remains unaddressed; this gap is particularly evident in
industrial domains where task continuity, embodied interaction, and spatial
context are critical.

To address this gap, this work applies the Design Science Research (DSR)
methodology to develop and evaluate a framework for asynchronous collabora-
tion in Extended Reality (XR). XR technologies enable the spatial integration
of digital content with the physical environment, allowing users to interact
immersively with task-relevant data and retain procedural context over time.

Grounded in theoretical foundations and related work, a conceptual model is
proposed to address the three dimensions – communication, coordination, and
cooperation – to support asynchronous collaboration. These components were
implemented and evaluated individually in the design cycle.

In the rigor cycle, the modular components were consolidated into a holistic
XR system and applied in a robotic manufacturing scenario at the Karlsruhe
Research Factory. The integrated solution was evaluated through a comparative
user study against a conventional video-based workflow. Results show im-
provements in spatial understanding, procedural clarity, co-presence and user
engagement under the XR condition, although limitations remain in task effi-
ciency, familiarity with XR, and hardware constraints such as image resolution.
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Abstract

This research contributes (i) a theory-informed conceptual model that opera-
tionalizes communication, coordination, and cooperation for asynchronous XR,
alongwith design considerations for spatio-temporal work; (ii) amodular system
architecture and a replicable evaluation protocol; and (iii) empirical evidence
from a comparative study in an industrial setting. Together, these contributions
address a critical gap in CSCW tools for engineering and provide practical
guidance for integrating asynchronous spatial collaboration across co-located
and remote settings.
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Kurzfassung (German)

KollaborativeAufgaben im Ingenieurwesen sind nicht nur kognitiv anspruchsvoll,
sondern häufig physisch, räumlich und technisch komplex. Während konven-
tionelle Technologien der Computerunterstützten Kooperativen Arbeit (CSCW)
eine effektive synchrone Zusammenarbeit ermöglichen, bleibt asynchrone Kol-
laboration – insbesondere bei räumlich-prozeduralen Tätigkeiten – weitgehend
unberücksichtigt. Diese Lücke zeigt sich besonders in industriellen Anwen-
dungsfeldern, in denen Aufgabenkontinuität, verkörperte Interaktion und räum-
licher Kontext entscheidend sind.

In dieser Arbeit wurde die Design-Science-Research-Methodik angewendet, um
ein Rahmenwerk für asynchrone Zusammenarbeit in Extended Reality (XR)
zu entwickeln und zu evaluieren. XR-Technologien ermöglichen die nahtlose
räumliche Integration digitaler Inhalte in physische Umgebungen, unterstützen
verkörperte Interaktion mit aufgabenrelevanten Daten und sichern die zeitliche
Persistenz prozeduraler Kontexte.

AufBasis theoretischerGrundlagen und verwandterArbeitenwurde ein konzep-
tuelles Modell formuliert, das asynchrone Kommunikation, Koordination und
Kooperation (3C) im XR-Kontext präzisiert und operationalisiert. Die Kom-
ponenten wurden im Design-Zyklus als modulare Prototypen implementiert
und jeweils einzeln evaluiert. Im Rigor-Zyklus wurden die Module zu einem
ganzheitlichen XR-System zusammengeführt und in einem robotergestützten
Fertigungsszenario in der Karlsruher Forschungsfabrik angewendet. Die inte-
grierte Lösung wurde in einer vergleichenden Nutzerstudie gegenüber einem
konventionellen videobasierten Arbeitsablauf evaluiert. Die Ergebnisse zeigen
Verbesserungen in räumlichem Verständnis, prozeduraler Klarheit, Co-Präsenz
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Kurzfassung (German)

und Nutzerengagement mit demXR-Prototyp, bei gleichzeitigen Einschränkun-
gen in Arbeitseffizienz, Technologievertrautheit sowie hardwarebedingten Lim-
itierungen (z. B. Bildauflösung).

Der Beitrag der Arbeit liegt in: (i) einer konzeptionellen Fundierung asyn-
chronerXR-Zusammenarbeit entlang der 3CeinschließlichBegriffspräzisierung
und Gestaltungsprinzipien, (ii) dem ACIE-Rahmenwerk mit Referenzarchitek-
tur für räumlich-prozedurale Asynchronität sowie (iii) der empirischen Prü-
fung durch modulare und integrierte Evaluation in einem realitätsnahen Indus-
trieszenario. Damit wird eine zentrale Lücke in der aktuellen CSCW-Forschung
und in bestehenden Ingenieurwerkzeugen adressiert und die Grundlage für flex-
iblere Formen kollaborativer Arbeit gestärkt – als Basis für die umfassende
Unterstützung und sukzessive Integration aller Kooperationsformen: co-lokal
und remote, synchron und asynchron.
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1 Introduction

In this chapter, the motivation, problem space and research direction of the
thesis are outlined. Current challenges in engineering collaboration are intro-
duced, and the need for asynchronous support in spatial and procedural tasks
is emphasized. In ³ Section 1.1, the context and rationale for this research
are presented. ³ Section 1.2 defines the core issues related to spatial and em-
bodied collaboration, highlights limitations of existing tools, and introduces the
concept of complex tasks. The overarching research objective and correspond-
ing research questions are formulated in ³ Section 1.3. The Design Science
Research (DSR) methodology guiding this work is described in³ Section 1.4.
Lastly, an overview of the thesis structure is provided in³ Section 1.6, outlining
how each chapter contributes to answering the research questions.

1.1 Motivation

Engineering work has always been inherently collaborative, involving actors
with different roles, skills and responsibilities who jointly contribute to the
development, optimization and execution of complex systems [38, 69, 168].
In modern engineering domains, this collaboration increasingly unfolds across
spatial, temporal and organizational boundaries [1, 60, 119]. Digitalization,
globally distributed projects and more flexible forms of work have led to highly
dynamic, multi-modal and location-independent collaboration settings [27, 74,
121]. At the same time, the growing complexity and specialization of tasks
make it increasingly difficult for all contributors to be present at the same time
and place – whether virtually or physically [79, 109, 143].
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While conventional Computer Supported CooperativeWork (CSCW) technolo-
gies such as video conferencing tools (e.g. Zoom, MS Teams), collaborative
documents (e.g. Google Docs, Miro) and documentation systems (e.g. Con-
fluence, Git) provide effective support for text- and screen-based collaboration,
they fall short in supporting asynchronous collaboration that involves spatial,
procedural or embodied interactions [36, 38, 48, 55]. They are well suited
for co-authoring documents, conducting meetings or coordinating tasks via
messaging or static annotations, but insufficient for communicating spatially
situated procedural knowledge or intent within physical environments across
time [26, 97, 162].

This limitation becomes particularly evident in spatially anchored and cyber-
physical workflows – such as those found in flexible production environments
or configuration of technical systems [43, 77, 139]. These engineering tasks de-
mand interaction that is not only cognitive but also spatially precise, ordered and
embodied [162]. They typically involve room-scale environments, 3D informa-
tion, physical tooling and interdependent manual operations [2, 43]. Supporting
such multidimensional and multi-modal interaction – spatial, procedural and
physical – requires more than screen-based or textual communication [26, 162].

Although efforts have been made to support asynchronous collaboration using
recordings, screenshots and comments, these media fail to capture the dynamic,
contextual and procedural nature of spatial engineering tasks [38, 48, 162].
Version control systems and document annotations provide value in software-
centric workflows but do not translate well to physically grounded, spatially
complex activities [50, 172].

Recent advances in Extended Reality (XR), particularly in Augmented Reality
(AR) and Mixed Reality (MR), offer promising capabilities to bridge this gap.
XR technologies enable the spatial integration of digital information into the
physical environment, supporting intuitive visualization, annotation and manip-
ulation of 3D content in situ [1, 97, 162]. Beyond spatial immersion, XR also
opens new dimensions in the time continuum: actions can be captured, persisted
and replayed, allowing asynchronous users to interact with past activity traces
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in a shared spatial context [38, 48]. This dual capability – situating information
in both space and time – positions XR as a powerful medium for asynchronous
collaboration on spatially procedural engineering tasks [38, 48, 97].

However, despite this potential, XR systems today are mainly used for training
scenarios or synchronous remote assistance. Their application for enabling
asynchronous collaboration – particularly in engineering contexts that involve
procedural workflows and physical interaction – remains underexplored [38, 97,
139].

This thesis addresses the gap by investigating how asynchronous collaboration in
XR can be systematically designed and evaluated to support engineering work-
flows that depend on spatial understanding, procedural execution and embodied
interaction.

1.2 Problem Definition

Collaboration in engineering involves not only distributed actors, but also com-
plex tasks that require spatial, procedural, and physical interaction (³ Sec-
tion 1.1). While there are tools for synchronous collaboration (e.g. calls,
video meetings) and basic asynchronous collaboration (e.g. emails, shared
documents), most platforms lack seamless transitions across the collaboration
matrix [48, 162]. Although XR offers suitable affordances, current practice
remains oriented toward training and synchronous remote assistance, leaving
generalizable methods and evaluation protocols for asynchronous, spatially
procedural collaboration limited. Reviews highlight that asynchronous collab-
oration – despite its benefits such as flexibility and time-zone independence –
remains significantly underexplored [38, 139].

Considerations – such as why asynchronous support is necessary for physical
engineering tasks, whether existing solutions are sufficient, andwhich task prop-
erties make asynchronous support difficult – motivate a research need to specify
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and evaluate representations and interaction methods suited to asynchronous,
spatially procedural collaboration in engineering.

Spatial and Physical Interaction Challenges

Existing CSCW tools fall short in supporting spatial and physical interaction,
particularly for asynchronous collaboration. Engineering tasks often involve:

• 3D data and information that must be visualized, manipulated or inter-
preted [2, 16, 38, 162],

• room-scale or spatial interactions requiring an understanding of physical
environments and actions [2, 20, 35, 38, 43],

• mapping digital information into real spaces and vice versa – bridging
physical and digital worlds [2, 16, 43, 162].

A comparison of immersive and non-immersive CSCW representations for
Asynchronous Collaboration (AC) on spatial/procedural tasks is provided in
Table 1.1.

. P1 Representation Gap: Existing asynchronous collaboration
tools flatten spatial tasks into 2D, which impairs understanding.

Existing asynchronous collaboration tools are limited in their ability to represent
spatial or physical tasks [77, 156]. They often reduce 3D data to 2D on-
screen representations, which can be difficult to interpret and interact with
[56, 105, 154]. For the engineering perspective, digital twins of machines and
automated processes are becoming common – yet the human component is
often left out[Mayer et al. [9]. There are no sufficient methods to capture and
document human tasks or embodied actions within these processes [36, 153].
In many engineering contexts it would be valuable to review previous actions
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Table 1.1: Asynchronous collaboration on spatial/procedural tasks: capability comparison of im-
mersive and “flat” representation media

Information Charac-

teristic

Immersive (XR) Non-immersive (video/docu-

ments)

In-situ spatial an-

choring: information
appears at its physical
location

Provided via MR overlays &
spatial anchors; depends on
tracking and calibration

Not provided; depends on
user’s mental spatial mapping

Embodied demonstra-

tion: actions supported
by hands/pose/gaze in-
formation

3D demonstration; avatar/volu-
metric/hand replays in context
support imitation

“flat” demonstration; via
video/images; embodiment
remains indirect

Temporal navigation:

playback control &
history of actions

In-context temporal navigation;
immersive 3D review of ac-
tions; requires new interaction
patterns

On-screen temporal naviga-
tion; “flattened” review of
actions; familiar temporal nav-
igation patterns

Spatial navigation:

spatial information
distribution

possible; information is em-
bedded all around the space

limited; 3D information gets
mapped to 2D media

Persistence & history:

trace of actions/states
embedded; traceable within
the work environment

abstracted; traceable in reposi-
tory environment

Safety: Situational
awareness during physi-
cal work

Embedded information; Eyes-
on-task & information simulta-
neously; FOV/occlusion risks
must be addressed

Split information; attention
shifts between environment
and information; situational
awareness may be reduced

Accessibility: deploy-
ment at scale

Device cost/fit/training re-
quired; benefits grow with
routine use

Ubiquitous devices; low entry
barrier and broad reach

for error checking, training or collaborative understanding – but existing tools
offer limited support [38, 77].

. P2 Continuity Gap: Lack of seamless integration between digital
and real-world contexts disrupts workflow and comprehension, increas-
ing cognitive workload.
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Current approaches typically require users to look away from the real machine
or environment – for example, checking a 2D screen or paper-based instruc-
tions – instead of seeing digital guidance overlaid directly onto the physical
workspace [105, 154, 156]. Traditional collaboration tools rely primarily on
touch, or keyboard andmouse interactions; they are less intuitive than embodied
interaction when working with spatial or physical content [16, 36]. As engineer-
ing processes become increasingly digital, there is a growing need for intuitive
methods that allow human operators to engage with digital information in situ
[77, 162]. This represents a missed opportunity for immersive approaches,
where digital and physical information could be integrated to improve presence,
reduce cognitive load and support more natural user interaction [35, 38, 43].

Additionally, related technical limitations include:

• Limited Support for Version Control in Immersive Environments:

While version control is a well-established concept in software develop-
ment, it has not been widely adopted in XR environments [50, 172]. This
complicates tracking and managing changes over time.

• Absence of a Standard Exchange Format for Collaborative Data:

There is no common format for recording, storing and sharing user inter-
action data in XR environments – hindering collaboration [36, 172].

1.3 Research Objective

This thesis aims to facilitate asynchronous collaboration on complex engineer-
ing tasks using XR technologies. Immersive systems are well suited for spatial
collaboration and offer key advantages over flat media – in particular for con-
veying spatially contextualized and embodied information. To address the gaps
identified above, thework proposes amodular framework and supporting system
for asynchronous, embodied and spatial collaboration.

6



1.3 Research Objective

◎ Research Objective: Propose an XR-based approach to facilitate
ACCT through improved representation and communication of spatial
context.

In this research, Complex Tasks (CT)1 are defined as tasks that require multiple
cognitive and physical efforts, often in dynamic or technical environments [47].
They are characterized by the following demand dimensions:

1. Physical Demand: Tasks involve physical objects or take place in real-
world environments, requiring bodily movement and interaction with the
surroundings [97, 100].

2. Spatial Demand: Tasks are embedded in a three-dimensional space,
necessitating navigation, spatial awareness, and understanding of spatial
relationships between objects, actors or work areas [13, 16, 35, 158].

3. Cognitive Demand: Tasks demand significant mental processing, in-
cluding problem-solving, decision-making and procedural understanding
[16, 87, 100].

4. Technical Demand: Tasks depend on specialized knowledge or skills,
often involving complex tools, machinery or domain-specific expertise
[8, 18, 131].

This multidimensional task characterization builds on prior research in HCI
and CSCW [2, 35, 43]. Cognitive and technical complexity have been dis-
cussed in instructional and systems design literature [87, 131]. The embodied
and spatial nature of interaction is emphasized in the foundations of embodied

1 Here, “complex” refers to the joint presence of substantial embodied/spatial, cognitive, and
technical demands, rather than to formal taxonomies of task complexity in organizational
psychology (e.g. multiple solution paths, uncertainty, interdependence) [28, 165].
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interaction [44] and spatial computing [13]. Finally, engineering collabora-
tion often involves hybrid environments requiring shared spatial reasoning and
coordination [92, 137].

In the remainder of this work, such scenarios are referred to as Asynchronous
Collaboration on Complex Tasks (ACCT), with a particular focus on the en-
gineering domain. The interplay of spatial, physical, cognitive, and technical
complexities in collaborative work that occurs across time is captured by ACCT.
Given these characteristics, Asynchronous Collaboration (AC) in complex tasks
poses unique challenges, particularly in maintaining shared understanding, con-
tinuity and context without real-time interaction. Immersive technologies, such
as XR, offer potential solutions by embedding information directly into the
spatial and physical context of work.

Therefore, this research investigates the following overarching question:

® RQ: How do immersive representations in XR affect ACCT com-
pared to non-immersive representations?

To address this overarching question, the research is further structured around
two interrelated sub-questions. The first (RQ1) explores whether XR technolo-
gies can be purposefully designed to support asynchronous collaboration on
complex engineering tasks.

® RQ1: Can XR be used to improve ACCT?

This question focuses on the design space: how XR systems should be struc-
tured, which interaction modalities are most effective, and how core mecha-
nisms like avatar capture or spatial guidance can improve communication and
continuity.

The second question (RQ2) investigates how such XR-based approaches per-
form in comparison to conventional non-immersive tools.
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® RQ2: How does ACCT perform with XR compared to non-
immersive representations?

It evaluates the resulting system in terms of usability, task efficiency, user expe-
rience and perceived presence. Together, RQ1 and RQ2 guide the design and
validation process and ensure that the proposed framework is both conceptually
sound and practically effective.

Figure 1.1 summarizes the overview of the main objectives and research ques-
tions for this thesis.

Topic: Asynchronous Collaboration on Spatially Complex Tasks (ACCT)
using Extended Reality (XR).

Problem:

P1 Representation Gap: Existing asynchronous collaboration tools
flatten spatial tasks into 2D, which impairs understanding.
P2 Continuity Gap: Lack of seamless integration between digital and
real-world contexts disrupts workflow and comprehension, increasing
cognitive workload.

Research Objective: Propose an XR-based approach to facilitate
ACCT through improved representation and communication of
spatial context.

RQ: How do immersive representations in XR affect
ACCT compared to non-immersive representations?

RQ1: Can XR be used to improve ACCT?

RQ2: How does ACCT perform with XR compared
to non-immersive representations?

Figure 1.1: Overview of the identified research gaps, objective, and research questions
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1.4 Research Methodology

To address the research questions and bridge the identified gaps, this work
adopts the DSR methodology [72]. As depicted in Figure 1.2, DSR provides a
structured approach for developing, evaluating and refining innovative artifacts
that solve real-world problems while contributing to scientific knowledge.

(     Chapter 5)

Implementation

(     Chapter 4)

Design 
Cycle
RQ1

Concept

Rigor Cycle
Grounding

Contribution to
Knowledge Base

(     Chapter 2, 3, 7)

RQ

Knowledge Base

Design Science Research

Foundations
Scientific
Theories &
Methods
Experience &
Expertise
Meta-Artifacts

Application Domain
People
Organizational
Systems
Technical Systems
Problems &
Opportunities

Environment

Relevance Cycle

RQ2

Requirements
Field Testing

(     Chapter 6)

Figure 1.2: Adapted Design Science Research framework illustrating the relevance, rigor, and
design cycles guiding this thesis, based on [72]

This thesis introduces a modular framework designed to support asynchronous
collaboration on complex engineering tasks through immersive technologies.
The DSR methodology provides a fitting foundation for this effort, as it com-
bines systematic designwith rigorous evaluation across three interrelated cycles:
the Relevance Cycle, the Design Cycle and the Rigor Cycle.

In addition, the methodology incorporates experimental research and a mixed-
methods approach, which enables both objective evaluation and contextual
understanding. Quantitative methods provide measurable comparisons (e.g.
performance, usability), while qualitative insights capture user experience and
situational factors that are critical in human-centered systems.
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1.4.1 Design Science Research Framework

The subsequent sections further describe the the Rigor, Design, and Relevance
Cycles within this research.

Rigor Cycle

The Rigor Cycle ensures that the research is grounded in and contributes to the
broader scientific Knowledge Base. This work draws on theoretical foundations
(³ Chapter 2) as well as related work on collaborative work using immersive
environments (³ Chapter 3) that provide a basis for framing and addressing
the main research problem RQ.

This cycle also encompasses the derivation of theoretical and design implica-
tions based on the outcomes of this research (³ Chapter 7). The findings
from the experimental evaluation, when interpreted through the theoretical
lens established earlier, contribute back to the Knowledge Base. These con-
tributions include both conceptual insights and practical design guidelines for
asynchronous collaboration in immersive environments – thereby enriching the
scientific understanding of ACCT and informing future research and system
development.

Design Cycle

The Design Cycle addresses RQ1, which investigates how immersive tech-
nologies can be designed to facilitate asynchronous collaboration in complex
engineering tasks.

This process involves iterative development of the immersive collaboration
framework through multiple prototyping stages. It begins with conceptual
modelling (³Chapter 4), followed by the implementation of core components
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across XR platforms (VR, AR, MR), and the evaluation of individual modules
and interaction techniques (³ Chapter 5).

Each stage builds on the previous and feeds back into the next, forming a
continuous loop of design, formative testing and refinement. Evaluation is
conducted not only for technical feasibility, but also to assess usability, user
experience and alignment with spatial, procedural and embodied characteristics
of asynchronous collaboration in engineering contexts.

This iterative approach ensures that the resulting framework is both functionally
robust and contextually appropriate for its intended domain.

Relevance Cycle

The Relevance Cycle connects the research to the practical application domain.
It ensures that the developed solution addresses real-world needs by deriving
problem relevance from the environment and validating the artifact in authentic
settings through field-testing and stakeholder engagement. This alignment with
real-world practice is a key principle in DSR, as it ensures both the utility and
contextual validity of the proposed solution.

In this thesis, the application domain involves engineering collaboration scenar-
ios that are asynchronous, spatially complex and physically embedded. These
contexts pose unique challenges, due to the lack of co-presence, disrupted
workflow continuity and inadequate spatial representation across time.

To address RQ2, the proposed framework is evaluated in a representative in-
dustrial setting using a robotic cell (³ Chapter 6). Participants perform
engineering tasks under immersive and non-immersive conditions, enabling a
comparative assessment. This real-world validation assesses the system’s ap-
plicability to practical engineering workflows, thereby closing the loop between
theoretical insight, technical design and application context.
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1.5 Research Contributions

This dissertation makes the following key contributions to the field of asyn-
chronous collaboration in immersive engineering environments:

_ Theoretical Contribution: A theoretical framing connecting embodied
interaction with spatial and temporal continuity in asynchronous XR
collaboration for physical engineering work, deriving implications for
design and evaluation (³ Chapters 2 and 7).

� Conceptual Contribution: A concept to address asynchronous com-
munication, coordination, cooperation – individually and combined –
tailored to spatially complex engineering tasks (³ Chapter 4).

Ô Technical Contribution: A functional XR-based collaboration system,
integrating immersive messaging, proxy interaction and spatial coordina-
tion tools to support asynchronous workflows (³ Chapter 5).

e Methodological Contribution: An evaluation blueprint that links re-
search questions to validation instruments (e.g. workload and presence
measures), documents evaluation design and protocols, and specifies anal-
ysis procedures, enabling reproducible assessment in comparable asyn-
chronous, spatially procedural XR settings (³ Chapters 4 and 6).

¢ Empirical Contribution: A comparative user study in an engineering
context, providing evidence of improved spatial understanding, procedu-
ral clarity, and user engagement under the XR condition versus traditional
video-based workflows (³ Chapter 6).

These contributions are developed and validated using the DSR methodology
and address current limitations of XR tools for asynchronous, spatial and pro-
cedural engineering collaboration.

13
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1.6 Thesis Structure

The structure of this thesis is guided by the overarching goal of supporting
asynchronous collaboration in complex engineering scenarios through immer-
sive technologies. Each chapter contributes to this objective as part of the DSR
methodology, as outlined in Figure 1.2.

Following the introduction (³Chapter 1) which outlines the motivation, prob-
lem space and research approach, ³ Chapter 2 establishes the theoretical
foundations by defining key concepts for asynchronous collaboration in immer-
sive environments. This conceptual groundwork is expanded in ³ Chapter 3,
which surveys related work in XR-based collaboration and engineering support
tools. Together, these chapters identify the design space and highlight gaps that
the proposed framework addresses.

Building on these insights, ³ Chapter 4 introduces the conceptual design
of the ACIE Framework which structures asynchronous collaboration across
the dimensions of communication, coordination and cooperation. The modular
components are motivated by theoretical foundations, related work and domain-
specific requirements. ³ Chapter 5 details the technical realization of the
framework across XR platforms. Each module is implemented and evaluated
in formative studies, with a focus on system usability.

The integrated system is then applied in a realistic engineering setting in
³ Chapter 6. A comparative field study evaluates the immersive system
against a conventional video-based baseline, assessing performance, user ex-
perience and perceived presence. Finally, ³ Chapter 7 integrates a critical
discussion of the findings, summarizes the contributions and outlines direc-
tions for future work toward more flexible, embodied and time-independent
collaboration in engineering and beyond.
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1.7 Summary and Outlook

This chapter outlined the motivation, problem space and methodological ori-
entation of the thesis. It identified limitations in current collaboration tools
for supporting asynchronous, embodied and spatial engineering tasks – espe-
cially those involving complex physical environments. Extended Reality (XR)
technologies were introduced as a promising avenue to address these gaps by
enabling immersive interaction across both spatial and temporal dimensions.

The chapter established the main research objective: to develop and evaluate
a framework that supports asynchronous collaboration on complex tasks using
XR. It introduced the concept of Asynchronous Collaboration on Complex
Tasks (ACCT) and formulated two guiding research questions – one focused on
the design of XR-based collaborationmechanisms, the other on their evaluation.

To address these questions, the work adopts a DSR methodology, combining
iterative design, technical implementation and empirical validation in realistic
engineering contexts.

In Simpler Terms

This chapter explained why engineers need better ways to work together when
they are not in the same place or working at the same time. While today’s tools
like video calls and shared documents help with basic tasks, they do not support
hands-on spatial work – like configuring machines or solving problems in real
physical spaces.

Engineering tasks are often complex: they involve 3D environments, technical
steps, and physical actions. Right now, there is no effective way to capture and
share this kind of work over time. That is where XR (Extended Reality) comes
in – it can transfer digital instructions or past actions directly into the real world.
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1 Introduction

This thesis explores how XR can help people collaborate across time and space
in engineering. This is done by designing and testing a new framework that
supports spatial, procedural and embodied collaboration – even when people
are not working at the same moment.

How to Proceed

The central research problem identified in this chapter is addressed through
a conceptual and technical framework introduced in the upcoming chapters.
While the theoretical and empirical groundwork is detailed in the following
sections, readers interested in the core design contribution may proceed directly
to:

For a full understanding of the underlying principles and design rationale, the
following chapters provide the necessary foundation:

³Chapter 2 outlines the theoretical underpinnings from CSCW, HCI and XR.

³ Chapter 3 reviews related work and current systems, identifying open chal-
lenges and gaps addressed by the framework.

³ Chapter 4 introducing the ACIE Framework, a modular concept for en-
abling asynchronous collaboration in XR across communication, cooperation
and coordination.

16



2 Theoretical Foundation

In this chapter, the theoretical foundations relevant to the design and evalua-
tion of asynchronous collaboration in XR environments are established. Core
concepts and models from the fields of Computer Supported Cooperative Work
(CSCW), Human Computer Interaction (HCI) and immersive technology re-
search are synthesized to provide the conceptual basis for this thesis. Emphasis
is placed on collaboration frameworks, spatial interaction, embodiment and
usability, which are essential for framing the research questions and informing
subsequent design and evaluation.

This chapter defines the central constructs and analytical lenses used throughout
the work. It lays the groundwork for understanding asynchronous interaction
in XR environments and supports the methodological and conceptual decisions
developed in later chapters.

The remainder of the chapter is structured as follows: ³ Section 2.1 introduces
foundational CSCW models, including the 3C framework and its relevance to
asynchronous collaboration. ³ Section 2.2 covers key principles of immersive
technologies, including embodiment, presence, and related evaluation concepts
such as usability and cognitive load. Finally, ³ Section 2.3 summarizes the
key insights and their relevance to the remainder of this dissertation.
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2 Theoretical Foundation

2.1 Computer-Supported Cooperative Work

CSCW investigates how collaborative activities and their coordination can be
supported by computer technology. The foundational CSCW matrix by Jo-
hansen [82] categorizes collaboration based on whether activities occur si-
multaneously (synchronous) or at different times (asynchronous), and whether
participants are co-located or distributed. As shown in Figure 2.1, the original
matrix spans the time and space dimensions.
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Figure 2.1: Extended CSCW design space with the additional XR dimension distinguishing sym-
metric (same reality) and asymmetric (mixed realities) collaboration. Adapted from
Johansen’s time–space matrix [82].

In the space dimension, co-located collaboration takes place at the same physi-
cal location, while remote collaboration involves participants contributing from
distributed locations, connected through a shared digital environment. In the
time dimension, collaboration is synchronous when participants work simul-
taneously, and asynchronous when they contribute at different points in time
– as is often the case in globally distributed teams. The original matrix was
extended by the XR dimension, as highlighted in Figure 2.1. It expands the
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2.1 Computer-Supported Cooperative Work

design space of CSCW by differentiating whether collaborators are present in
the same reality or across mixed realities.

In the XR dimension, symmetric collaboration means that all users share the
same level of immersion – such as all being in VR – and is the most common
form of XR CSCW as it is easier to implement [38, 48]. Asymmetric collab-
oration emerges due to differences in technological setups or user roles [11].
An example scenario of asymmetric collaboration in immersive environments
is a co-located team using AR devices. These users can view their physical
surroundings, shared virtual content, and remotely generated annotations or
instructions directly integrated into their work environment. Simultaneously,
remote collaborators join throughVR or traditional video conferencing systems.
In such setups, remote users interact via video streams or 3D reconstructions
of the work environment, observing co-located users’ avatars or virtual repre-
sentations, and jointly manipulating shared digital objects. Such hybrid setups
leverage the complementary capabilities of different technologies to facilitate
collaboration effectively. Asymmetric collaboration is discussed in more detail
in³ Chapter 4, Section 4.5.

Transitions across dimensions – between synchronous and asynchronous, co-
located and remote setups, and varying XR configurations – remain a challenge
and are still underexplored in current research [48]. This thesis focuses on
Asynchronous Collaboration (AC) in immersive environments, with particular
attention to how it unfolds across spatial and XR configurations.

[ Literature: The original CSCW matrix by Johansen [82] was ex-
tended for immersive environments in Mayer et al. [2], additionally
distinguishing between symmetric (same reality) and asymmetric (dif-
ferent realities) collaboration.

19



2 Theoretical Foundation

2.1.1 Immersive Asynchronous Collaboration

Asynchronous collaboration refers to cooperative work where participants con-
tribute at different times. While this temporal decoupling allows for flexibility
and supports distributed workflows, it introduces several challenges – partic-
ularly when tasks are practical or spatially complex [135]. Traditional tools,
such as video streaming, often fail to preserve spatial context or make embod-
ied interaction visible across time [56, 153]. In this context, XR technologies
offer new possibilities: by enabling embodied interaction, spatial annotations,
and immersive representations, they can support continuity and coordination in
asynchronous settings embedded directly within the work environment [38, 48].
However, despite this potential, realizing effective AC in immersive environ-
ments remains a significant challenge [36, 77]. This section outlines key
challenges, as summarized in Table 2.1, that need to be addressed to make
asynchronous collaboration in XR both usable and effective.

Table 2.1: Key challenges of asynchronous collaboration in XR environments

Challenge Description

Temporal Disconnection Lack of real-time interaction complicates feedback, coordi-
nation, and task handovers.

Loss of Continuity Difficulty reconstructing task state, rationale, and progress
across sessions.

Spatial and Embodied

Disconnection

Limited access to spatial cues and embodied actions in the
absence of co-presence.

Tooling Limitations Missing support for annotations, history, and versioning in
asynchronous XR workflows.

Temporal Disconnection: The absence of temporal co-presence elimi-
nates immediate feedback, negotiation, and real-time interaction [77]. Misun-
derstandings cannot be resolved in the moment, and collaborators are required
to anticipate what information others might need [154]. Task handovers become
fragile and error-prone, especially when sequential steps or shared decisions are
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involved [38, 77]. In traditional tools, such challenges are amplified by limited
perception of others’ actions due to constraints in visualization and interaction
[52]. Immersive technologies offer new opportunities to mitigate this issue by
enabling spatial anchoring of contributions embedded in the work environment,
embodied replays of interactions instead of flat visualizations on 2D screens,
and persistent representations of sensory input that can be used to reconstruct
work processes across time [77, 172]. However, such features are not yet widely
available or integrated, and temporal disconnection remains a critical challenge
in AC [36, 77].

Loss of Continuity and Shared Context: Reconstructing the state of a
collaborative activity after a period of absence is one of the core challenges
of AC [52, 77]. What has been done, why certain decisions were made, or
what remains to be completed must be made accessible across time. Missing
context not only disruptsworkflowbut also undermines confidence in continuing
or modifying previous contributions [36]. In engineering domains such as
design, co-creation, guidance, or maintenance, this challenge is particularly
pronounced due to the interdependence of spatial and procedural information
[35, 97]. Immersive technologies offer potential to preserve context over time,
for instance by embedding task artifacts and messages directly into the 3D
scene [77, 99, 156]. However, such mechanisms are rarely designed with
asynchronous use in mind, and continuity across sessions remains limited.

Spatial and Embodied Disconnection: Collaborative work that relies
heavily on spatial cues, embodiment, and mutual visibility – as is often the case
in engineering – can significantly benefit from XR [36, 156]. In asynchronous
settings, participants collaborate with others who are not present at the same
time. They cannot rely on cues like gaze, deictic gestures, or body language
to direct attention or signal intent [77]. Identifying what others interacted
with – or how – is often ambiguous [52]. As a result, spatial disorientation
and misinterpretation of actions are common. Embodied representations such

21



2 Theoretical Foundation

as avatars, proxies, or temporal replays in XR may help bridge this gap by
simulating past activity or visualizing user presence [36, 52, 154]. Yet, existing
implementations are often limited in fidelity or integration, making it difficult
to fully leverage embodiment as a coordination aid in asynchronous workflows.

Limitations of Supportive Tools: Most current XR systems are designed
primarily for synchronous collaboration (as later presented in ³ Chapter 3),
while most non-immersive AC CSCW tools do not support physical interaction
or spatial representations [35, 154, 156]. As a result, core capabilities for
asynchronous workflows – such as temporal navigation, persistent annotations,
interaction history, or spatial versioning – are rarely available [36, 172]. Without
such features, collaborators are left without the ability to trace others’ actions,
revisit task progress, or coordinate their work contributions across time [159].
The absence of asynchronous design principles in current tools not only impairs
usability but also constrains the types of collaboration that immersive systems
could otherwise support [77]. At the same time, XR offers substantial potential
to support AC in domains where current approaches remain limited [38].

2.1.2 The 3C Model

The foundational structure of collaborative work is often described through the
3C Model - Communication, Coordination, and Cooperation, as illustrated in
Figure 2.2. This conceptual triad was introduced by Ellis et al. [46] and later
formalized by Leimeister [95] in the context of Collaboration Engineering. The
model continues to serve as a reference model for designing and evaluating
collaborative systems. To address the challenge posed by RQ1, this thesis will
employ the 3C model as a guiding framework for the design and evaluation of
ACCT.

® RQ1: Can XR be used to improve ACCT?
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The following sections discuss each dimension related to the challenges and
opportunities of AC in XR, introducing the corresponding sub-questions related
to RQ1.

±
Cooperation

¨
Coordination

Ü
Communication

Collaboration

Figure 2.2: The 3C model of collaborative work, illustrating communication, coordination, and
cooperation as foundational dimensions of collaboration

Communication: Communication refers to the process of exchanging infor-
mation between individuals or groups in order to reach a common understanding
[95]. In collaborative settings, this includes verbal interactions, non-verbal cues
(such as gestures, gaze, or body language), and symbolic communication via
shared digital artifacts [48]. In immersive environments, communication can
be enriched by spatial and embodied modalities to allow multimodal communi-
cation [36]. However, in AC the loss of immediate feedback due to non-present
collaborators is representing a significant challenge [77, 154]. In asynchronous
settings, where real-time dialogue is not possible, the absence of direct feedback
makes it necessary to externalize intent and context. XR technologies provide
new possibilities for asynchronous communication, such as persistent spatio-
temporal information and user representation using proxies (³ Section 2.2.1)
compensating the loss of immediate feedback [38, 66].
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These forms of mediated, multimodal expression aim to bridge the temporal
gap, but are still rarely implemented in current systems [48]. As such, research
question RQ 1.1 addresses how immersive technologies can effectively support
and improve asynchronous communication:

® RQ1.1: Can avatar capture and playback in XR be used to improve
asynchronous communication in CT?

Cooperation: Cooperation refers to how collaborators interact with shared
content and each other within a shared workspace to contribute to a joint out-
come [95]. In immersive asynchronous systems, this includes joint interaction
with virtual objects as well as indirect interactions with other collaborators
across time. Due to temporal fragmentation, direct cooperation is no longer
possible [127]. Instead, cooperative actions must remain persistent and in-
terpretable for others who enter the environment at a later time [34, 66]. This
requires systems to provide mechanisms that support the visibility, accessibility,
and contextual understanding of prior user actions.

To enable cooperation across time – mediate or indirect cooperation – immer-
sive systems must approximate direct interaction through indirect mechanisms
that compensate for the absence of co-presence and immediate interaction [52].
Research questionRQ 1.2 explores how immersive technologies can better sup-
port and improve asynchronous cooperation through immersive technologies:

® RQ1.2: Can interactive question–answer mechanisms in XR be
used to improve asynchronous cooperation in CT?

Coordination: Coordination is the communication-mediated temporal and
structural alignment of collaborative activities [95]. In asynchronous immer-
sive systems, this includes how shared workspaces are navigated, how task
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progress is marked, and how the temporal sequence of activities is made visible
[38, 77]. Unlike in synchronous collaboration, where timing and turn-taking are
negotiated in real time, asynchronous coordination must rely on explicit mech-
anisms. These include spatio-temporal change management, such as progress
indicators, and versioning, features that allow collaborators to track and manage
contributions over time [172].

For text-based information, sophisticated solutions, such as Git1, already exist
and work well. For immersive changes, such as changes to 3D objects and
scenes, these tools are insufficient or require further data processing, such as
conversion to a text based file format [42, 172]. In immersive contexts, work
coordination mechanisms are often not considered [139]. Yet, they are benefi-
cial to enabling smooth handovers, avoiding conflicts, and ensuring workflow
continuity [38, 77]. Supporting coordination effectively in AC environments
thus requires systems to represent and manage spatio-temporal structures and
changes consistently. Research questionRQ1.3 explores how such coordination
requirements can be enabled and improved in XR:

® RQ1.3: Can step-by-step organization of recordings and immersive
version control in XR be used to improve asynchronous coordination
in CT?

Together, these three aspects form the foundation of collaborative work. The
preceding discussion shows that each dimension poses distinct challenges when
extended into asynchronous immersive contexts.

1 Git is a widely-used version control system for tracking changes in source code during software
development: https://git-scm.com/.
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� Assumption: To enable effective asynchronous collaboration,
CSCW systems must support asynchronicity across the 3 C’s of col-
laborative work: communication, cooperation, and coordination.

2.2 Extended Reality

Collaborative work on CTs, as defined in ³ Section 1.2, often exceeds the ca-
pabilities of traditional CSCW tools and “flat” media. These systems frequently
fall short in supporting the spatial, embodied, and multimodal dimensions nec-
essary for effective collaboration in real-world engineering environments. As
discussed earlier, XR opens up new possibilities for more natural, immersive,
and workspace-embedded interaction. It expands the design space for collab-
orative systems by addressing known limitations in continuity, representation,
and spatial context.

XR refers to the spectrum of immersive technologies that blend physical and
digital environments to varying degrees [4]. This includes AR, AV, and VR, all
of which fall under the umbrella of XR. Originally, Milgram et al. [113] referred
to the spectrum between the “real” and “virtual” as MR. These representations
are commonly arranged along the Reality-Virtuality Continuum proposed by
Milgram et al. [113], which provides a conceptual framework for understanding
how digital content is integrated with real-world perception (see Figure 2.3).

Augmented Reality: AR is positioned near the real end of the Reality–
Virtuality Continuum, as it minimally augments the physical environment with
digital information. Unlike fully immersive systems, AR preserves a direct view
of the real world while overlaying virtual content that enhances perception or
task execution [113]. Typical examples include spatially anchored annotations,
highlighting and drawing, or virtual but “flat” instructions that appear integrated
into the user’s surroundings.
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Extended Reality (XR)

Mixed Reality (MR)

Real
Environment

Augmented
Reality (AR)

Augmented
Virtuality (AV)

Virtual
Reality (VR)

Figure 2.3: The Reality–Virtuality Continuum, adapted from Milgram et al. [113], with example
imagery for AR, AV, and VR, and XR as the umbrella term.

Augmented Virtuality: Further along the continuum lies AV, which pri-
marily consists of virtual environments enriched with live inputs or reconstruc-
tions from the physical world [48, 113]. In contrast to AR, where reality is
enhanced by virtual elements, AV involves virtual spaces that are augmented
by real-world data such as video feeds, sensor streams, or spatially integrated
models of physical environments [38]. This allows the virtual environment to
reflect or respond to real-world conditions in real time.

Virtual Reality: At the far end of the continuum, VR immerses the user
entirely in a digitally generated environment, fully occluding direct perception
of the physical world [38, 113]. The user is placed in a synthetic space, with
all visual, auditory, and sometimes tactile input simulated by the system. VR is
currently the most widely adopted immersive technology, particularly in enter-
tainment, simulation, and training contexts [38, 48]. For example, in gaming
applications, users may explore fictional worlds, interact with virtual characters,
or complete spatial tasks entirely within a virtual setting, disconnected from the
real environment.

Mixed Reality: A comparatively confusing concept within immersive en-
vironments is MR. Systematic reviews and expert interviews reveal that MR
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is defined inconsistently, with at least six overlapping definitions reported in
the literature [145, 147]. Consequently, the boundaries between MR, AR, and
AV are often blurred, leading to conceptual confusion and uneven terminology
[110].

For the purpose of this thesis, MR is defined as the region between the real
and fully virtual ends of the Reality–Virtuality Continuum – a blended set-
ting in which digital and physical elements coexist and interact in real time
[38, 48]. An MR application may, for example, overlay a virtual structure that
aligns precisely with the geometry of a physical room, or endow real objects
with interactive virtual properties. Unlike traditional AR, which typically dis-
plays flat or floating metadata anchored in the physical scene, and unlike VR,
which wholly replaces real-world perception, MR emphasises seamless fusion,
enabling direct, bidirectional interaction between real and virtual content.

Particularly in collaborative settings, MR offers two key affordances identified
in the literature: seamlessness and reality enhancement [12]. Seamlessness
refers to the uninterrupted integration of real and virtual content, while reality
enhancement describes the augmentation of human perception and understand-
ing through digital overlays. These affordances are essential to support intuitive
and context-aware collaboration in immersive work environments.

2.2.1 Key Concepts for XR Collaboration

To understand how XR can facilitate ACCT and how it supports RQ2, it is
essential to examine its fundamental concepts.

® RQ2: How does ACCT perform with XR compared to non-
immersive representations?

This section introduces the key aspects that shape user experience and inform
system design of immersive collaborative environments.
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Immersion: Immersion describes the degree to which a system envelops
the user in a virtual or augmented environment, creating a sense of presence
and detachment from the outside world [94, 144]. It amplifies the embodied
and spatial aspects of virtual environments. Higher levels of immersion are
associated with stronger presence, which plays a crucial role in how users
perceive, navigate, and interact with immersive environments.

Presence: Presence refers to the subjective feeling of “being there” within a
mediated environment. While immersion describes the objective qualities of a
system (e.g. display resolution, tracking accuracy), presence captures the user’s
subjective experience of spatial and social involvement. Because presence is
critical for user engagement and comprehension in immersive settings – espe-
cially in the absence of real-time co-presence – it serves as a central construct
for evaluating asynchronous XR collaboration [38, 139, 154]. Furthermore,
presence was found to have a positive correlation with task performance and
thus increases the quality of collaboration [128, 129, 164]. This study therefore
examines presence and its impact on the effectiveness of ACCT, as explored in
RQ 2.2:

® RQ2.2: How does XR ACCT perform in terms of presence com-
pared to non-immersive representations?

Presence is commonly described through multiple dimensions. In this work,
two particularly relevant aspects are emphasized in relation to asynchronous
collaboration in XR – spatial presence and social presence – as illustrated in
Figure 2.4.

Spatial presence is the sense of being physically located in the virtual or aug-
mented space. This aspect is especially important when asynchronous users
must interpret or respond to spatially situated work. Workspace and task aware-
ness improve engagement and understanding, and positively affect task – and
thus collaboration – performance and quality [38, 139, 172]. Social presence
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® RQ 2.2

Presence

Spatial Presence
“Being there” in space

Social Presence
Feeling of co-presence

Figure 2.4: Presence and its subdimensions in XR collaboration with associated research questions

refers to the feeling of being co-present with others –even when represented
virtually or asynchronously. Maintaining this sense of social connection across
time is a key challenge in delayed collaboration. The positive association be-
tween co-presence and task awareness has been linked to better communication
and user performance in XR collaboration [38, 139, 154]. Consequently, be-
cause collaboration quality hinges on recovering shared spatial context and
collaboration across time depends on restoring social cues, this thesis examines
both, spatial and social presence as the primary pathway by which XR may
benefit ACCT.

Embodiment: Embodiment refers to the degree to which users feel that their
body is represented and can act meaningfully within an XR environment. This
includes virtual body ownership, alignment between real and virtualmovements,
and the ability to use one’s body for interaction [85]. Embodiment enhances
realism, expressiveness, and engagement – especially in collaborative scenarios
where gesture, posture, and spatial positioning carry non-verbal communication
cues [64]. It is a strong way to provide both consequential communication and
conversational resources in XR CSCWs [139].

Interaction: Interaction in XR environments spans multiple modalities, in-
cluding gaze, gesture, voice, touch, and controller input [19, 94]. Effective
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interaction design enables users to manipulate virtual content, navigate im-
mersive spaces, and communicate intentions. For asynchronous collaboration,
interaction mechanisms must also support recording, playback, and interpreta-
tion of prior actions [36, 151].

Proxy: Proxies refer to representations of non-present users in asynchronous
XR settings [45]. These may take the form of avatars, ghost trails, recordings,
or interactive cues that simulate or replay past activity [67]. Proxies are es-
sential to compensate for the absence of real-time co-presence by conveying
intent, actions, and attention of collaborators across time. They contribute to
social presence and continuity by allowing others to see, follow, or respond to
asynchronous contributions.

Registration: Registration is the process of accurately aligning virtual con-
tent with the physical world [7]. It ensures that digital elements appear stable
and fixed in space relative to their real-world context, which is essential for
maintaining spatial continuity and usability across time and users [24]. Reli-
able registration depends on robust localization – the system’s ability to track its
own position and orientation within the physical environment. In collaborative
and asynchronous XR, registration underpins many functions, including shared
annotations, scene consistency, and accurate replays of past interactions [89].

2.2.2 XR Technology Considerations

XR systems are designed to simulate environments that users can experience
through multiple sensory channels. These immersive systems function as “sim-
ulators” with a human in the loop, creating artificial perceptual stimuli that
approximate how humans experience reality. The more accurately these signals
mimic reality, the higher the system’s level of immersion, which then impacts
how engaged and present the user feels. Figure 2.5 illustrates examples of XR
devices used to deliver multi-sensory feedback.
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(a) Haptic vest (b) Exoskeleton glove (c) Omnidirectional floor (d) Olfactory HMD

Figure 2.5: XR devices: (a) haptic vest with a VR HMD, (b) exoskeleton glove for force feedback,
(c) Disney’s HoloTile omnidirectional floor, and (d) olfactory headset

Visual Stimulation: Visual immersion is typically achieved through digital
displays and projections that replace or augment the user’s Field of View (FoV)
[94]. Common setups include handheld devices with flat screens, projection-
based environments (e.g. CAVE2 or SAR3 systems), and Head Mounted Dis-
plays (HMDs) for AR, MR, or VR [14, 37]. HMDs offer the most portable
and immersive visual simulation, combining stereoscopic rendering with head
tracking to maintain spatial coherence. These visual modalities are critical
for spatial understanding, object manipulation, and orientation in immersive
collaborative environments.

Auditive Stimulation: Auditory cues support spatial orientation, event
awareness, and interpersonal communication in XR. Spatialized audio with
head tracking allows sound sources to be localized relative to the listener, which
aids distance and direction judgments and supports turn-taking in collaboration
[163]. Audio cues (e.g. earcons or auditory icons) can provide notifications
without adding visual clutter, and microphone as well as signal processing
choices affect comprehensibility and privacy in co-located and distributed use
[21, 62].

2 CAVE stands for Cave Automatic Virtual Environment, an immersive virtual reality environ-
ment where projectors are directed to multiple walls of a room-sized cube to surround the user
with large-scale stereoscopic visuals.

3 SAR stands for Spatial Augmented Reality, a technology that uses projectors to overlay digital
images onto physical objects in the real world.
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Haptic Stimulation: Haptic simulation reproduces forces and torques at
the joints and end-effectors, letting users perceive resistance, weight, or iner-
tia during interaction [148]. Typical devices include exoskeleton gloves that
apply joint torques or fingertip forces (Fig. 2.5b), as well as grounded multi-
joint systems – akin to robotic arms – that can render 6 Degree of Freedom
(DoF) forces/torques (e.g. devices by Haption). In collaborative XR, such
kinesthetic cues enhance realism during joint manipulation tasks and support
implicit coordination through physically meaningful constraints.

Tactile Stimulation: Tactile feedback targets the skin to reproduce surface-
level sensations such as vibration, pressure, shear, texture, or temperature [39,
88]. Wearable arrays embedded in gloves or garments stimulate contact, edges,
or material qualities, while full-body vests or suits deliver distributed cues
for events like impact or proximity (Fig. 2.5a). Many contemporary devices
combine both modalities – for example, force-feedback gloves augmented with
fingertip vibrotactile actuators – but we distinguish them here for clarity of
mechanism and effect.

Olfactory Stimulation: Olfactory devices deliver odorants to simulate
smells associated with environments or materials. Effects are typically subtle
but can increase a sense of presence and support memory encoding [5, 71].
Practical deployment remains limited due to latency, lingering odors, and re-
peatability constraints, so usage in collaborative engineering contexts is rare
(see Fig. 2.5d for an example device).

Locomotion: To further deepen immersion, XR systems may incorporate
full-body tracking or physical locomotion platforms. These allow users to
navigate virtual spaces naturally, using walking, leaning, or turning motions.
Movement simulation is essential for spatial coordination in collaborative tasks
that rely on viewpoint control or physical gestures. Locomotion can be achieved
naturally by walking within the physical environment, provided sufficient space
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is available. However, when physical space is limited, software-based tech-
niques can be employed to alter the perceived virtual environment – for exam-
ple, through redirected walking – allowing users to explore larger virtual areas
without noticing spatial manipulation [132, 149]. In addition, various hardware
solutions exist to support locomotion in constrained spaces, including omnidi-
rectional treadmills and locomotion platforms that sense user movement and
translate it into virtual displacement while keeping the user physically stationary
(see Fig. 2.5c) [111]. More recently, wearable solutions such asmotorized shoes
have emerged, which simulate walking by subtly shifting the user back to their
original position, preserving the sensation of natural locomotion [146, 169].

Software Platforms: Most immersive applications are developed using
common real-time 3D engines such as Unity 3D, Unreal Engine, or Godot.
These platforms offer rendering, physics, and interaction modules, but often
require adaptation and custom implementation to meet engineering-specific re-
quirements. In engineering research contexts, there are also specialized frame-
works such as PolyVR4 and COVISE5 provide domain-specific modules for
instance immersive simulation, engineering data formats and streams and sci-
entific visualization.

XR technology choices should alignwith task demands and social requirements.
Projection systems support co-located sharing in a common space; handhelds
are portable but tie up the hands and offer minimal immersion. Optical see-
through HMDs preserve real-world context but limit FoV, whereas passthrough
HMDs maximize immersion while potentially reducing face-to-face cues.

4 PolyVR is an open-source virtual reality framework used for immersive simulations and vi-
sualizations, primarily in engineering and research contexts: https://www.imi.kit.edu/
46_2274.php

5 COVISE (Collaborative Visualization and Simulation Environment) is a software platform
designed for simulations and visualizations, often used in scientific and engineering research
for collaborative work and domain-specific applications: https://www.hlrs.de/de/loe

sungen/rechentypen/visualisierung/covise
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2.2 Extended Reality

2.2.3 Technical Suitability for Engineering Use Cases

This thesis targets XR applications for room-scale, physically grounded engi-
neering tasks conducted asynchronously. To support these scenarios, the XR
system must fulfill a specific set of technical requirements that ensure usability,
flexibility, and immersion in real-world environments. These are summarized
in Table 2.2.

Table 2.2: XR technology requirements for asynchronous collaboration in practical engineering
contexts

Requirement Description

In-situ Augmenta-

tion

Virtual content must be spatially anchored in the real-world en-
vironment to maintain spatial and task continuity [77, 97].

Hands-free Interac-

tion

Users must be able to interact with physical tools and objects
without holding or operating the XR device manually [38, 73].

Physical Locomotion Support for natural walking and movement through large-scale
physical spaces, such as shop floors or workstations [35, 120,
139].

Inside-out Tracking Reliable spatial tracking without external sensors to ensure con-
sistent alignment of virtual content across sessions [35, 66, 139].

Realistic Avatars Human-like avatars to support social presence, identity, and in-
terpersonal cues during asynchronous interactions [154, 159].

Extensible Software Support for open, modifiable platforms to allow domain-specific
adaptations and integration with engineering workflows [3].

Portable and Stan-

dalone

Head-mounted displays that operate without tethering to external
PCs, enabling in-field deployment and flexible usage [35, 73].

To meet these requirements, this work employs the Meta Quest 2, Quest Pro,
Quest 3, and Microsoft HoloLens. Their on-board inside-out tracking provides
robust body-motion capture with no external sensors, and their standalone
modes allow seamless field deployment while still supporting tethered devel-
opment when needed. On the software side, Unreal Engine (UE) was selected
for its advanced virtual-character system and open ecosystem, which facilitates
rapid prototyping and the integration of project-specific extensions.
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2.2.4 Conceptual Challenges and Affordances for

Asynchronous XR Collaboration

Asynchronous immersive collaboration imposes unique demands on XR sys-
tems that differ from those in synchronous contexts. Prior work has identified
several XR-specific challenges relevant to asynchronous use:

Temporal Coordination and Persistence: Since collaborators are not
co-present, contributions must persist in the shared environment across time
[66]. This includes both object states and actions. Temporal navigation and
replay functionalities are essential for enabling participants to reconstruct what
others have done [34]. Change awareness, progress markers, and embedded
task histories can help bridge temporal gaps between collaborators [36].

Task Anchoring and Spatial Continuity: Immersive collaboration often
relies on spatial anchoring – placing tasks, annotations, or objects within the
3D workspace [97]. Maintaining spatial continuity across time and sessions
is critical to ensure collaborators can locate, interpret, and act upon shared
content [52]. Misalignment or reset of environments can lead to confusion and
inefficiency [77].

Embodiment and User Representation: In synchronous XR, embod-
iment enhances social presence and coordination through avatars, gaze, and
gestures [159]. In asynchronous settings, these elements must be reimagined.
Concepts like proxies, ghost avatars, or embodied replays have been proposed to
simulate presence, signal intent, or visualize actions of temporally absent users
(³Chapter 4, Section 4.3). These mechanisms can support understanding and
interaction continuity across time, though they are still underexplored [139].
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2.2.5 Technical Constraints and System Capabilities

for Asynchronous XR

Building on the conceptual challenges above, practical constraints and system-
level requirements for asynchronous workflows are outlined in the following.

Despite the potential, XR technologies also face technical and practical con-
straints in asynchronous workflows. Limitations include high resource require-
ments, synchronization challenges, and lack of standardized mechanisms for
version control or temporal scene reconstruction [156, 172]. Most XR systems
remain optimized for synchronous use, and only few offer explicit support for
time-shifted collaboration [38, 48, 97, 139].

� Design Implication: Asynchronous collaboration in XR requires
systems that provide persistent spatial and temporal context, preserve
embodiment across time, and support explicit coordination mecha-
nisms that go beyond traditional synchronous paradigms.

Core Capabilities Needed for Asynchronous XR: To address these
limitations, XR systems must go beyond traditional real-time affordances and
support capabilities tailored to asynchronous workflows. Key requirements
include:

• Temporal Persistence and StateManagement: Allowing contributions
(e.g. actions, annotations, objects) to remain accessible and meaningful
across sessions.

• Recording and Replay: Capturing embodied interactions (e.g. gestures,
object manipulation) for future reconstruction and review.

• Versioning and Change Tracking: Supporting parallel edits, tracking
modifications over time, and resolving conflicts across temporally disjoint
users.
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• Scene Serialization and Synchronization: Ensuring consistent, trans-
ferable scene states across devices and time.

These system-level capabilities are critical enablers for time-shifted collabora-
tion and are explicitly addressed in the ACIE framework introduced in³Chap-

ter 4 and evaluated in³ Chapter 6.

2.2.6 Evaluation Construct

Evaluation in CSCW and collaborative XR research typically employs mixed
methods that combine quantitative performance metrics (e.g. task time, accu-
racy, error rate) with qualitative insights (e.g. user feedback, questionnaires).
While many studies develop custom measurement instruments tailored to spe-
cific systems, several standardized constructs have emerged as reliable indicators
of system effectiveness and user experience.

Among these, usability and cognitive workload are particularly prominent in
the XR collaboration literature and are often identified as key performance
indicators, since they directly influence collaboration quality and the overall
user experience [16, 38, 43]. Usability has consistently been highlighted as
a critical success factor for adoption and collaboration, shaping efficiency,
ergonomics, and user acceptance [108, 123]. Cognitive workload is closely
tied to performance, error rates, and user well-being, with excessive workload
shown to undermine collaboration outcomes in asynchronous XR tasks [38,
40, 49, 80]. Together, these constructs provide complementary perspectives:
usability captures how well the system supports interaction and adoption, while
workload reflects the cognitive costs imposed on users in complex, distributed
tasks. For this reason, they are employed in this work to address RQ2:

® RQ2: How does ACCT perform with XR compared to non-
immersive representations?
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Usability, as defined by the ISO 9241-116 standard, captures effectiveness, effi-
ciency, and satisfaction – core aspects of any collaborative tool [78]. Cognitive
workload, often assessed using the NASA TLX, reflects the mental demands
imposed by asynchronous XR tasks [70]. These two measures were chosen
because they comprehensively represent the critical XR concepts discussed ear-
lier – such as immersion, embodiment, and interaction – from a user-centered
evaluation perspective.

ISO 9241-11 Usability Standard

In CSCW and HCI research, usability remains a central construct for evaluating
the quality and effectiveness of collaborative systems – including XR-based
systems. According to the ISO 9241-11 standard, usability is defined as:

“The extent to which a system can be used by specified users to

achieve specified goals with effectiveness, efficiency and satisfac-

tion in a specified context of use.” [78]

This definition aligns well with the core demands of asynchronous XR collabo-
ration, where users must complete spatial, embodied, and communicative tasks
across time. As such, usability provides a robust lens for assessing how well
immersive systems support collaborative work – particularly when users are
temporally decoupled.

® RQ2.1: How does XR ACCT perform in terms of usability (effec-
tiveness, efficiency, satisfaction) compared to non-immersive represen-
tations?

6 ISO 9241-11 is a part of the ISO 9241 standard that defines usability requirements and
evaluations: https://www.iso.org/obp/ui/#iso:std:iso:9241:-11:ed-2:v1:en
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The ISO standard breaks down usability into three components: Efficiency,
Effectiveness, and user Satisfaction in relation to the system, as illustrated in
Figure 2.6.

® RQ 2.1

Usability
ISO 9241-11

Efficiency
Time and effort

Effectiveness
Task success
and accuracy

Satisfaction
User comfort

and preference

Figure 2.6: Decomposition of usability according to ISO 9241-11

Efficiency: Efficiency measures the resources expended in relation to the ac-
curacy and completeness of task achievement. This includes the time, cognitive
effort, and physical interaction required to perform tasks within the system. In
asynchronous XR environments, efficient interaction design minimizes friction
caused by temporal disconnection, enabling users to navigate, understand, and
contribute with minimal effort. Efficient systems streamline workflows and re-
duce the burden of reorienting to prior context or navigating spatially distributed
tasks. Common metrics for evaluating efficiency include task duration, number
of steps taken, and physical navigation distance. This work explores how XR
systems enable efficient task execution in asynchronous collaboration.

Effectiveness: Effectiveness refers to the accuracy and completeness with
which users achieve specific goals within a system. In the context of XR-
supported asynchronous collaboration, this includes how well users are able
to complete tasks such as interpreting spatial instructions, modifying shared
content, or following interaction sequences left by previous collaborators. High
effectiveness implies that the system enables users to perform the intended
task without errors or ambiguity, ensuring a reliable transfer of knowledge or
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actions across time. Common metrics for assessing effectiveness include task
completion rate, error rate, and the accuracy of actions or outcomes. This work
investigates how well XR systems support accurate and complete task execution
in asynchronous collaboration.

Satisfaction: Satisfaction captures the users’ subjective comfort, accept-
ability, and preference while using the system. It reflects how enjoyable or
frustrating the interaction feels, and whether users perceive the system as sup-
portive of their needs and expectations. In XR, satisfaction is influenced by
factors such as spatial coherence, visual clarity, embodiment quality, and the
ability to intuitively control or respond to content. Especially in asynchronous
settings, satisfaction can hinge on how clearly prior contributions are repre-
sented and how well users feel connected to remote collaborators or the shared
workspace. Common metrics for satisfaction include standardized question-
naires (e.g. SUS [22], UEQ [93]), Likert-scale ratings of user experience, and
qualitative feedback on perceived ease of use, engagement, and frustration.

Cognitive Workload

Cognitive workload refers to the mental effort required to complete a task and
manage task demands within a given system. In the context of asynchronous
XR collaboration, cognitive workload is a critical factor that influences user
performance, task engagement, and error rates – especially in complex, spatially
distributed environments that require interpretation of others’ actions across
time.

A widely used method to assess cognitive workload is the NASA Task Load
Index (NASA TLX) [70]. It is a standardized, multidimensional question-
naire developed by NASA to evaluate perceived workload in human-machine
interactions. The NASA TLX captures six dimensions of task demand:
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• Mental Demand: the amount of mental and perceptual activity required
(e.g. thinking, deciding, calculating).

• Physical Demand: the amount of physical effort required to complete
the task.

• Temporal Demand: the time pressure felt during task performance.

• Performance: the user’s perceived success in completing the task.

• Effort: how hard the user had towork to achieve the level of performance.

• Frustration: the level of stress, annoyance, or discouragement experi-
enced during the task.

The NASA TLX provides a comprehensive view of perceived workload by
combining subjective evaluations of each subscale. In XR-based asynchronous
collaboration, where users must interpret spatial cues, navigate complex envi-
ronments, andmanage delayed communication, these subscales reveal important
insights into system usability and cognitive strain.

2.3 Summary and Outlook

This chapter established the theoretical and conceptual foundations for design-
ing asynchronous collaboration in XR environments. Drawing on models from
CSCW, XR, and user-centered evaluation, it introduced the analytical tools and
constructs that underpin the remainder of this dissertation. In particular:

• CSCW and the 3C Model provided a foundational structure for analyz-
ing asynchronous collaboration in terms of communication, coordination,
and cooperation – directly informing the decomposition of RQ1.

• Asynchronous collaboration was framed within Johansen’s time–space
matrix as a distinct quadrant, highlighting the unique challenges of de-
coupled presence, temporal continuity, and spatial context.
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• XR Technologies and Affordances were discussed with respect to how
immersive systems can support asynchronous workflows – including spa-
tial anchoring, persistence, embodiment, and technical constraints.

• Presence andEmbodimentwere identified as key experiential constructs
in XR that shape how users interpret, navigate, and connect across time
– supporting the development of asynchronous interaction models.

• Evaluation Constructs, including usability (ISO 9241-11) and cognitive
workload (NASA-TLX), provide a systematic framework for assessing
asynchronous XR systems, and directly inform RQ2.

Together, these perspectives form the conceptual basis for defining the Asyn-
chronous Collaboration in Immersive Environmentsk (ACIE) framework and
evaluating its performance in asynchronous engineering contexts.

In Simpler Terms

This chapter laid out the key ideas needed to understand what makes asyn-
chronous collaboration in XR unique and challenging. It explained how people
collaborate across time, what XR can (and can not) do to support that, and how
to evaluate such systems from a user-centered perspective. These insights serve
as a compass for the rest of the work.

How to Proceed

The conceptual groundwork laid out here directly informs the following chap-
ters:

³Chapter 3 reviews the current state of XR-based asynchronous collaboration
systems – identifying limitations in how existing tools address the theoretical
dimensions discussed here.
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³ Chapter 4 builds on these foundations to introduce the ACIE framework,
a novel concept aimed at addressing the specific challenges identified in both
theory and practice.
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This chapter positions the thesis within the broader research landscape by exam-
ining prior work on asynchronous collaboration in complex domains supported
by immersive technologies. The analysis builds on the theoretical foundations
established in ³ Chapter2 and identifies limitations and open questions that
motivate the proposed approach. In doing so, it informs the design space of the
ACIE Framework and refines the research questions introduced in³Chapter1.

To capture foundational developments togetherwith recent advances, a two–stage
review design was employed (Figure 3.1). In Stage A, prior review articles on
XR collaboration were synthesized to establish terminology, delimit the scope
of asynchronous collaboration (AC), and surface initial gaps (³ Section 3.1).
Stage B was informed by Stage A and was conducted as a PRISMA-guided
Structured Literature Review (SLR) targeting primary studies that explicitly
address AC in XR (³ Section 3.2), complemented by snowballing to include
highly relevant works not retrieved by database queries. The resulting corpora
were merged and coded along the 3C model and complementary dimensions,
yielding a unified synthesis (³ Section 3.3) that informs the subsequent gap
analysis (³ Section 3.4).

3.1 Findings from Prior Reviews

A set of key review articles was analyzed to assess the current research landscape
on collaboration in XR environments, with a particular focus on asynchronous
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Phase 1

Conceptual grounding via review papers: familiarize with XR/CSCW termi-
nology and gaps. Extract key AC examples and justify chosen terms.

Phase 2

Systematic search (PRISMA): perform structured database search with AC-
related keywords; apply reproducible screening and selection criteria.

Phase 3

Opportunistic inclusion: add known or newly encountered high-relevance
papers via ResearchRabbit and snowballing.

Synthesis and mapping

Merge all sources into a unified corpus; code for ACCT dimensions, XR
modalities, collaboration types, and evaluation characteristics.
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Figure 3.1: Literature-search workflow: from conceptual grounding to systematic search, oppor-
tunistic expansion, and unified synthesis. Stages are detailed in³ Section 3.1,³ Sec-
tion 3.2, and ³ Section 3.3.

collaboration inXR. The literature-searchworkflow followed a structuredmulti-
phase approach, summarized in Figure 3.1.

A total of n = 21 review papers were initially identified on the broader topic
“XR collaboration” searching the Scopus and Web of Science (WoS) digital
libraries. Among those, n = 5 were duplicates, n = 9 did not address AC and
n = 1 explicitly excluded AC from its scope. This left n = 6 review papers
for detailed synthesis which are listed in Table 3.1. The selected reviews span
research from 1995 to 2019 and collectively identify n = 28 papers focused on
AC in XR.

The reviews primarily address collaboration inMR environments, often encom-
passing both AR and VR. Specifically, four reviews address MR collaboration
more broadly [38, 48, 97, 126], while two reviews focus exclusively on AR
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Table 3.1: Overview of review papers on XR collaboration, including the number of articles ad-
dressing asynchronous collaboration (AC)

Review XR

dimension

Time range Reviewed

papers

AC papers

Ens et al. [48] MR 1995–2018 110 4 (5%)

de Belen et al. [38] MR 2013–2018 259 NA

Pidel and Ackermann
[126]

MR NA NA 10

Letter et al. [97] MR 1998–2021 80 6 (8%)

Sereno et al. [139] AR 1996–2019 65 4 (6%)

Feng et al. [53] AR 2012–2022 133 7 (5%)

NA: Information not reported in the source article.

[53, 139]. The databases accessed across the reviews included WoS, Springer
Link, ACM Digital Library, IEEE Xplore, Elsevier ScienceDirect, ASME Dig-

ital Collection, Wiley Online Library, and Scopus.

All six reviews unanimously highlight that asynchronous collaboration in XR
is an underexplored yet highly promising research area, with growing scholarly
attention [53]. Asynchronous collaboration currently represents a small frac-
tion (5% – 8%) of the reviewed studies. Notably, Letter et al. [97] emphasize
that the research gap is not primarily technical – it is not a matter of unavailable
technologies or interface limitations – but rather reflects a lack of conceptual
and empirical work specifically investigating AC in XR. They further highlight
that although asynchronous collaboration in XR remains underexplored, sev-
eral existing technical approaches could support it but not explicitly named as
“asynchronous collaboration”. Table 3.2 summarizes a set of existing techni-
cal approaches that support asynchronous collaboration in XR, as identified by
Letter et al. [97] and related works. These methods demonstrate that founda-
tional mechanisms for deferred interaction already exist and could be adapted
or extended within immersive systems.
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Table 3.2: Existing technical approaches supporting asynchronous collaboration in XR (adapted
from Letter et al. [97])

Reference Approach

Boboc et al. [16] Documentation of physical work steps

Feld and Weyers [51] Trace-based steps in TUI environments

Ludwig et al. [101] Tangible interfaces with digital access

Kim et al. [86] Spatial capture of MR telepresence systems

Jones et al. [83] Asynchronous audio/video conferencing practices

Perret and Vander Poorten [124] Use of commonly available physical proxies

Across the identified reviews, a consistent set of benefits and opportunities
associated with asynchronous collaboration in XR emerges. These can be
categorized into three major themes:

1. Creation and Retention of Information: A primary advantage of AC
in XR is the ability to create and retain digital information over time,
allowing collaborators to engage asynchronously. Users can leave an-
notations, spatial tags or full recordings that are persistently accessible,
facilitating knowledge retention and continuous project documentation
[38, 48, 53, 126, 139]. This is particularly beneficial in domains like
AECO, industrial maintenance (shift work), and crime scene investiga-
tion, where different experts contribute at different times [38]. Moreover,
systems could benefit from incorporating mechanisms akin to GitHub-
style change tracking for visualizing asynchronous updates to virtual
environments [126].

2. Collaboration on 3D and Spatial Information: Asynchronous XR
systems uniquely support collaboration anchored in 3D space. Through
place-based annotations, geolocalized tagging, and shared 3D artifacts,
collaborators can engage with spatial information even when they are not
co-present [38, 48, 53, 126, 139]. Sereno et al. [139] notably emphasize
the use of physical 3D tokens to facilitate quick and accurate navigation

48



3.2 Structured Literature Review

to spatial annotations, highlighting the richness of embodied, spatially-
grounded asynchronous interactions.

3. ContinuousWork Despite Absence of Collaborators: A defining char-
acteristic of asynchronous collaboration in XR is enabling workflow
continuity across time. Rather than requiring simultaneous presence,
collaborators can contribute sequentially, each building on prior inputs
[38, 48, 53, 126]. This model is particularly useful for distributed or
shift-based teams and supports longer-term, iterative project work. Ens
et al. [48] further argue that future systems should not treat synchronous
and asynchronous collaboration as exclusive concepts, but should instead
support smooth transitions between them.

Overall, asynchronous collaboration in XR remains a nascent but increasingly
relevant field. The reviewed literature shows a broad consensus that AC in
XR offers distinct benefits for information creation and retention, spatial col-
laboration and workflow flexibility – but that existing systems only begin to
explore these possibilities. Emerging challenges include the need for better
visualization of asynchronous changes, capture of non-verbal communication
cues in deferred collaboration and design methods for fluid transitions between
synchronous and asynchronous modes [53, 97]. Addressing these gaps presents
a promising frontier for advancing collaborative XR technologies, to which this
work contributes.

3.2 Structured Literature Review

While prior reviews cover literature published between 1995 and 2019, this
structured review update extends the scope to include relevant publications
from 2020 to 2025.

Based on these insights, a search strategy was developed for a systematic liter-
ature review, following principles adapted from the PRISMA framework[122].
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Records identified
through database search:
(Scopus=57, IEEE=34,
WoS=16, ACM=11)

n=118

Records after removal of duplicates:
n=34

Title/abstract screened:
n=34

Full-text articles as-
sessed for eligibility:

n=28

Core articles identified:
n=6

Articles included in synthesis:
n=9

Duplicates removed:
n=84

Excluded after screening:
n=6

Categorized n=28 articles:
Exclusion: n=12

Peripheral work: n=5
Related work: n=5
Core articles: n=6

Additionally included core articles:
(via snowballing: n=2,
via review articles: n=1)

n=3

Figure 3.2: PRISMA-based flow diagram of the structured literature review process for identifying
relevant articles on asynchronous collaboration in XR [122]

The Boolean search expression was designed to capture relevant studies explic-
itly addressing asynchronous collaboration in XR contexts. The search was
applied to the title, abstract and author keywords fields, and included filters
for English-language, peer-reviewed journal and conference publications from
2020 to 2025. Keywords and composition are listed in ³ Appendix A.1.

The following academic databases were queried: IEEE Xplore, ACM Digital
Library, Web of Science and Scopus.
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³ Search Expression: (“asynchronous collaboration”) AND (“XR”
OR “VR” OR “AR” OR “MR” OR “Extended Reality” OR “Virtual
Reality” OR “Augmented Reality” OR “Mixed Reality”)

This search yielded a total of n = 118 publications, which serve as the basis
for the systematic review presented in this work. The distribution of the search
results across databases is shown in Table 3.3, while Figure 3.2 depicts the
resulting PRISMA flow diagram. In addition to the structured database search,
a second source of literature was incorporated, based on the previously analyzed
review articles. These reviews yieldedn = 28 potentially relevant papers. After
applying the same screening criteria used in the structured search –excluding
single-user systems (n = 5), non-immersive or 2D-only implementations (n =

12) and one conceptual paper (n = 1) – a total of n = 10 review-derived papers
were retained and added to the article pool.

Table 3.3: Number of papers retrieved per database using the defined search expression

Database Number of Results

Web of Science (WoS) 16

ACM Digital Library 11

IEEE Xplore 34

Scopus 57

Total 118

After 84 duplicates were removed, the initial screening resulted in 28 included
articles. Articles that were off-topic, lacked empirical results or presented only
conceptual discussions were excluded, as well as articles that were preliminary
work of other included articles.

All screened articles were categorized into four groups – Excluded, Peripheral,
Related, and Core – that are listed in Table 3.4. This classification reflects
each work’s alignment with the analytical framework guiding this study, which
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emphasizes embodied interaction, spatial and cognitive task complexity, asyn-
chronous communication, coordination tools and cooperative mechanisms.

Table 3.4: Categorization of screened articles by origin (review articles, structured literature review,
and snowballing), grouped into excluded, peripheral, related, and core categories

Articles Source Excluded Peripheral Related Core

AC Review Arti-
cles

[9, 14, 31, 54,
57, 68, 140,
142, 155]

[17, 25, 58, 77,
84, 102, 103,
114, 125, 130,
134, 141, 167]

[66, 76, 90, 115,
166]

[156]

∑

reviews 9 13 5 1

Structured Litera-
ture Review

[6, 10, 17, 31,
32, 33, 41, 106,
107, 117, 118,
152]

[29, 59, 61, 81,
157]

[23, 96, 104,
133, 150]

[34, 52, 63, 154,
171, 172]

∑

SLR 12 5 5 6

Snowballing – – [120] [36, 159]
∑

snowballing 0 0 1 2
∑

total 21 18 11 9

Excluded works failed to meet basic relevance criteria. These include single-
user systems, non-immersive or 2D-only implementations, and conceptual pro-
posals without implementation or evaluation. While some addressed adjacent
themes such as spatial annotation, they lacked focus on temporally decoupled,
embodied multi-user collaboration.

Peripheral works engage with the idea of asynchronous collaboration in XR
but fall short in essential dimensions. Common limitations include minimal
embodiment, static content, low-immersion AR settings or one-way interaction
mechanisms. Many also lack empirical grounding. Though broadly relevant,
they were excluded from the synthesis due to insufficient support for interactive
or immersive depth.
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Related works align more closely with the review’s goals, often exploring indi-
vidual aspects like version control or shared scene navigation. However, they
are typically narrow in scope or passive in interaction, lacking features such as
coordinated workflows or reactive communication. These systems offer partial
support for asynchronous XR, but not enough to qualify as core contributions.

Core contributions most directly address the research questions of this thesis.
These systems combine asynchronous communication with spatial interaction
and coordination mechanisms, and crucially, are implemented and validated.
They demonstratemature support for embodied, multi-user collaboration across
time, forming the empirical foundation of the synthesis.

This structured categorization ensures that only systems with significant,
demonstrable support for asynchronous, embodied collaboration in XR are
considered in the synthesis. In addition to the structured database search,
further candidate papers were identified through prior review articles. A total
of n = 28 potentially relevant works were extracted. After applying the same
screening criteria used in the SLR – excluding single-user systems (n = 5),
non-immersive or 2D-only implementations (n = 12) and one conceptual paper
(n = 1)-n = 10 review – derived papers were retained. These were integrated
into the overall categorization and synthesis presented in this chapter.

Each system was evaluated across six categories central to asynchronous col-
laboration in XR, using a 0–3 scale as detailed in Table A.1 (³ Appendix A).
These dimensions reflect the extent to which a system supports immersive,
coordinated, and cooperative interaction across time:

• Embodiment: refers to how effectively a system supports embodied
communication, such as avatar presence, gesture expression or full-body
representation. Most systems only partially support embodiment, often
limited to head and hand tracking or ghost replays. Higher scores reflect
more expressive, full-body capture or situated avatar interaction.
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• Task Complexity: captures the cognitive, spatial, or physical sophisti-
cation of supported tasks. While many systems address moderate com-
plexity, such as design review or procedural walkthroughs, few cover all
dimensions – especially physical or tool-based interaction – in a struc-
tured manner.

• Communication: focuses on the degree of asynchronous interaction
supported between users. Most systems offer unidirectional communica-
tion through playback of recorded messages or demonstrations. Higher
scores reflect reactive, bidirectional or multi-modal communication –
such as voice, gesture, or annotations – that support dialogic interaction
over time.

• Coordination: refers to how a systemhelps usersmanage task flowacross
sessions. This includes timeline-based navigation, branching structures,
checkpoints, and task versioning. While timelines are common, few
systems support structured task management or transitions between syn-
chronous and asynchronous states.

• Cooperation: measures how users can build on one another’s work
asynchronously. Many systems only support sequential handovers, with
limitedmutual awareness or interdependent task evolution. Systems scor-
ing higher facilitate shared editing, response chaining or the persistence
of interactive contributions across users and time.

Together, these dimensions highlight key functional areas for enabling rich,
embodied asynchronous collaboration in XR-and also the gaps that current
systems often fail to bridge.

In addition to the core systems discussed above, several further paperswere iden-
tified through backward and forward snowballing. Among these, Holoportation
[120] is categorized as related, as it presents a technically advanced platform
for real-time volumetric telepresence andmentions potential for playback-based
experiences. However, it does not implement or evaluate asynchronous collabo-
ration (AC) features such as message persistence, user response mechanisms or
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interaction across time, which precludes its classification as core. Conversely,
AgainTogether [159] is included in the core set due to its explicit support for
asynchronous spatial communication, combining volumetric capture with em-
bodied replays. It addresses several elements of the 3C model and demonstrates
temporal decoupling between users, making it directly relevant to the study of
AC in XR.

3.3 SLR Synthesis

A six–dimension schema was applied, grounded in the 3C model (commu-
nication, coordination, cooperation) and complemented by embodiment, task
complexity, and XR continuum placement. The synthesis is presented by di-
mension; the coverage of core systems is summarized in Table 3.5.

Table 3.5: Conceptual mapping of representative XR approaches for ACCT across five dimensions:
embodiment, task complexity, communication, coordination, and cooperation

Related Work Embodi-

ment

Task

Complex-

ity

Commu-

nication

Coordi-

nation

Coope-

ration

Score

Guided Tour [63] ○○○ ○○ ○ ○ ○○ ○ ○○ ○○○ 5

Time Travellers [34] ○ ○○ ○○○ ○○ ○ ○ ○○ ○○○ 9

MAVRC [36] ○ ○○ ○○○ ○○○ ○○○ ○ ○○ 9

ReliveInVR [159] ○○○ ○○ ○ ○ ○○ ○○ ○ ○○○ 10

XR-LIVE [154] ○○ ○ ○○○ ○○○ ○○ ○ ○○○ 10

VRGit [172] ○○ ○ ○○○ ○○○ ○○○ ○○○ 11

Virtual Triplets
[171]

○○ ○ ○○○ ○○○ ○○ ○ ○○○ 11

Loki [156] ○○○ ○○○ ○○○ ○ ○○ ○○○ 11

Async Reality [52] ○○○ ○○○ ○○○ ○○ ○ ○○○ 13

Note: Each criterion is scored on a scale from 0 to 3 and visually encoded using circle
symbols. An empty circle (○) indicates no or negligible support, while up to three filled
circles (○) reflect increasing levels of functionality or completeness.
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3.3.1 Embodiment

Embodiment across reviewed XR asynchronous collaboration systems varies
widely in fidelity and expressiveness. Many systems rely on minimal represen-
tations, often limited to head and hand tracking or ghost avatars, as seen in Time
Travellers and MAVRC. These offer spatial awareness but lack expressive bod-
ily interaction. XR-LIVE, Guided Tour, and Virtual Triplets employ simplified
avatars or virtual guides, supporting presence but not interactional nuance.

Higher fidelity embodiment is realized inAsyncReality andReliveInVR through
full-body volumetric capture, enabling users to replay rich, situated perfor-
mances. Loki similarly supports embodied recordings, including gestures and
movement, making messages more expressive and situated. However, only
AsyncReality directly anchors the embodiment in the physical context with
temporal replay triggers. VRGit, despite excelling in task-state management,
offers only basic avatar presence, illustrating a trade-off between interaction
control and expressive embodiment.

This landscape highlights an ongoing gap: few systems enable expressive, multi-
modal embodiment that supports asynchronous social cues, spatial referencing,
or embodied feedback. Advancing this dimension will be key to fostering
natural, immersive asynchronous interactions.

3.3.2 Task Complexity

Most systems support spatial and cognitive tasks of moderate complexity, such
as navigation, design review, or procedural instruction. Time Travellers, Guided
Tour, and XR-LIVE focus on step-based or annotated task walkthroughs, of-
ten with predetermined flows. Virtual Triplets and MAVRC allow for more
open-ended exploration or message placement but do not include dynamic task
branching or adaptation.
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Systems like VRGit and AsyncReality demonstrate higher complexity by en-
abling branching contributions (VRGit) or contextual replay tied to user behav-
ior (AsyncReality), supporting reflective or iterative workflows. AsyncReality
introduces a unique causality graph linking tasks to physical space and temporal
dependencies, raising the complexity by linking actions to situated contexts.

Overall, physical interaction remains rare – most tasks rely on spatial cognition
and narrative reasoning rather than object manipulation or real-time technical
operation. This suggests an opportunity to integrate asynchronous workflows
into more hands-on or tool-supported XR domains.

3.3.3 Communication

Communication is the most commonly supported aspect of asynchronous XR
collaboration, as nearly all reviewed systems offer some form of recorded
message or demonstration for later playback. This typically takes the form
of unidirectional communication from one user to another – such as experts
recording guidance or instructors presenting lectures – which others can view
asynchronously. For example, Guided Tour and XR-LIVE provide recorded
demonstrations or avatar-based lectures that users can revisit at any time, often
with spatially situated audio and visual cues. These systems create a persistent
communication channel but do not allow recipients to respond or contribute
within the same medium.

Some systems move beyond passive consumption by allowing users to con-
tribute their own recordings or scene modifications. MAVRC expands on this
model by supporting multi-modal annotations – voice, hand gestures, and text
– anchored to specific viewpoints in 3D space. This enables richer expres-
sion and context-aware messaging, although interaction remains unidirectional.
Time Travellers supports annotations added during playback, offering a simple
form of user-to-user messaging through spatial tags. AsyncReality introduces
embodied recordings triggered by spatial context, adding a reactive dimen-
sion to communication. Although still lacking direct bidirectional exchange,
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these embodied messages are not only spatially anchored, but also function as
context-specific responses to prior actions. Loki further enriches the medium
by capturing full-body volumetric recordings combined with audio, enabling
expressive and immersive messages. However, it lacks persistent threads or
mechanisms to organize and navigate asynchronous conversations.

Virtual Triplets diverges from the broadcast model by supporting reactive
question-answer interactions with a virtual agent. While not peer-to-peer, this
introduces dynamic responsiveness into the communication flow. Yet across the
reviewed systems, true bidirectional or threaded communication between asyn-
chronous collaborators remains rare. Most tools do not allow for conversational
loops, feedback, or message linking, limiting asynchronous communication to
isolated contributions rather than collaborative dialogue.

In sum, while communication is themost consistently implemented 3C element,
it often remains static, linear, and one-sided. Future systems should evolve
toward more dialogic, multi-modal, and reciprocal communication structures
that better support sustained asynchronous interaction.

3.3.4 Coordination

Coordination mechanisms vary significantly across the reviewed systems, with
only a few offering structured temporal or task navigation tools. XR-LIVE
stands out by providing auto-pausing playback and structured steps, simulating
instructor pacing. Similarly, Time Travellers offers a timeline interface with
playback control but lacks deeper features like checkpoints or branching. Asyn-
cReality introduces a novel causality graph, enabling context-sensitive playback
of recorded user actions based on logical dependencies – providing a temporal
coordination layer distinct from traditional timelines.

The most sophisticated coordination support is seen in VRGit, which enables
version branching, merging, and task reuse, echoing Git-style workflows for
3D content. Conversely, Guided Tour and Virtual Triplets provide only linear

58



3.3 SLR Synthesis

playback or step-wise flowwith no control over task progression or state history.
MAVRC allows users to revisit task stages through spatially anchored multi-
modal annotations. While these annotations provide implicit guidance and
preserved viewpoints, MAVRC lacks explicit task progression tools such as
checkpoints or version tracking. Loki similarly supports playback of spatial
interactions without structured navigation or coordination layers.

ReliveInVR similarly supports timeline-based control of playback and allows
users to asynchronously view and respond to recorded actions placed in the
environment. While it does not provide explicit branching, checkpoints, or
workflow management, the ability to layer temporally decoupled responses
and spatially organize them contributes to a moderate degree of coordination
support.

Overall, coordination remains underdeveloped inmost systems, with onlyVRGit
offering full asynchronous navigation, branching and workflow management.

3.3.5 Cooperation

Cooperation – understood here as the interaction and mutual influence between
asynchronous users across time – is the least supported dimension in existing
XR systems. Rather than enabling collaborators to react to, adapt or build upon
each other’s contributions in ameaningful way, most systems treat asynchronous
engagement as a one-way or solo experience.

Guided Tour and XR-LIVE offer no cooperative mechanisms; users only con-
sume pre-recorded content without contributing anything that might be received
or responded to by others. Time Travellers and AsyncReality make progress
by enabling task continuation – users can record actions that others later see
and respond to – yet these responses do not feed back into a collaborative loop.
There are no feedback channels, no shared checkpoints, and no awareness of a
counterpart’s presence or intent, which limits true cooperative interaction.
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Virtual Triplets introduces a more reactive environment through agent-based
dialogue, but this is limited to human-agent interaction rather than peer-to-peer
cooperation. Loki supports rich embodied message capture that could serve
as a cooperative gesture, but the lack of persistent task state, context-aware
reactions or reply mechanisms keeps the cooperation one-sided. Loki and
MAVRC allow users to leave contextualized messages and replays, but their
contribution model is limited to sequential input without interaction chaining
or collaborative construction.

MAVRC’s annotations enable later users to understand prior input, yet the
system lacks mechanisms for mutual adaptation, shared editing or structured
cooperative workflows. As such, cooperation remains limited to temporal
awareness rather than active co-construction. VRGit remains the only system
to support structured, interdependent editing over time.

ReliveInVR contributes to cooperative asynchronous workflows by enabling
users to observe and build upon each other’s embodied messages. While there
is no shared editing space or explicit branching structure, the system allows
users to reply with new embodied recordings, creating a spatial and temporal
chain of contributions. This supports a form of reactive cooperation through
layered interactions in the shared environment, albeit without formal co-editing
or feedback loops.

VRGit comes closest to enabling asynchronous cooperation by visualizing
branching contributions and allowing users to merge or build upon others’
edits. While it does not offer rich dialogic interaction, it facilitates mutual
awareness and interdependent activity over time – a key step toward more struc-
tured cooperation.

In sum, most XR systems support only sequential handovers of activity. They
lack the cooperative scaffolding – such as reply mechanisms, feedback loops
or shared awareness – that would allow users to dynamically influence one
another’s work. Building systems that support reactive, reciprocal asynchronous
collaboration remains a critical challenge and opportunity.
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3.3.6 XR Continuum Analysis

Most reviewed systems support AC in immersive VR environments [36, 63, 63,
154, 159, 171, 172], while only a few extend these capabilities intoMR contexts
[34, 52, 156]. All reviewed systems span different points on the XR continuum,
yet their degree of immersion and integration with the physical world varies
significantly. Guided Tour, Virtual Triplets, and VRGit are VR-only systems
that provide rich, immersive environments, but lack interaction with physical
surroundings. XR-LIVE simulates educational environments within VR and
supports spatial task flows but remains confined to the virtual domain without
physical-world anchoring.

Time Travellers bridges VR and MR using HoloLens, enabling spatial an-
choring and some real-world visibility; however, the interaction still centers
on virtual annotations and playback. AsyncReality stands out for embedding
asynchronous interaction directly into physical workspaces via MR overlays
and spatially-triggered embodied recordings. It is the only system reviewed
that tightly couples virtual communication with real-world task environments,
addressing the needs of field-based or hands-on domains.

Loki demonstrates broad support across the XR continuum: it enables volu-
metric capture and playback in both VR and MR contexts, supporting hybrid
scenarios where users can alternate between immersive and real-world settings.
Its flexibility in deployment makes it particularly well-suited for bridging phys-
ical and virtual collaboration spaces.

This diversity reveals a key research opportunity: while immersive VR experi-
ences are common, few systems support blended or context-aware XR scenarios
that bridge physical and virtual actions in asynchronous workflows. Expanding
support for MR use cases and hybrid transitions remains an open challenge in
designing flexible, embodied asynchronous collaboration tools.
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3.3.7 System Analysis

Existing research on asynchronous collaboration (AC) in extended reality (XR)
environments is characterized by fragmented coverage across key dimensions of
interaction and workflowmanagement. Each system typically addresses distinct
use-cases and provides partial coverage of the 3C model – communication,
coordination, and cooperation – as summarized in Table 3.5.

For instance, Giovannelli et al. [63] proposedGuided Tour, a system that empha-
sizes spatial exploration and passive learning through recorded demonstrations,
yet lacks mechanisms for interactive engagement, bidirectional communication,
or cooperative task contribution. Cho et al. [34] introduced Time Travellers,
which incorporates basic avatar embodiment and timeline-based playback for
sequential task review. While it allows users to annotate recordings, the system
does not support reactive messaging, synchronous playback control or mutual
content modification.

Virtual Triplets [171] presents a more sophisticated interaction model through
a virtual agent that engages users in reactive question–answer dialogue, coupled
with full-scene embodiment and high task complexity. However, its commu-
nication remains system-mediated, and there is no support for co-editing or
branching collaborative workflows.

VRGit [172] stands out in terms of coordination and cooperation, offering
Git-like branching and merging for collaborative 3D design. Nevertheless,
the system lacks asynchronous communication capabilities, such as messaging
or dialog, and provides only basic embodiment. XR-LIVE [154] delivers a
structured educational experience with spatial checkpoints and guided task
flow, but communication is strictly unidirectional, and no peer interaction or
feedback mechanism is present.

AsyncReality [52] integrates volumetric capture and real-world context through
spatially-triggered recordings, enabling users to experience embodied playback.
Yet, communication remains one-way, and there is no mechanism for joint
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content creation or reactive response. Loki [156] also uses volumetric capture
and offers a more interactive communication model by supporting both live and
recorded spatial interactions, combining audio and embodied actions. While
it lacks persistent messaging or true asynchronous dialogue, its hybrid design
supports partial temporal continuity and role asymmetry.

MAVRC [36] introduces a VR-based environment for asynchronous commu-
nication in collaborative spatial tasks, using multi-modal annotations including
audio, text, and virtual gestures. It supports contextual replay within a shared
virtual scene, providing users with a preserved perspective of the recorded con-
tent. Though embodiment is limited to head and hand presence, and cooperation
mechanisms are basic, MAVRC excels in communication expressiveness and
temporal task guidance through multi-modal cues.

ReliveInVR further contributes to the field by supporting spatially situated,
asynchronous embodied messaging between users. It enables collaborators to
respond to each other’s recordings within the same immersive environment,
supporting communication, coordination, and a limited form of cooperation.
Despite lacking branching or task-state tracking, its support for contextual,
reactive interaction represents a meaningful step toward dialogic asynchronous
collaboration.

These systems collectively show that richer embodied or audio-based commu-
nication is possible in AC, yet truly dialogic and co-constructive interaction
across sessions remains rare.

3.4 Research Gaps

Despite growing interest in asynchronous collaboration (AC) in XR, existing
systems exhibit persistent limitations across the core dimensions of interaction
– communication, coordination, and cooperation – and fall short of delivering
a unified, embodied collaborative framework. While recent additions such
as Loki show progress in hybrid embodiment and educational replay, most
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existing solutions still emphasize only one or two aspects of the 3C model,
without offering a fully integrated framework that supports all three in tandem.

Fragmented Feature Support: Functionality remains fragmented and
tailored to narrow use cases. Systems like Guided Tour and XR-LIVE provide
rich one-way communication via expert demonstrations but offer no means for
peers to respond, contribute or co-create. Others – such as Time Travellers,
and AsyncReality – support limited reactive or spatial communication, such
as annotations or playback of embodied recordings, yet lack feedback loops
or dialogic structures. Loki advances this space with volumetric replay and
spatial messaging, but lacks coordination mechanisms and persistent task or
message tracking. VRGit excels in coordination and cooperation through ver-
sion control, but does not support embodied or multi-modal communication.
Virtual Triplets introduces agent-based Q&A, but remains confined to scripted
instructional flows, lacking peer-driven cooperation.

Limited Bidirectional Communication: Most XR systems support only
unidirectional or system-mediated messaging. Even in more advanced sys-
tems, such as Loki, asynchronous messages lack threading, response cycles,
or message provenance. Rich, multi-modal, dialogic interaction across time –
encompassing gesture, voice, spatial referencing, and replyable message history
– remains essentially absent across current systems.

Constrained Coordination Models: Timeline interfaces dominate the
current coordination landscape, with few systems supporting structured naviga-
tion or task state awareness. VRGit remains the only example with non-linear
branching and merging, while others rely on linear playback or implicit han-
dovers. Loki offers basic timeline playback, but no structuring mechanisms.
No system supports transitions between synchronous and asynchronous modes
– a major gap for hybrid workflows.
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Underdeveloped Cooperation: Cooperation – understood as meaningful
interaction between asynchronous users – is still rare. Most systems only allow
sequential handovers without true feedback loops or shared spaces. While VR-
Git supports persistent artifacts and branching, it lacks communicative integra-
tion. Time Travellers, AsyncReality, and Loki allow users to view or respond
to prior actions, but do not support mutual influence, adaptive task states or
shared progress management. Real cooperative editing, response chaining, or
joint progress tracking is effectively absent.

Lack of Awareness and Provenance: Users in most systems remain
unaware of who contributed what, when or why. Few tools provide any visual
or semantic trace of interaction history. Even in Loki or Time Travellers, where
users view prior activities, there is no way to annotate, thread or contextualize
them. Only VRGit offers a structured task evolution model, but it is not linked
to embodied or spatially anchored actions.

Minimal Integration with Real-World Context: Most systems operate
exclusively in virtual domains. Loki supports VR and MR context, but does
not deeply embed interaction in physical workflows. Only AsyncReality an-
chors embodied communication directly in the user’s environment. Bridging
embodied XR communication with physical tools and real-world workflows re-
mains largely unexplored – despite its critical role in practical, domain-specific
applications such as engineering, fieldwork or healthcare.

While some progress is evident – especially in systems like Loki (for hybrid
embodiment) and VRGit (for structured task evolution) – no existing solu-
tion provides fully integrated, multi-modal asynchronous collaboration with
dialogic communication, context-aware coordination, and mutual cooperation.
Most systems still rely on static handovers, one-way playback and passive ob-
servation, offering little support for truly collaborative, temporally distributed
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workflows. Future systems must address this fragmentation by supporting per-
sistent, embodied and co-constructive collaboration – across time, space and
modality.

3.5 Summary and Outlook

This chapter reviewed the current state of asynchronous collaboration in XR,
combining insights fromprior review literature and a structured literature review.
Through a two-stage process – synthesizing existing XR collaboration reviews
(1995–2019) and conducting a PRISMA-based structured review (2020–2025)
– nine core systems were identified and evaluated across six key dimensions:
embodiment, task complexity, content richness, communication, coordination
and cooperation.

The analysis revealed several critical limitations in the current landscape:

• Fragmented Feature Support: Most systems focus on isolated aspects
– communication, coordination or cooperation – rather than addressing
them in an integrated, holistic manner.

• Limited Bidirectional Communication: Many solutions rely on one-
way messaging (e.g. instructional replay), lacking support for dialogic
interaction, feedback loops or follow-up mechanisms.

• Constrained Coordination Models: Task flows are typically linear and
fixed. Only VRGit introduces branching and merging (akin to version
control), but without immersive integration.

• Underdeveloped Cooperation: Existing workflows mostly follow a se-
quential handover model, with minimal support for meaningful interac-
tion or co-construction across time.
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• Lack of Awareness and Provenance: Few systems capture and commu-
nicate who didwhat, when, or why. Embodied traceability and contextual
referencing are often absent.

• Minimal Real-World Anchoring: Many systems operate solely in vir-
tual contexts and do not incorporate physical workflows or real-world
spatial alignment.

While some platforms – such as VRGit, Loki, and AsyncReality – propose
partial solutions, none of the reviewed systems provide a unified framework
capable of supporting embodied, multi-modal and interactive asynchronous
collaboration across the full XR spectrum.

In Simpler Terms

This chapter showed that while there are promising XR tools for working
across time, most of them do only part of the job. Some let users leave behind
instructions, but do not allow others to respond easily. Others help track versions
of work, but do not show what people actually did in 3D space. What is missing
is a complete system – one that lets collaborators leave understandable, spatially
anchored messages and gives others the tools to respond, adapt, and build on
that work as if they were present.

How to Proceed

The limitations identified in this chapter define the conceptual gap addressed in
the next part of this thesis:

³ Chapter 4 introduces the ACIE framework – a modular concept for asyn-
chronous collaboration in XR – developed to address the gaps identified in the
literature and to support complex engineering workflows across time and space.
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³ Chapter 5 describes how the ACIE framework was implemented across XR
platforms, with system components realized for asynchronous communication,
coordination and cooperation.
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Asynchronous Collaboration in

XR

Based on the theoretical foundations established in ³ Chapter 2, this chapter
introduces a concept for AC in XR environments. The proposed framework
integrates methods that enable the three C’s of collaboration – communication,
cooperation, and coordination – to occur asynchronously, supporting seamless
interaction across time.

In complex tasks with strong spatial and physical components – such as those
encountered in engineering – XR technologies offer a powerful technical foun-
dation for enablingAC.As discussed in³Chapter 3, recent research has begun
to explore XR’s potential for asynchronous collaboration, yet most approaches
address only isolated aspects: some support asynchronous messaging with-
out coordination; others implement versioning without embodied interaction.
Comprehensive, integrative solutions remain rare.

To address this gap, this chapter presents ACIE – a holistic framework for
asynchronous collaboration in immersive environments such as XR. It builds
upon and extends prior work to meet the demands of spatial and procedural
engineering tasks.

The remainder of this chapter is structured as follows: ³ Section 4.1 introduces
the overall ACIE framework. ³ Section 4.2,³ Section 4.3, and³ Section 4.4
detail the three core modules: asynchronous communication, cooperation, and
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coordination, respectively. Finally,³ Section 4.5 discusses how the framework
supports asymmetric collaboration across XR modalities.

4.1 ACIE Framework

In this work, it is investigated how XR technologies can support asynchronous
collaboration in complex engineering tasks – such as remote maintenance,
assembly training, or procedural reviews. These tasks are inherently spatial,
procedural, and embodied – dimensions that are insufficiently supported by
traditional media such as text, static images or linear video.

By embedding digital content into physical environments, XR enables novel
forms of visualization and interaction with both past and ongoing processes.
Beyond improving spatial perception, XR affords persistent, embodied repre-
sentations of collaboration – allowing users to observe predecessors, commu-
nicate with successors and contribute asynchronously. This positions XR as a
uniquely powerful enabler of temporally decoupled collaboration.

To operationalize this potential, the ACIE framework introduces three inter-
related modules that support asynchronous communication, cooperation and
coordination in immersive, physically anchored environments as depicted in
Figure 4.1. These modules address research questions RQ1.1, RQ1.2, RQ1.3

which are summarized in Figure 4.2.

Asynchronous communication (RQ1.1) requires spatially and temporally em-
bedded information to be exchanged effectively – without necessitating co-
presence.

To support this, ACIE introduces Immersive Messages, which capture users’
spatial actions and voice as multi-modal recordings, and Proxy Playback, which
replays these messages in situ using embodied avatars. The Immersive Commu-
nication Protocol (ICP) defines a structured data format for motion and con-
text information, ensuring consistent representation and replay across systems.
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² Asynchronous Collaboration

Asynchronous

Communication

RQ1.1

(³ Section 4.2)

Ü
Immersive Message

¥
Avatar Record

�
Proxy Playback

Z
Immersive Communication Protocol

Asynchronous

Cooperation

RQ1.2

(³ Section 4.3)

³
Role Management

%
Message Categorization

¨
Interactive Proxies

Asynchronous

Coordination

RQ1.3

(³ Section 4.4)

=
Stepwise Structuring

Ñ
Immersive Version Control

Figure 4.1: Conceptual model of asynchronous collaboration structured into communication, co-
operation, and coordination mechanisms, with related research questions and corre-
sponding sections.
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Research Objective: Propose an XR-based approach to facilitate ACCT
through improved representation and communication of spatial context.

RQ1: Can XR be used to improve ACCT?

RQ1.1: Can avatar capture and playback in XR be used to im-
prove asynchronous communication in CT?

RQ1.2: Can interactive question–answer mechanisms in XR be
used to improve asynchronous cooperation in CT?

RQ1.3: Can step-by-step organization of recordings and immer-
sive version control in XR be used to improve asynchronous co-
ordination in CT?

RQ2: Comparative evaluation is provided in Chapter 6 →

Figure 4.2: Decomposition of RQ1 into sub-questions (communication, cooperation, coordina-
tion).

These mechanisms establish a persistent, embodied communication channel
across time.

Asynchronous cooperation (RQ1.2) requires mechanisms for building upon,
adapting to and responding to others’ contributions across time.

To this end, ACIE incorporates Message Categorization (e.g. directive vs.
reactive content), Role Management (e.g. expert vs. novice perspectives) and
Interactive Proxies, which extend passive avatars into embodied agents that can
be queried or responded to interactively. These components support temporally
decoupled yet responsive interaction between collaborators.

Asynchronous coordination (RQ1.3) involves managing the temporal and pro-
cedural integration of contributions within a shared spatial context.
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ACIE addresses this through Stepwise Structuring of Immersive Messages,
which enables segmented replay and navigation, and through an Immersive

Version Control System (iVCS). Inspired by Git, the iVCS records, exchanges,
and merges 3D workspace states across collaborators – supporting versioning,
conflict resolution, and task alignment in immersive workflows.

Analysis of related work has shown that existing systems tend to address only
isolated aspects of asynchronous collaboration. Some focus on immersive
messaging without structuring or interaction [36, 159], while others empha-
size spatial versioning without embodied communication [172]. None of the
reviewed solutions provide a comprehensive or integrative framework.

The ACIE concept directly addresses this gap by unifying immersive com-
munication, interactive cooperation and spatial coordination within a single
framework1.

The following sections elaborate on the three modules of ACIE: asynchronous
communication (³ Section 4.2), cooperation (³ Section 4.3) and coordination
(³ Section 4.4).

4.2 Asynchronous Communication

Effective asynchronous collaboration requires more than overlapping availabil-
ity – it necessitates a robust infrastructure for transmitting information and
work progress across time. This section introduces two central components
that support immersive asynchronous communication: Immersive Messages

and the Immersive Communication Protocol (ICP). Together, these elements
enable seamless, temporally distributed communication in support of complex,
spatially embedded tasks.

1 This concept, presented under the title EduAvatars, was recognized with the
Best Concept Award 2024 by the German Institut für Virtual Reality (DIVR):
https://divr.de/award/rueckblick-xr-science-award-2024/
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4.2.1 Immersive Messages

Immersive Messages form the core communication mechanism in ACIE. They
enable temporally displaced interaction by capturing and transmitting spatially
embedded, embodied activity through XR-based recording techniques. Two
primarymechanisms define this process: Avatar Recording andProxyPlayback.
Figure 4.3 illustrates this asynchronous communication flow, beginning with
the recording of spatial activity and voice, followed by the serialization and
transmission of the Immersive Message, and culminating in the contextual
replay of the contributor’s behavior through a proxy avatar in the recipient’s
environment.

Figure 4.3:Workflow of an Immersive Message Exchange in ACIE: (1) Avatar Recording captures
a collaborator’s spatial motion and voice; (2) the data are serialized into an Immersive
Message file and exchanged between the collaborators; (3) on reception, Proxy Playback
re-embodies the sender in the recipient’s scene, enabling spatially aligned, temporarily
shifted collaboration.

An Immersive Message is created by capturing a collaborator’s spatial tracking
data relative to the task environment – including body movement, verbal utter-
ances, non-verbal gestures, and object interactions – and structuring this data
into replayable formats. This process, referred to here as Avatar Recording, is
conceptually similar to motion capture but leverages native XR device sensors
instead of external tracking systems or specialized suits. The recorded data
is stored in serialized files and distributed to collaborators for asynchronous
playback.

To deliver themessage, ImmersiveMessage files are imported into the recipient’s
immersive environment and replayed through Proxy Avatars. These avatars

74



4.2 Asynchronous Communication

embody the original contributor’s recorded behavior and allow recipients to
observe the message in context while retaining full interactivity with their
surroundings. This playback mechanism – termed Proxy Playback – supports
intuitive, spatially aligned communication across sessions.

Immersive Messages thus enable collaborators to share instructions, feedback
and observations across time and space. The following subsections describe
the two underlying mechanisms in detail.

Avatar Recording

In immersive environments, users are represented by avatars that convey embod-
iment and interaction capabilities. To facilitate asynchronous communication,
these actions must be recorded and structured for replay. In ACIE, this is
achieved via Avatar Recording – a multi-modal process capturing both spatial
motion and voice.

The recording consists of two synchronized streams:

• MotionStream (Frame-BasedCapture): Continuous recording of head
and hand poses (6DoF), gestures and object interactions. This data is seri-
alized into timestamped frames, forming a temporally structured motion
sequence for precise spatial replay. Early work such as V-Mail [75] and
MASSIVE-3 [65] demonstrated this approach, and recent extensions have
incorporated embodied task execution and richer semantics [52, 156].

• Voice Stream (Audio Recording): Parallel to motion, speech is cap-
tured as an audio stream to convey intent, instruction or commentary.
Synchronized voice enhances comprehension, providing semantic con-
text alongside visual behavior. This principle is supported by systems
such as that by Chow et al. [36], which demonstrated the value of inte-
grating multi-modal feedback.
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4 Conceptual Design for Asynchronous Collaboration in XR

Proxy Playback

Proxy Playback is the mechanism by which Immersive Messages are delivered
asynchronously. It enables collaborators to experience the actions and voice of
a previous contributor through a proxy avatar within the immersive workspace.

A proxy avatar serves as a temporally displaced representation of a collabo-
rator, visualizing their recorded actions – including body movements, object
interactions and speech – in the shared spatial environment. Playback is fully
embedded within the recipient’s environment, allowing them to interpret prior
contributions from their own perspective and engage with ongoing task ele-
ments.

Unlike traditional asynchronous media such as video or annotated text, proxy
playback is spatially and contextually anchored. This allows users to grasp not
just what was done, but how and where it occurred. The recipient remains in
control of the environment and can pause, reposition or revisit recorded content
as needed.

ò Ghost Metaphor: Proxy avatars may be visualized with semi-
transparent or ethereal effects to signal their asynchronous, non-live
nature. This visualization supports intuitive awareness of temporal
displacement and was successfully used in prior XR training systems
[170].

By delivering spatially embedded, multi-modal communication, Proxy Playback
forms the immersive layer for asynchronous collaboration. Its extension into
interactive and responsive messaging is elaborated in³ Section 4.3.

While previous work (³ Section 3.2) has demonstrated components of mo-
tion capture and replay, ACIE integrates them into a cohesive communication
model – directly linking them to asynchronous cooperation and coordination
(³ Sections 4.3 and 4.4).
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4.2.2 Immersive Communication Protocol

To ensure consistent asynchronous communication, ACIE introduces the Im-

mersive Communication Protocol (ICP) – a specification for encoding and
interpreting embodied interactions across time. ICP defines how motion and
interaction data are structured, stored and replayed in a platform-independent
format.

The protocol, as depicted in Figure 4.4, is responsible for serializing spatial
behaviors, such as gesture, movement and object manipulation, into structured
message objects. While voice data is recorded separately in standard formats
(e.g. WAV), ICP ensures synchronized playback by linking audio and motion
streams.

Instruction

Instruction ID
Spatial Anchor (Pose)

Record Data

Record ID

Frame DataFrame DataFrame DataFrame DataFrame Data

Frame Index
Head Pose

Controller Data (Right)

Controller Data (Left)

Controller Hand Type (Right, Left)
Controller Pose
Controller Attachment Data

Hand Bone Data

Wrist Bone Poses
Index Finger Bone Poses
Middle Finger Bone Poses
Ring Finger Bone Poses
Little Finger Bone Poses
Thumb Bone Poses

Figure 4.4: Record data structure (ICP implementation).
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Structured Motion Recording

ICP structures user activity into a sequence of time-indexed frames. Each frame
captures a snapshot of the user’s state and interactions at a specific time. An
overview is provided in Table 4.1.

Table 4.1: Key components of a frame in the Immersive Communication Protocol.

Component Description

Frame Index Sequential identifier denoting the frame’s position in time.

Head Pose 6 DoF head position and orientation, indicating gaze and viewpoint.

Controller Data Pose and orientation of each controller; includes object attachment
metadata.

Hand Bone Data Joint-level tracking of fingers and wrists, enabling expressive replay.

Object Interaction Interaction state with referenced objects, including IDs and transfor-
mation data.

These components provide the structural foundation for immersive messaging –
enabling temporally accurate playback, referencing of interaction events and in-
tegration with cooperative or coordinated workflows. The separation of motion
and voice data ensures modularity while allowing synchronized, multi-modal
replay.

This structured messaging architecture supports asynchronous communication
in ACIE, addressing the following sub-question:

® RQ1.1: Can avatar capture and playback in XR be used to improve
asynchronous communication in CT?
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4.3 Asynchronous Cooperation

While asynchronous communication allows collaborators to exchange informa-
tion across time, effective cooperation in complex tasks requires more than
messaging. It involves engaging with the contributions of non-present collab-
orators, adapting to their inputs and building upon their work toward a shared
goal. Unlike synchronous cooperation, where participants interact in real time
and can respond immediately, asynchronous cooperationmust occur without co-
presence or instant feedback. This temporal separation makes the coordination
of interactive contributions particularly challenging.

To address these challenges, ACIE employs three interrelated mechanisms:

• Role Management defines interaction privileges and responsibilities
based on participant roles;

• Message Categorization structures collaboration into directive and re-
active exchanges;

• Interactive Proxies extend message replay with embodied, reactive in-
teraction interfaces.

Together, these components compensate for the lack of co-presence by enabling
deferred responsiveness, turn-based engagement and contextual feedback.

4.3.1 Role Management

In cooperative workflows, roles define the nature and boundaries of participant
interactions. While many systems apply uniform roles, complex engineering
scenarios often exhibit asymmetrical knowledge distribution. A typical con-
figuration involves an Expert, who provides guidance or content, and a Novice,
who receives and acts on that input [63, 154, 156].
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4 Conceptual Design for Asynchronous Collaboration in XR

This asymmetry informs permissions and responsibilities: experts generate,
edit and curate instructional material, while novices execute instructions and
provide feedback. Table 4.2 summarizes the role-based access patterns in
typical ACIE scenarios.

Table 4.2: Role-Based permissions in asynchronous immersive cooperation.

Permission Expert Novice

View instructions ✓ ✓

Create instructions ✓ –

Modify instructions ✓ –

Delete instructions ✓ –

Report questions/issues – ✓

View questions/issues ✓ –

Respond to questions/issues ✓ –

View responses ✓ ✓

These roles help structure cooperation by aligning participant capabilities with
the flow of task execution and support needs.

4.3.2 Message Categorization

To facilitate structured cooperation across time, messages in ACIE are catego-
rized by intent and interaction pattern. Two primary classes are distinguished:

• Directive Messages typically sent by experts, these provide unidirec-
tional guidance such as instructions or demonstrations. They initiate
collaboration but do not anticipate immediate feedback.

• Reactive Messages, sent in response to directives, often by novices.
These include questions, issue reports, confirmations and other replies
that form a distributed dialogue.
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This categorization enables temporally structured, bidirectional cooperation.
For example, a novice may execute a directive message and subsequently send
a question or issue report. The expert may then respond with an answer or
solution, which continues the loop.

Table 4.3 lists common message types and their interaction patterns.

Table 4.3: Message types in asynchronous immersive cooperation.

Message Type Direction Sender Receiver

Instruction Unidirectional Expert Novice

Demonstration Unidirectional Expert Novice

Question Reactive Novice Expert

Issue Report Reactive Novice Expert

Answer Reactive Expert Novice

Solution Reactive Expert Novice

Feedback Reactive Expert / Novice Expert / Novice

Confirmation Reactive Any Original Sender

This typology supports turn-based collaboration, allowing participants to en-
gage in asynchronous problem-solving while maintaining message traceability
and contextual coherence.

4.3.3 Interactive Proxies

To further approximate the interactivity of synchronous collaboration, ACIE
introduces Interactive Proxies – enhanced versions of proxy avatars that serve
as embodied interfaces for deferred interaction.

In addition to replaying past actions, interactive proxies support contextual user
input and response delivery. They allow collaborators to:

• Initiate new messages – by interacting with a proxy avatar, users can ask
questions, report issues or submit feedback;
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• Access responses – proxies can act as representatives for receiving an-
swers or follow-up content.

This interactionmodel enables participants to communicate indirectly butmean-
ingfully through embodied representations. For instance, a novicemight interact
with an expert’s proxy avatar to report a problem. Later, the expert can engage
with the novice’s proxy to review the issue and reply accordingly.

Proxies may incorporate features such as full-body avatars, gaze direction, facial
expressions or voice playback (³ Chapter 5), enhancing the sense of presence
and supporting intuitive engagement.

Conceptually, Interactive Proxies enable asynchronous co-presence – allowing
users to interact with temporally displaced collaborators in a shared spatial
environment. They form a bridge between recorded behavior and responsive
dialogue, extending static replay into dynamic cooperation.

4.3.4 Asynchronous Interaction

Figure 4.5 illustrates the asynchronous interaction loop between expert and
novice collaborators. This loop implements asynchronous cooperation through
a structured exchange of directive and reactive messages.

The process begins when the expert creates a directive message (e.g. an instruc-
tion or demonstration). The novice receives this message and applies it in their
task context. If difficulties arise, such as unclear instructions or encountered
issues, the novice creates a reactive message (e.g. question or issue report)
by interacting with the expert’s proxy avatar. When the expert next enters the
system, they review the reactive message via the novice’s proxy and respond,
either by clarifying (response) or adapting the original instruction (instruction
update).

This back-and-forth interaction enables problem-solving and coordination de-
spite temporal separation, while approximating direct interaction between the
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  Expert   Novice

Create
Instruction

# Directive Message
(Instruction)

Apply
Instruction

Report
Issue
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Create
Response
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(Response)

Adapt
Instruction

# Directive Message
(Instruction Update)

Apply
Instruction

Interaction may

repeat as needed

}

Figure 4.5: Enhanced asynchronous sequence diagram with explicit message types and report
interaction step.

collaborators through their proxies. Thus, ACIE compensates for the lack of
co-presence and fosters interactive collaboration across time.

This interaction loop addressesRQ1.2 by providing amechanism throughwhich
users engage in question-and-answer processes asynchronously within spatial
XR environments. Specifying the following RQ for further investigation:

® RQ1.2: Can interactive question–answer mechanisms in XR be
used to improve asynchronous cooperation in CT?
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The proxy-mediated exchange of structured messages supports mutual adapta-
tion, task clarification, and contextualized feedback, key aspects of successful
cooperation.

Although the diagram is presented in an asymmetric, expert-novice configura-
tion, the underlying structure generalizes to symmetric collaboration as well. In
this case, all collaborators can: create and share directive messages (e.g. doc-
umentation or instructions) and respond to one another with reactive messages
(e.g. providing feedback). This supports a broad range of use cases, including
peer workflows, co-creation scenarios and distributed documentation.

4.4 Asynchronous Coordination

Asynchronous collaboration in XR environments presents unique coordination
challenges due to the decoupling of time and co-presence between contributors.
Coordination in this context must address not only communication but also the
structured delivery, management, and integration of spatial contributions and
immersive messages created asynchronously.

4.4.1 Message Coordination

A central challenge in asynchronous coordination is managing messages that
are temporally and contextually displaced. Effective collaboration requires not
only the transmission of ImmersiveMessages, but alsomechanisms to structure,
order and reference them in ways that preserve temporal continuity and task
coherence.

While synchronous coordination benefits from real-time awareness, co-presence
and immediate feedback, asynchronous collaboration must function in the ab-
sence of these cues. Contributors are often compelled to provide comprehensive
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information within each message, anticipating possible responses or clarifica-
tions. As a result, asynchronous communication tends to become denser, en-
compassing multiple task steps, decisions and potential contingencies within a
single message.

This temporal dispersion increases the cognitive and organizational demands
of coordination. Without structural support, collaborators may lose context,
overlook dependencies, or duplicate effort. To mitigate these risks, it is essen-
tial to make visible the temporal sequence, task progression, and interaction
dependencies – enabling collaborators to understand not only what was done,
but also when and why.

A common method for sharing immersive contributions involves recording
entire sessions and replaying themasynchronously through proxy avatars. While
this offers embodied communication, it introduces coordination difficulties:
referencing specific moments within long recordings is cumbersome, especially
when relying on abstract indicators such as timestamps.

To address this, ACIE introduces the concept of Stepwise Structuring. Rather
than treating an immersive message as a monolithic recording, users segment it
into discrete steps aligned with the logical structure of the task – either manually
or through semi-automated capture per step. Each step represents a modular
sub-message, allowing collaborators to:

• Replay specific segments on demand,

• Navigate non-linearly between steps (e.g. forward, backward, repeat),

• Clarify individual actions or instructions,

• Integrate new contributions in a logically structured workflow.

Stepwise structuring improves flexibility and navigability. Segments can be
independently replaced or updated, and reactive messages can be anchored to
specific steps, enhancing traceability and interaction clarity.
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Moreover, this structure enables advanced forms of coordination: feedback can
be contextualized per task segment, review markers and status indicators can be
embedded within the message timeline, and collaboration histories can be con-
structed through branching and merging paths – allowing multiple contributors
to operate in parallel and later converge their input.

Prior work has shown that stepwise instruction improves collaborative task
performance by reducing information overload and enhancing recall [154].
In ACIE, immersive messages are thus reimagined as interactive, navigable
timelines – not merely playback files, but structured coordination artifacts.

Stepwise Structuring constitutes a foundational contribution to asynchronous
XR collaboration. It supports orientation across time, fosters responsive inter-
action, and enables modular integration of contributions across collaborators.

To explore this contribution empirically, the following sub-question is addressed
in subsequent chapters:

® RQ1.3: Can step-by-step organization of recordings and immersive
version control in XR be used to improve asynchronous coordination
in CT?

4.4.2 Work Coordination

While message coordination ensures temporal alignment and referenceability
of communication, asynchronous collaboration also demands methods for man-
aging the evolution of shared spatial work environments. Work Coordination,
in this context, refers to the systematic handling of contributions, modifications
and accumulated progress over time within an immersive workspace.

This challenge is particularly evident in XR, where changes are not textual
or symbolic, but spatial, embodied and interactive. Contributors manipulate
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objects, alter positions and perform actions embedded directly in the 3D en-
vironment. Capturing, exchanging and integrating these spatial states asyn-
chronously requires a fundamentally different coordination logic than that used
in traditional collaborative systems.

Version Control Systems (VCS) offer a mature model for managing contribu-
tions and tracking progress in software development. However, their appli-
cation to immersive environments remains limited. Prior work has explored
VCS-like systems for 3D models and physical assemblies, allowing users to
inspect changes or visualize construction histories over time [96, 118]. While
these approaches demonstrate the value of tracking spatial evolution, they do
not fully address the complexities of asynchronous, immersive collaboration.

ò The iVCS adapts core version control concepts to immersive spatial
workflows:

Git Command Git Function iVCS Function

Commit Record changes to the reposi-
tory

Capture 3D workspace snap-
shot

Push / Pull Transfer commits to/from a
remote repository

Exchange versions asyn-
chronously

Branch Create a new line of develop-
ment

Create independent spatial
work paths

Merge Integrate changes from an-
other branch

Resolve and integrate 3D con-
tributions

A more recent system by Zhang et al. [172] introduces a truly immersive VCS
for VR, supporting spatial contribution recording, persistent history tracking as
well as branching and merging of collaboration paths. Building on this founda-
tion, ACIE proposes an immersive Version Control System (iVCS) specifically
tailored for asynchronous collaboration on complex tasks in XR.
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Inspired byGit2, the iVCS enables contributors to record, exchange and organize
spatial contributions directly within the XR environment – without relying on
external tools that would disrupt immersion. To support asynchronous work
coordination, it manages three core operations: registering new contributions,
exchanging them between collaborators and organizing the shared progress.
These operations correspond to the core Git concepts of commit, push/pull and
branching/merging.

New Contributions

Collaborators can capture the current state of the immersive workspace as a
versioned snapshot. Each version encodes object positions, transformations and
interaction states, representing a distinct point in the task’s evolution. Unlike
symbolic commit operations in software, this process is integrated into the
spatial workflow – allowing users to commit their progress without breaking
immersion.

Exchanging Contributions

Since asynchronous collaborators work at different times and locations, the
iVCS enables them to exchange contributions as packaged state updates. These
include version lineage (e.g. predecessor-successor relationships), supporting
the reconstruction of how each contribution builds on prior work. Push and
pull operations are seamlessly embedded within the immersive environment.

2 Git is a distributed version control system used in collaborative software development:
https://git-scm.com/
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4.5 Asymmetric Collaboration

Organizing Contributions

As collaboration progresses, divergent contributions may arise. The iVCS
allows contributors to branch their work into parallel histories and later merge
them into a unified version. Conflict detection is critical: spatial conflicts occur
when collaborators make incompatible changes to the same object. These must
be resolved interactively and visually, leveragingXR’s affordances for inspecting
3D states and maintaining semantic consistency in the shared scene.

Therefore, the iVCS constitutes a second foundational mechanism for asyn-
chronous coordination in XR. Whereas stepwise message structuring supports
communication flow, the iVCS ensures that spatial work contributions remain
persistent, versioned and resolvable across time and collaborators.

The investigation of how this concept contributes to asynchronous coordination
in complex tasks is included in RQ1.3.

4.5 Asymmetric Collaboration

In virtual engineering, collaboration often spans the full XR continuum – from
fully virtual environments (VR) to physical spaces enhancedwith digital content
(AR and MR). Depending on the task stage, user role or physical location,
collaborators may engage with different modalities of the same workspace.
Supporting such asymmetry is essential for real-world deployment, where tasks
must transition fluidly between physical and virtual contexts.

ACIE addresses this requirement by ensuring that asynchronous collaboration
functions consistently across XR modalities. Core components – including
Immersive Messages, Proxy Playback and the Immersive Communication Pro-
tocol (ICP) – are designed to operate agnostically across VR, AR, andMR. This
enables collaborators to create, exchange and replay contributions regardless of
their current modality.
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However, this flexibility introduces spatial challenges. To maintain coherence
between modalities, the system must ensure accurate alignment of virtual con-
tributions with physical environments. Robust registration and localization –
especially in MR – are therefore integral to ACIE’s implementation (³ Chap-

ter 5) and ensure that spatial contributions remain consistent across contexts.

Figure 4.6: Asymmetric collaboration across XR modalities.

4.6 Summary and Outlook

This chapter introduced the ACIE framework – a holistic concept for supporting
asynchronous collaboration on complex engineering tasks in XR. Building
on the theoretical foundations of ³ Chapter 2 and the gaps identified in
³ Chapter 3, the framework systematically addresses the three pillars of
asynchronous collaboration (communication, cooperation, and coordination)
through dedicated XR concepts.

• Asynchronous Communication: Enabling Immersive Messages and
Proxy Playback, supported technically by the Immersive Communica-

tion Protocol. It allows spatially and temporally embedded actions to be
reliably captured and replayed across collaborators and devices. These
concepts are further addressed in RQ1.1.
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• Asynchronous Cooperation: Enabling structured message types (direc-
tive vs. reactive), role-based interaction models (e.g. expert vs. novice)
and Interactive Proxies for embodied, turn-based responses across time.
These features support asynchronous mutual adaptation and are further
explored in RQ1.2.

• Asynchronous Coordination: Addressed through two mechanisms –
Stepwise Structuring of immersive content and the Immersive Version

Control System (iVCS) – enabling organization, branching and integration
of spatial contributions over time using Git-inspired versioning adapted
for the use in XR. Both concepts are addressed in RQ1.3.

• Asymmetric Collaboration: While not in the focus of ACIE research,
asymmetric collaboration was addressed as a practical necessity for en-
gineering applications. Through registration and localization, ACIE en-
sures spatial alignment of contributions across modalities (VR, AR,MR).
These aspects are essential for real-world deployment.

Together, these concepts form a modular yet interrelated foundation for asyn-
chronous collaboration in XR.

In Simpler Terms

This chapter outlined how engineers can collaborate effectively in XR environ-
ments, even when working at different times and from different locations.

The ACIE framework enables users to leave behind detailed, embodied records
of their actions – including gestures, object manipulations and voice instructions
– that can later be revisited by others in the same spatial context. These asyn-
chronous contributions function much like a temporal footprint in the shared
workspace, enabling others to observe, respond to and build upon previous
work, as if the original collaborator were present.
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To manage this process, ACIE draws on familiar paradigms such as messaging
systems and version control – reimagined for spatial and embodied interaction.
As a result, every contribution becomes part of a structured, persistent collab-
oration history that supports clarity, continuity and coordination over time.

How to Proceed

The conceptual foundation laid out in this chapter serves as the basis for the
following sections:

³ Chapter 5 presents the technical implementation of the ACIE framework,
detailing how the proposed concepts were realized and integrated.

³ Chapter 6 addresses RQ2, focusing on the evaluation of the framework in
applied engineering scenarios.

ACIE addresses the core components of asynchronous collaboration in XR.
The next chapter presents its technical implementation and prepares for its
evaluation in applied engineering contexts.
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In this chapter, the implementation of the ACIE framework, conceptually intro-
duced in³Chapter 4, is described. While a complete technical documentation
of all components and iterations is beyond the scope of this dissertation, selected
insights into key architectural decisions, representative prototypes and imple-
mentation phases are presented. The process follows the principles of Design
Science Research (DSR), in which conceptualization and implementation are
conducted as iterative cycles. Accordingly, the system was not realized in a sin-
gle step but through repeated loops of implementation, evaluation, refinement
and re-evaluation. This iterative character is reflected in the multiple prototypes
and user studies detailed in the sections that follow.

5.1 System Overview

The implemented system architecture1, illustrated in Figure 5.1, supports asyn-
chronous collaboration in XR through a modular and extensible pipeline. At
its core, the system is orchestrated by the Replay Manager, which coordinates
the capture, storage and playback of spatial activity data. This includes skele-
tal avatar poses, full-body motion and user interactions with virtual objects –
enabling rich reconstruction of asynchronous user actions.

1 This implementation under the acronym SKI2LL-AI ranked fourth among 30 nominated
projects in theKITNEULAND InnovationContest 2025: https://kit-neuland.de/en/innovation-
contest
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Figure 5.1: System architecture overview of the ACIE framework, illustrating key modules for XR
interaction, asynchronous messaging, and file-based coordination. Arrows indicate
data and control flow between runtime and support components.

The prototype was developed in Unreal Engine (UE) 5.3.22, targeting stan-
dalone XR headsets such as the HoloLens3 and Meta Quest4. This platform
focus allows for untethered deployment in real-world environments, including
production sites and shop floors.

To capture and align motion data, the system integrates both the MetaXR plu-
gin5 (v1.97.0) and UE’s native LiveLink system. The MetaXR plugin en-
ables full-body pose estimation via Meta’s Body Movement SDK and supports
passthrough MR, room modelling and spatial anchoring. Spatial anchors are

2 UE (UE) is a high-performance, real-time development environment supporting modular C++
and visual scripting, and native XR integration: https://www.unrealengine.com

3 Microsoft HoloLens Augmented Reality Head Mounted Display:
https://learn.microsoft.com/de-de/hololens/

4 Meta Quest Mixed Reality Head Mounted Display: https://www.meta.com/de/quest/
5 MetaXR Plugin: https://developers.meta.com/horizon/downloads/package/unreal-engine-5-

integration
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5.1 System Overview

used to register all recorded interactions relative to the physical environment.
LiveLink translates real-time tracking input into skeletal poses compatible
with UE’s animation blueprint system. These poses are applied to the Player
Avatar during live operation and to the Replay Proxy during asynchronous
playback.

The Registrator component computes the relative transformation between
the player and the environment using MetaXR spatial anchor data, ensuring
consistent alignment and spatial referencing across devices and sessions. The
Replay Manager records pose sequences and associated metadata using glob-
ally defined structs such as Frame, Pose and Record, which serve as the
backbone of the immersive message format. Structured data is passed to the
File Manager, serializing and exporting these immersive messages to the
Filesystem.

Conversely, the File Manager also handles the import and parsing of immer-
sive messages from storage. These are passed to the Replay Manager, where
the Replay Proxy is animated and transformed in each update cycle based on
the reconstructed motion data.

System transitions between operational states (e.g. capture, playback, pause) are
managed by the State Manager, which communicates with both the Replay
Manager and the UI layer. User input from virtual menus (e.g. step navigation,
question playback or answer recording) is forwarded to the relevant system
components to trigger the corresponding actions.

Finally, the systemmanages voice input and audio data via the Runtime Audio

Importer plugin6 (v1.0 for UE 5.3+) and UE’s native audio capture and play-
back systems. This enables immersive messages to convey not only gestural
and spatial content, but also spoken instructions, facilitating multi-modal asyn-
chronous communication. Audio and motion playback are synchronized by the
Replay Manager based on time-aligned sequencing.

6 Runtime Audio Importer: https://solutions.georgy.dev/runtime-audio-importer
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5 Implementation

5.2 Asynchronous Communication

This section outlines the technical implementation of asynchronous commu-
nication using XR Messages, which operationalize the concept of Immersive
Messages introduced in ³ Chapter 4. These messages enable temporally de-
coupled task guidance and feedback by encoding spatial, gestural and verbal
cues into replayable data.

5.2.1 XR Messages

As shown in Figure 5.2, the ACIE framework captures spatial, gestural, and
verbal data through modular components to enable asynchronous, immersive
communication. These XR Messages consist of motion data, gestural input,
and synchronized audio, allowing one user to leave immersive instructions that
can be replayed asynchronously by another user via a proxy avatar.

Player Avatar

The fidelity and structure of the user avatar determine the granularity and
richness of the captured data. In earlier versions of ACIE, simplified upper-
body avatars were used, consisting only of head, torso and hands. Accordingly,
only the head and hand poses needed to be captured and replayed, alongside
metadata such as hand states (e.g. open, grab)[Mayer et al. [5].

As the system evolved, so did the avatar complexity, and with it, the sophistica-
tion of data required for realistic proxy representation. A major advancement
was the introduction of hand tracking, enabling high-fidelity capture of finger
motions and detailed hand gestures.7 [ Mayer et al. [8]. This advancement
significantly enhances non-verbal communication fidelity-crucial in practical

7 MetaXR hand tracking provides 25 tracked joints per hand, supporting natural gestures and
tool interactions; see Appendix A, Figure A.3.
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Figure 5.2: Detailed overview of the ACIE components involved in avatar capture and proxy
playback

tasks, where gestures and handling actions are often difficult to convey purely
through verbal description.

Another substantial improvement was the adoption of full-body avatars, which
likewise required capturing and replaying full-body movements on proxy rep-
resentations [ Kastner et al. [2]. These avatars improve the perception of
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(a)MetaXR skeletal mesh structure (b) UE Quinn skeletal mesh structure

Figure 5.3: Comparison of skeletal mesh structures of MetaXR and UE avatars, used for retar-
geting in avatar motion replay. Detailed joint structures are provided in Appendix A,
Figures A.1 and A.2

co-presence and embodiment, reportedly enhancing user experience in collab-
orative XR scenarios.

In the current implementation, the default UE mannequin avatar Quinn is used.
Figure 5.3 illustrates the differences between the skeletal structure retrieved via
MetaXR API and that of the UE avatar. These include coordinate systems, joint
alignments (e.g. pelvis region) and naming conventions. Since MetaXR provides
raw joint data at runtime, a retargeting asset is employed to map this data onto
the UE skeleton. Corresponding joint names and mappings are detailed in
³ Appendix A, Table A.2, Table A.3 and Table A.4.

During runtime, skeletal tracking data is streamed via MetaXR and LiveLink

into the avatar system. This data is processed in the avatar’s animation blueprint,
using inverse kinematics and retargeting logic to reconstruct and animate the
user’s full-body motion in real time. The resulting animation reflects the user’s
embodied actions and forms the basis for immersive message capture.
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Avatar Capture

The avatar motions, specifically the skeletal joint transformations computed
in each update frame, are captured by the Replay Manager. The capture
sequence, shown in Figure 5.4, is triggered by the Replay State Machine,
which initiates the recording phase.

Figure 5.4: Sequence diagram of the avatar recording process

Upon activation, a new message data structure is created (³ Section 5.2.2,
Figure 5.6). In every frame, the current relative avatar pose, skeletal joint
transforms (referenced to the spatial anchor) and manipulated object trans-
forms are appended. The necessary reference transform is retrieved from the
Registrator. Scene understanding and spatial anchoring is further described
in³ Section 5.5. When the system exits the recording state, the XRMessage is
serialized into a JSON file and saved together with the associated audio record-
ing via File Manager to files on the local File System. The pseudocode of
this procedure is depicted in Algorithm 1.

Proxy Playback

Once an XR Message has been recorded, it can be replayed using the system’s
Proxy Playback functionality. During this process, a proxy avatar reenacts the
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Algorithm 1 Record Immersive Message
1: Initialize message M
2: Start audio-stream recording
3: t0 ← current time
4: referenceTransform← spatial anchor transform
5: while recording state do
6: ∆t← current time −t0
7: relativePose← player transform in scene
8: skeletalPose← joint transforms applied with referenceTransform

9: objectsPose← ∅

10: for each manipulated object o do

11: po ← transform of o applied with referenceTransform

12: Add (o, po) to objectsPose

13: end for

14: frame← (∆t, relativePose, skeletalPose, objectsPose)
15: Append frame to M

16: t0 ← current time
17: end while

18: Stop audio recording and save as WAV
19: SerializeM to JSON
20: Save JSON and WAV to Filesystem

previously captured motion and object interactions, effectively delivering the
immersivemessage to another user in a sharedXR environment. It is crucial that
the environment state remains unaffected, supporting non-invasive guidance,
asynchronous collaboration or side-by-side task execution. The playback loop
is detailed in Algorithm 2.

Algorithm 2 Replay Immersive Message (Proxy Playback)

1: Load frame sequence F = [f1, f2, . . . , fn] from JSON
2: Start audio playback and sync at t0
3: t← 0
4: for i← 1 to n do

5: Wait for∆ti
6: Apply pose fi.skeletalPose to Replay Proxy

7: Apply pose fi.objectsPose to object proxies
8: t← t+∆ti
9: end for
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Playback is managed by the Replay Manager, loading the recorded message
file from the File System via the File Manager, as shown in the compo-
nent overview (Figure 5.2). The internal execution sequence is visualized in
Figure 5.5.

Figure 5.5: Sequence diagram of the proxy avatar playback process

Here, the Replay State Machine triggers playback by signalling the Replay
Manager, which then loads the message, retrieves the reference transform from
the Registrator and starts audio playback. In each frame of the update loop,
the skeletal pose and object transforms are applied to their respective Replay
Proxies. Each message consists of a sequence of time-stamped frames con-
taining motion and proxy data. Once playback is complete or cancelled by the
user, the audio and proxy playback is stopped and the system returns to idle.

This mode enables immersive message delivery as a temporally synchronized,
embodied experience-preserving spatial references, supporting verbal and non-
verbal communication and allowing asynchronous collaboration without requir-
ing the sender’s live presence.

5.2.2 XR Messaging Protocol

To enable consistent recording, interpretation and transmission of XR Messages,
the system relies on a well-defined message protocol. This protocol specifies
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the structure and semantics of all data elements that make up an immersive
message, including avatar poses, object interactions, timing and optional audio
references.

By enforcing this structured format, the system ensures that ImmersiveMessages
can be serialized, stored and later interpreted correctly across different devices
and contexts. It also facilitates interoperability and debugging, and enables
future extensions such as AI-based interpretation, partial replays or remote
message visualization.

Each message is encoded as an Immersive Message data structure, as illus-
trated in Figure 5.6. It includes metadata fields such as message ID, author
and message type (e.g. step, question, answer), as well as a sequence of time-
stamped frames. Each frame contains a skeletal pose and a list of manipulated
objects, representing the user’s spatial actions at a specific moment.

The skeletal pose itself is further decomposed into joint-level data structures to
support full-body motion capture. Object interactions include spatial transfor-
mations and metadata such as the path to the associated mesh. Time-stamps
enable precise synchronization between motion data and speech playback.

This message protocol forms the backbone of the system’s file-based commu-
nication and enables asynchronous exchange of embodied behavior in XR.

5.2.3 Evaluation of Asynchronous Communication

To assess the utility and feasibility of the asynchronous communication sys-
tem, a sequence of user studies was conducted across different prototypes and
development stages. Each study targeted specific aspects of the system’s effec-
tiveness in immersive collaboration scenarios and led to iterative improvements
within the DSR design cycle. Figure 5.7 presents the decomposition of RQ1

into the more specific subquestion RQ1.1 and its corresponding hypothesis
H1.1 “Avatar capture and playback in XR exhibit acceptable usability for asyn-

chronous communication in CT, according to usability criteria.”.
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Figure 5.6: Data structures used in the immersive message protocol

To validate the hypothesis, several experiments were carried out to assess the
practical use of the concepts implemented in ACIE prototypes. Standardized
metrics such as the System Usability Scale (SUS) and NASA TLX – widely
used in HCI and CSCW – were employed to evaluate usability and cognitive
load. These studies enabled iterative validation of system functionality and
informed framework refinements for the final evaluation.
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RQ1: Can XR be used to improve ACCT?

RQ1.1: Can avatar capture and playback in XR be used to improve
asynchronous communication in CT?

H1.1: Avatar capture and playback in XR exhibit acceptable
usability for asynchronous communication in CT, according to
usability criteria.

M1.1: Effectiveness, efficiency, and satisfaction according
to ISO [78].

RQ1.2: Decomposition is provided in Fig. 5.13 →

RQ1.3: Decomposition is provided in Fig. 5.15 →

Figure 5.7: Decomposition of RQ1.1 with corresponding hypothesis and measurements.

[Literature: This concept’s implementation and evaluation appeared
in Mayer et al. [5] within a VR context, were discussed in Mayer et al.
[8] for AR, and were analyzed in Kastner et al. [2] with MR.

Initial validation was conducted in VR using a prototype with a simplified half-
body ghost avatar [ Mayer et al. [5]. In a between-subject study (N = 10),
participants completed a 10-step assembly task using virtual parts (e.g. ball
bearings, screws, circlips, rods, gears) with an Oculus Quest 2 HMD. Guidance
was provided either by replayed translucent “ghost”-avatar instructions or by a
PDF manual shown in VR – step navigation was available in both conditions.
Usabilitywas high in both groups (SUS:AvatarM = 86.0,SD = 7.83; Manual
M = 78.5, SD = 12.57), with no significant difference (Mann-Whitney
U = 6.5, p = .245). NASA-TLX totals were lower for the avatar condition
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(M = 35.67, SD = 13.37) than for the manual condition (M = 45.50,
SD = 13.99), but the difference was not significant (t(10) = 1.814, p =

.121). An After Scenario Questionnaire (ASQ) post-test showed similarly high
satisfaction (Avatar M = 4.40, SD = 0.37; Manual M = 4.60, SD = 0.37),
with no significant difference (Mann-Whitney U = 8.5, p = .403). Together,
these results indicate comparable usability and efficiency, with trends toward
lower mental demand, effort and temporal pressure in the avatar condition (see
Fig. 5.8).

Figure 5.8: NASA-TLX workload ratings from the SalentoXR study, showing reduced cognitive
demand on most subscales for the ghost avatar condition

The next iteration, HoloHands [ Mayer et al. [8], introduced multi-modal
instructions using hand tracking and voice input. In a within-subject study
(N = 22), participants performed two block-assembly tasks with 57 Jenga
pieces each under both conditions: AR HoloHands on HoloLens 2 and a PDF
manual on a desktop display. Accuracy was higher with the PDF condition
(Wilcoxon Z = 2.69, p = .01, r = .41; MHoloHands = 45.82, MPDF = 52.95).
Usability ratings were good in both conditions (SUS AR M = 75.34, SD =

16.94; SUS PDF M = 84.09, SD = 12.04) and did not differ significantly at
the total-score level (paired t(21) = −1.89, p = .072; Wilcoxon T = 77.5,
p = .121). NASA-TLX totals likewise showed no significant difference, while
item-level effects indicated higher perceived cumbersomeness and need for
support for AR (SUS4 Z = 2.91, p < .01, r = .44; SUS8 Z = 2.54, p = .01,
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r = .38), lower perceived performance on TLX (Z = 3.04, p < .01, r = .46),
and lower ASQ time satisfaction for AR (Z = 2.30, p = .02, r = .35).

Finally, the full-body avatar prototype was evaluated in a real-world pump-
station setup [ Kastner et al. [2]. Participants (N = 11) executed a scripted
maintenance procedure (inspection, valve and level checks, and a measure-
ment run increasing pump frequency from 8 to 32Hz in 2Hz steps) while
following avatar proxy instructions on a standalone MR headset. All partic-
ipants completed the task without errors. Usability (SUS) differed descrip-
tively by experience (experienced M = 75.0, SD = 12.4; inexperienced
M = 66.4, SD = 16.1), but the group difference was not significant (Welch
t(7.88) = 0.99, p = .353). Workload (NASA-TLX) was comparable be-
tween groups (inexperienced M = 3.16, SD = 1.05; experienced M = 3.57,
SD = 1.41); the difference was not significant (two-sample t(9) = 0.55,
p = .595).

Table 5.1: Usability (SUS) of Avatar Capture and Playback across evaluated implementations.

Study
Condition A
M ± SD

Condition B
M ± SD p

Mayer et al. [5] (VR)
Replay Avatar
86.0± 7.83

PDF Manual
78.5± 12.57 .245

Mayer et al. [8] (AR)
AR HoloHands
75.34± 16.94

PDF Manual
84.09± 12.04 .121

Kastner et al. [2] (MR)
Experienced
75.0± 12.4

Inexperienced
66.4± 16.1 .353

These results are summarized in Table 5.1 and provide formative support for
hypothesis H1.1. Across studies, usability was good to high and all tasks
were completed. Where inferential tests were conducted, differences on total
SUS and overall NASA-TLX were not statistically significant; however, de-
scriptive tendencies toward lower mental demand, effort and temporal pressure
with avatar replay, together with positive user ratings, indicate that immersive
message replay is feasible and well accepted for asynchronous communication.
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¥ Summary: This section evaluated the feasibility of asynchronous
communication using avatar-based proxy playback across VR, AR and
MR contexts. Results from successive prototypes showed comparable
workload and good usability; together, these findings provide formative
support for H1.1 and indicate that immersive message replay can sup-
port communication and task guidance in asynchronous collaboration.

5.3 Asynchronous Cooperation

Asynchronous collaboration in immersive environments introduces unique chal-
lenges due to the decoupling of time and co-presence. Prior research on AR-
based remote assistance has shown that shared hand gestures and annotations
can support spatial tasks effectively [160, 161]. Building on this, the ACIE
framework expands asynchronous cooperation by introducing embodied proxy
avatars that not only replay captured user behavior, but also enable meaningful
interaction with non-present collaborators.

5.3.1 Proxy Avatars

Proxy avatars serve as interactive stand-ins for remote users, embodying their
prior actions, queries or responses. Depending on the context, different avatar
types were implemented throughout the framework development to suit task
and embodiment needs. Figure 5.9 shows the three implemented proxy-avatar
types – half-body, full-body, and Metahuman – in real environments.

Half-Body Proxy Avatar

An early, simplified version consisting of head, torso and hands. In applications
using controllers, virtual hands represent the controllers with three animation
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Figure 5.9: Examples of proxy avatars implemented in the framework. From left to right: a half-
body proxy (head and hands) in see-throughAR; a full-body proxy avatar in passthrough
MR; and a Metahuman proxy avatar in passthrough MR.

states: open, near-grab, and grab. In stationary scenarios – such as workbench
assembly tasks – users primarily focus on hand and object interactions. In
these settings, the half-body proxies proved sufficient to convey hand actions
effectively.

Technically, only the head and hand transformations are recorded. In controller-
based applications, virtual hand states are captured. In hand tracking scenarios,
the system logs all hand joint data to enable smooth motion and gesture replay.

Full-Body Proxy Avatar

For non-stationary, room-scale scenarios, full-body avatars were implemented
using the abstract default characters from UE, as illustrated in Figure 5.3b.
These avatars enhance the perceived co-presence of non-present collaborators
and help users interpret spatial navigation. Compared to floating half-body
proxies, grounded full-body avatars more clearly communicate location and
movement-especially important in AR and MR contexts, where small registra-
tion mismatches can occur between virtual and physical spaces.
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Full-body motion is estimated using the MetaXR plugin’s inverse kinematics
model. The resulting skeletal animation is retargeted to the standard UE man-
nequin via Unreal’s retargeting tools. This retargeting increases modularity, as
the UE skeletal structure is widely supported within the ecosystem.

During playback, the recorded skeletal transformations are applied via an ani-
mation blueprint, driving the avatar’s full-body motion by mapping the data to
corresponding joints.

Metahuman Proxy Avatars

Since full-body motion is mapped to the UE skeleton, it is possible to swap
the avatar mesh with any compatible character model – including photorealistic
Metahumans8. This allows a high degree of personalization.

Personalized avatars can be created by capturing a user’s facial geometry using
photogrammetry (e.g. via Polycam9) and mapping it onto a Metahuman char-
acter using UE’s Metahuman Creator. Figure 5.10 shows an example with an
integrated scanned face.

The resultingMetahuman can then be imported into UE and used as the skeletal
mesh in the ACIE Replay Proxy component.

Ghost Proxy

To distinguish proxy avatars from live collaborators and to preserve spatial
clarity, ghost metaphors were employed. Both avatars and proxy objects are
rendered semi-transparently, visually separating them from avatars [ Mayer
et al. [5]. This enhances perceptual clarity, supports temporal awareness and
reduces visual clutter during task execution, particularly useful in asynchronous

8 UE’s Metahuman: https://www.unrealengine.com/en-US/metahuman
9 3D scanned using Polycam: https://polycam.io/
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(a) 3D surface model (b)Metahuman with scanned face

Figure 5.10: Creation of a personalized Metahuman avatar using photogrammetry

contexts where proxies replay past actions. Figure 5.11 depicts different ghost
proxies in VR and MR.

(a) Ghost proxy in VR (b) Ghost proxy in MR

Figure 5.11: Ghost avatars and object proxies for non-intrusive replay

Object Proxies

In VR scenarios – and occasionally in AR or MR – users interact with virtual
objects. When this interaction is recorded, the system logs the object’s model
reference, pose and transformation sequence. During playback, the proxy object
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is reconstructed using the recorded model path and animated using the logged
transformation data. Figure 5.11a shows ghosted object proxies (in blue) along-
side an avatar. Unlike proxy avatars, object proxies are non-interactive, they
serve purely for contextual replay of user actions.

5.3.2 Role-Aware Proxy Interaction

Proxy avatars not only replay behaviors, they act as communication anchors.
Depending on the user’s role (e.g. novice or expert), interaction menus em-
bedded in the proxies allow for recording and playback of reactive messages,
contextualized to specific task steps (³ Section 5.4).

Figure 5.12 illustrates the role-based menu logic: novices interact with expert
proxies to ask questions, while experts interact with novice proxies to record and
deliver responses. Each menu offers preview, record and playback functionality,
reinforcing the temporal link between collaborators.

(a) Novice interacting with expert proxy (b) Expert interacting with novice proxy

Figure 5.12: Role-specific proxy menus for asynchronous interaction. The novice records and
previews a message on the expert’s proxy (e.g. a question) and later plays back the
expert’s response. The expert reviews the original issue and records an answer on the
novice’s proxy.
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5.3.3 Evaluation of Proxy-Based Asynchronous

Cooperation

To assess the impact of embodied proxy avatars on asynchronous cooperation, a
controlled within-subject study was conducted comparing three different guid-
ance modalities in an industrial setting. Figure 5.13 presents the decomposition
of research questionRQ1 into its specific subquestionRQ1.2, the corresponding
hypothesis H1.2 and measurement criteriaM1.2.

RQ1: Can XR be used to improve ACCT?

RQ1.1: Decomposition is provided in Fig. 5.7 →

RQ1.2: Can interactive question–answer mechanisms in XR be used
to improve asynchronous cooperation in CT?

H1.2: Interactive question–answer mechanisms in XR exhibit
acceptable usability for asynchronous cooperation in CT, accord-
ing to usability criteria.

M1.2: Effectiveness, efficiency, and satisfaction according
to ISO [78].

RQ1.3: Decomposition is provided in Fig. 5.15 →

Figure 5.13: Decomposition of RQ1.2 with corresponding hypothesis and measurements.

Participants completed an industrial commissioning task that required identi-
fying system errors and using the proxy interaction system to communicate
asynchronously with an expert. Each participant experienced all three instruc-
tion modalities: (1) a 2D Video on a smartphone (baseline), (2) AR video
playback embedded in the physical environment using Microsoft HoloLens and
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(3) an avatar proxy playback using the Meta Quest Pro. Figure 5.14 depicts all
modalities in the experiment setting.

Figure 5.14: Industrial task guidance using three different asynchronous instruction modalities:
(1) 2D video on smartphone (top right), (2) AR video embedded in physical space via
HoloLens (top left and bottom left), and (3) immersive avatar-based playback in VR
using Meta Quest Pro (top center and bottom right)

Participants used the role-based proxy interaction menus to record, receive and
playback asynchronous voice-and-motion messages in context. Between itera-
tions, they filled out questionnaires while the expert prepared their responses.
Afterward, participants could return to the task and address the reported issues
using the expert’s answers.

Cooperation was measured using a custom Likert scale (1 − 5), reflecting per-
ceived helpfulness, engagement and coordination effectiveness of the interac-
tion. Usability was assessed using the SUS. All participants were able to
successfully complete the task in each condition, confirming that the asyn-
chronous Q&A system functioned reliably and supported effective information
exchange.

Quantitative results showed modality effects on both usability and cooperation.
For SUS, the smartphone was highest (M = 90.8, SD = 13.8), followed by
the avatar (M = 63.3, SD = 7.6) and HoloLens (M = 55.0, SD = 9.0).
A repeated-measures ANOVA indicated a significant difference, F (2, 4) =

20.8, p < .01, η2
p
= .91; pairwise t-tests showed smartphone > HoloLens
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(t(2) = −4.51, p < .05), while smartphone vs. avatar (t(2) = −2.40, p = .14)
and avatar vs. HoloLens (t(2) = 1.65, p = .24) were not significant. For
cooperation, means were highest for the avatar (M = 4.6, SD = 0.51),
followed by the smartphone (M = 4.1, SD = 1.02) and HoloLens (M =

2.9, SD = 0.84). A repeated-measures ANOVA revealed a significant effect,
F (2, 4) = 32.91, p < .01, η2

p
= .94; pairwise tests indicated smartphone >

HoloLens (t(2) = −11.00, p < .01) and avatar > HoloLens (t(2) = 8.66,
p < .05), with no difference between avatar and smartphone (t(2) = 1.51,
p = .27). Tables 5.2 summarizes the usability results.

Table 5.2: Usability (SUS) across modalities. Means are reported as M ± SD.

Condition SUS M ± SD p (overall

ANOVA)

2D Video (Smartphone) 90.8± 13.8

<.01Avatar Proxy (Meta Quest) 63.3± 7.6

AR Video (HoloLens) 55.0± 9.0

These findings provide formative supportH1.2, indicating that interactive Q&A
via embodied proxy avatars can improve ACCT. While traditional AR video-
based methods were easier to use, the avatar proxy provided the clearest sense
of co-presence and supported intuitive spatial reference, which contributed to
higher perceived cooperation. The ability to record and respond to contex-
tualized messages at specific task steps enabled meaningful temporal linking
between participants, demonstrating the potential of immersive proxy-based
communication in asynchronous industrial scenarios.
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¥ Summary: This section formatively evaluated proxy-based asyn-
chronous cooperation across three modalities. Avatar proxies showed
the highest cooperation ratings with significant differences relative to
AR video, whereas the smartphone baseline was descriptively highest
on usability. Taken together, these results cautiously suggest that em-
bodied proxies can strengthen cooperative perception, while familiar
video retains advantages in ease of use.

5.4 Asynchronous Coordination

Asynchronous coordination in XR environments tackles the challenge of en-
abling temporally decoupled yet contextually coherent collaboration. Fig-
ure 5.15 presents the decomposition of research question RQ1.3 into the corre-
sponding hypothesis H1.3 and measurement criteriaM1.3.

This question guides the implementation of two technical components: a step-
wise message organization system and the immersive Version Control System
(iVCS).

5.4.1 Message Navigation and Referencing

Empirical studies suggest that stepwise instruction delivery improves collabora-
tive task performance by reducing information overload and enhancing memory
retention [154]. Structuring immersive messages into discrete task steps trans-
forms asynchronous interaction from passive playback into a navigable and
task-aligned communication flow. In ACIE, this structure plays a central role in
asynchronous coordination, enabling contextual responses, step-specific queries
and just-in-time guidance.
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RQ1: Can XR be used to improve ACCT?

RQ1.1: Decomposition is provided in Fig. 5.7 →

RQ1.2: Decomposition is provided in Fig. 5.13 →

RQ1.3: Can step-by-step organization of recordings and immersive
version control in XR be used to improve asynchronous coordination
in CT?

H1.3: Step-by-step organization of recordings and immersive
version control in XR exhibit acceptable usability for asyn-
chronous coordination in CT, according to usability criteria.

M1.3: Effectiveness, efficiency, and satisfaction according
to ISO [78].

Figure 5.15: Decomposition of RQ1.3 with corresponding hypothesis and measurements.

This concept is grounded in the overarching inquiry of how XR can support
asynchronous coordination in cross-context tasks.

To implement step-aligned messaging (RQ1.3), the State Manager tracks the
user’s current instruction step and message state (e.g. idle, playing, record-
ing). State changes are initiated via the Player Hand Menu and forwarded to
the Replay Manager for processing. Figure 5.17 shows menu variations for
both roles (novice and expert), as well as status changes during playback and
recording.

The hand menu appears when the user performs a pinch gesture (thumb and in-
dex finger touch) and disappears when the gesture ends. It presents role-agnostic
controls for navigating between steps (Next, Back) and for triggering playback
(Play) or recording (Record), depending on the current role and message type.
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The current step number and message status (e.g. stopped, playing, recording)
are displayed at the center of the menu for immediate feedback.

To ensure consistent organization of immersive messages in the file system, a
directory-based structure is employed. Messages are grouped by task step, user
ID and message type – distinguishing between instructional content, queries
and replies:

[userID][stepID][MessageType].[extension]

An example directory for the first three steps may look as follows:

step_01/
Alice/
Alice_Instruction_01.json
Alice_Instruction_01.wav
Alice_Answer_01.json
Alice_Answer_01.wav

Bob/
Bob_Question_01.json
Bob_Question_01.wav

step_02/
Alice/

Alice_Instruction_02.json
Alice_Instruction_02.wav

step_03/
Alice/

Alice_Instruction_03.json
Alice_Instruction_03.wav
Alice_Answer_03.json
Alice_Answer_03.wav

Bob/
Bob_Question_03.json
Bob_Question_03.wav

Figure 5.16: Directory structure of asynchronous collaboration session recordings.

This structure ensures that each immersive message is contextually linked to a
specific step and user, allowing dynamic message resolution and synchronized
playback within the collaborative timeline.
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(a) Novice view (b) Expert view (c) Record step 7 (d) Play step 1

Figure 5.17: Hand menu variations depending on user role (novice or expert) and the current state
of the replay system (e.g. recording, playing, stopped)

5.4.2 Immersive Version Control System (iVCS)

To support asynchronous coordination and temporal awareness in spatial col-
laboration, an Immersive Version Control System (ivcs) was designed and im-
plemented using UE 4.27 and later UE 5 [91]. The iVCS system translates
established software versioning principles into a spatial and embodied environ-
ment.

At its core, the system builds on UE’s SaveGame component to persist complete
scene states, capturing object positions, properties and associated usermetadata.
These saves act as commits within a branching version tree that reflects the
evolving history of a collaborative task. Users can traverse this history spatially
within the VR environment, reviewing and selecting past states as needed.

The following Git-like features were implemented in immersive form:

• Commit (Save): Each version of the scene is stored as a SaveGame
object, saved to disk with a unique identifier and user annotation. This
enables reliable rollback points and change tracking.

• Branching: Users can create alternative progress paths from any existing
version node. Each branch maintains its own linear history, allowing
collaborators to explore divergent solutions or revisions.
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• Checkout: By selecting a node in the version tree, users can load and
enter that scene state. Spatial continuity is preserved to prevent disorien-
tation.

• Merge (Prototype): Although full spatial conflict resolution was not
implemented, the system architecture allows for future development of
merge tools. A conceptual UI formerging scene differenceswas explored,
emphasizing visual comparison.

• Visual Version Tree: A 3D tree structure presents all versions and
branches as spatial nodes. Each node includes a thumbnail preview and
metadata (user, timestamp, description), aiding orientation and compari-
son.

• Timeline Navigation: Users can navigate version history using ray-
casting or teleportation, viewing earlier stages of collaboration as spatially
anchored entities.

The version tree interface is integrated directly into the immersive workspace
and supports embodied exploration through intuitive gestures and visual feed-
back. It enables collaborators to understand how a shared artifact evolved over
time and to make informed decisions about revisiting, continuing or discard-
ing prior versions. Figure 5.18 illustrates this concept, showing both a sample
collaborative scene and its corresponding version tree layout in the immersive
environment.

From a CSCW perspective, iVCS enhances shared temporal grounding and
makes the collaborative process itself a visible and navigable object of coor-
dination. Its immersive design aligns the mechanics of versioning with the
embodied and spatial qualities of XR interaction, thereby bridging the gap
between procedural tracking and experiential understanding in asynchronous
collaboration.
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(a) Collaborative VR workspace (b) Version tree of the scene history

Figure 5.18: Immersive Version Control System (iVCS): Users can spatially explore and manage
scene states through an interactive version tree (b), anchored in a collaborative virtual
environment (a)

5.4.3 Evaluation of Asynchronous Coordination

The usability of stepwise coordination was already co-evaluated in the studies
presented in Sections 5.3 and 5.2. Since participants successfully completed
all required tasks and usability results were satisfactory, this aspect of Hypoth-
esis H1.3 can be considered as formatively supported.

The focus in this section is on validating the immersive version control system
(iVCS) for asynchronous work coordination. A VR prototype was developed
with core version control functionalities: add, commit, branch, merge, push,

and pull – mapped to immersive interactions. Participants (N = 8) engaged in
a spatial layout task, as illustrated in Figure 5.19. During the task, they received
text instructions in VR to create, revisit and merge versions of their layout of
the virtual scene, simulating a typical revision workflow.

All participants successfully completed the required versioning operations and
coordination tasks. Usability was rated as above average (SUS: M = 71.9,
SD = 13.1); ASQ averaged M = 6.56, SD = 0.53. As this was a single-
condition assessment, no between-condition significance tests were applicable.
Amajority (75%) preferred the immersive interface over traditional 2D timeline-
based alternatives (e.g. Git). Participants specifically praised the spatial preview
of revisions and the clarity of visual change differentiation.
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T1é Create a living area (sofa + TV) in any room.

T2Ö Create a new version.

T3Ö Load the previous/original version.

T4é Create a dining area (table + chairs) in a new room.

T5Ö Create a new version, then reload the original baseline.

T6é Create an alternative dining layout in the same room.

T7Ö Create another new version.

T8 Ñ Load the living-area version and add one dining layout.

T9Ö Save the result as a new version.

T10 Ñ Repeat with the other dining layout; save as a new
version.

T11 � Compare both combinations; keep the preferred; delete
the other.

T12 é Replace one sofa with two armchairs in the kept ver-
sion.

é Layout design Ö Create version Ñ Merge versions � Delete version

Figure 5.19: iVCS evaluation task: Tasks T1–T12 were performed by each participant using the
Oculus Quest 1 HMD
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These findings formatively support the iVCS part of H1.3, indicating that
immersive version control supports immersive work coordination and change
awareness. The spatial organization of changes and immersive navigation of
version history align with CSCW principles of shared temporal context and
activity tracking. The system thus contributes to asynchronous coordination by
providing a collaborative workspace history.

¥ Summary: This section formatively evaluated immersive version
control (iVCS) as a coordination mechanism for asynchronous spatial
collaboration. Participants completed branching and merging tasks
reliably; usability was above average (SUS) and post-scenario satisfac-
tion was high (ASQ). Together with evidence from ³ Section 5.4.1,
these descriptive results provide cautious support for H1.3, indicating
that spatial revision tracking and stepwise message organization can
facilitate temporal coordination in XR.

5.5 Cross-Reality Collaboration

In industrial environments, collaboration often involves a blend of different
realities and immersive tech. To accommodate diverse workflows, ACIE was
expanded to integrate mixed-reality settings, embedding virtual elements nat-
urally within physical spaces. This section outlines spatial consistency across
sessions and collaborators, performance optimization for standalone headsets
which are more convenient in industrial settings, and validation of the system
in realistic environments.

5.5.1 Scene Understanding and Spatial Anchoring

Mixed reality was enabled through passthrough AR using the Meta XR plugin.
This allows interactive virtual avatars or task guidance to be superimposed onto
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the user’s real-world view. The headset’s built-in cameras and sensors capture
depth information that can be used to occlude virtual elements behind physical
objects, although dynamic objects (e.g. people or newly placed equipment)
remain more difficult to detect.

Scene understanding refers to the automatic detection and mapping of physical
objects in the environment. In this work, Oculus XR Scene capabilities were
employed to construct a Scene Model that captures information about walls,
floors, and static machinery (e.g. robotic arms). Shared spatial anchors were
subsequently used to synchronize the virtual and real environments for all
collaborating users, ensuring a stable reference frame for augmented content
such as avatar replays or instructional holograms.

In ACIE, spatial consistency across sessions is ensured using a scene anchor
object called the Registrator. Since the MetaXR plugin does not provide
direct access to the camera for image-based or marker-based registration, a
workaround was implemented using the built-in Room Setup feature. During
this setup, users scan the environment by walking around and facing all parts
of the room. MetaXR then detects structural elements like walls and furniture,
overlaying virtual mockups onto the corresponding physical objects. In this
approach, a table serves as a stable physical reference point for aligning the MR
scene and replayed Immersive Messages, ensuring environmental coherence
across devices and over time.

The virtual table object, that is superimposing a physical table, is the root object
(Registrator) for the virtual scene. All child objects attached to the root will
be automatically aligned relative to the table. In each session, the MR system
recognizes the position and rotation of the table and transforms the virtual
content relatively to it.
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5.5.2 Performance Limitations and Optimization

Since the deployment targeted standalone XR hardware (Meta Quest Pro and
Meta Quest 3 devices), specific steps were needed to maintain interactive frame
rates and smooth avatar playback. These optimizations were essential to mit-
igate stuttering or lag, especially given the hardware’s limited GPU resources
compared to a desktop system.

The following rendering and project settings were applied to optimize for stan-
dalone performance:

• Reduced Geometry Detail: Complex CAD models (e.g. robot arms)
were preprocessed to remove hidden geometry and to decrease polygon
counts.

• LOD Tuning: MetaHuman avatars were configured with reduced Level
of Detail (LOD), disabled hair simulation and simpler shading.

• Scene Quality Tweaks: Rendering resolution and dynamic shadows
were adjusted to achieve a stable 60 FPS whenever possible.

Additionaly, optimizations were implemented in the ACIE framework:

• Replay Manager Optimization:

– Delta-Time Logic: Avatar motion and audio were updated based
on elapsed time, rather than every frame.

– Batch Updates: Full-body transforms were computed less fre-
quently (e.g. every few frames), aiming for a balance between
smooth playback and system overhead.

– Early Exits: Internal checks were added to skip calculations if
certain bones or segments had not changed, reducing CPU load.
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• Hierarchical LOD for Avatars: Body segments outside the user’s im-
mediate field of viewwere rendered at a lower detail or omitted altogether.

• Synchronization of Audio and Animation: Additional logic prevented
audio from desynchronizing when frame rates dropped, so that voice
instructions remained intelligible.

Overall, the PC-based VR build showed little performance strain, but the stan-
dalone device required careful trade-offs between visual fidelity and responsive-
ness. Frame rates around 60 FPS were targeted to maintain immersion, with
the understanding that further dynamic optimization (e.g. adaptive resolution
scaling) could be used if necessary.

5.5.3 Evaluation of Mixed Reality Modalities

To validate the feasibility and usability of ACIE in real-world mixed-reality
deployments, the system was tested across both AR and VR modalities with a
focus on asynchronous guidance. In a technical validation, assembly instruc-
tions including hand motion and part manipulation were recorded in VR and
later imported and replayed on the HoloLens AR device [136]. Likewise, in-
structions recorded in AR could be imported and played back in VR on a Meta
Quest 2 headset.

Figure 5.20 illustrates the shared assembly environment as experienced in both
VR and AR.

To enable this interoperability, a mapping function was implemented that trans-
lates between controller-based hand animations inVRand hand-tracked gestures
in AR. This ensured consistency of gesture representation across modalities and
preserved the quality of instruction delivery.
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(a) Cross-reality assembly application in VR (b) Cross-reality assembly application in AR

Figure 5.20: Cross-reality assembly application, allowing the recording of assembly instruction in
VR and playback in AR and vice versa

Performance Evaluation on Standalone MR Headset

Furthermore, the system’s runtime performance was tested on the Meta Quest
Pro headset in a MR condition during avatar recording and playback. The
objective was to maintain consistent interactive frame rates (60 Frames Per
Second (FPS)) without sacrificing fidelity or spatial accuracy.

Figure 5.21 shows a representative trace of the system’s runtime performance
during a mixed-reality session, captured using the Meta Quest Performance
Analyzer.

While a 60 FPS target was used as a practical benchmark, actual frame rates
varied between 41 and 65FPS during avatar playback in aMRenvironment. The
most noticeable drops occurred during activation and deactivation of immersive
message playback – specifically, when loading recordings from internal SD
storage or exporting captured data to the local file system. Despite these
short-term dips, the experience remained usable throughout, with no major
disruptions in interaction or playback reported by users. However, the system
did not fullymeet theMeta Quest Pro’s native refresh rate of 72 FPS, underlining
the trade-off between visual fidelity and real-time responsiveness on standalone
XR hardware. Future improvements could mitigate these drops by introducing
preloading or buffering mechanisms to avoid file I/O bottlenecks during critical
playback operations.
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Figure 5.21: Performance profile of the ACIE system during mixed reality (MR) operation on a
Meta Quest Pro. The top curve (in red) shows the frame rate, fluctuating between
41–65 FPS. The middle group of curves depicts CPU thread utilization across both
system and application cores. The bottom curves represent GPU activity and schedul-
ing performance.

5.6 Summary and Outlook

This chapter presented the ACIE framework and its implementation – a modu-
lar and extensible concept designed to support asynchronous collaboration on
complex engineering tasks in XR. Grounded in the theoretical foundations from
³ Chapter 2 and the limitations identified in ³ Chapter 3, the framework
systematically addresses the three pillars of asynchronous collaboration: com-
munication, cooperation and coordination, to address RQ1 (see ³ Chapter 1,
Fig. 1.1).

Answer to RQ1.1: Asynchronous communication was enabled through the
combination of Immersive Messages, Proxy Playback, and the Immersive Com-
munication Protocol (ICP). Thesemodules allowed users to record, transmit and
replay embodied task instructions across time and devices. Formative results
suggested that this approach is usable for immersive asynchronous collaboration
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across several realities – AR, VR and MR – formatively supporting hypothesis
H1.110.

Answer to RQ1.2: Continuous cooperation was realized via role-aware in-
teraction with Interactive Proxy Avatars, supporting structured Q&A exchanges
and temporal linkage between collaborators. The system enabled spatial an-
choring of questions and deferred responses, improving perceived cooperation
and mutual understanding. These findings formatively support hypothesisH1.2

after successful validation tests10.

Answer to RQ1.3: Coordination mechanisms were implemented through
stepwise task structuring and the Immersive Version Control System (iVCS).
This system allowed users to explore, branch and merge spatial task states, sup-
porting flexible revision workflows. Both concepts were usable across several
studies, formatively confirming hypothesis H1.310.

Asymmetric Collaboration: Although not the central focus, the imple-
mentation considered spatial registration and modality alignment to ensure
consistent cross-reality interaction between AR, VR, and MR users. These
capabilities served as foundational enablers to support interoperability across
XR modalities.

To assess the design hypotheses introduced in ³ Chapter 4, each core mod-
ule was evaluated individually during implementation. The results of these
formative validations are summarized in Table 5.3.

10 Formative evidence based on small samples and descriptive statistics only; no inferential
statistics were performed.
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Table 5.3: Validation of XR-related hypotheses in the Design Cycle based on implemented system
modules and formative results

Hypothesis Result Evidence

H1.1.1 ¥ Avatar capture and proxy playback were successfully implemented
and tested to support embodied, asynchronous task guidance using
the Immersive Messaging workflow.

H1.2.1 ¥ Interactive proxies with role-specific functions enabled contextual
Q&A and asynchronous cooperation, and were successfully vali-
dated in an expert–novice scenario.

H1.3.1 ¥ Users were able to successfully navigate through recorded task se-
quences using the stepwise structure of recordings.

H1.3.2 ¥ The iVCS component enabled branching, merging, and resuming of
specific virtual scene states, supporting asynchronous coordination
over time.

¥ Formative support (small samples; no inferential tests)
q Not supported

� Answer to RQ1 (synthesis) Taken together, the formative implementa-
tion and module-level evaluations indicate that XR can be used to support asyn-
chronous collaboration on complex tasks: immersive messaging with proxy
playback, role-aware interactive proxies for Q&A, and an immersive version
control system were usable across AR, VR and MR and supported communi-
cation, cooperation and coordination in deferred workflows.11

These results confirm that the core concepts of the ACIE framework are not
only theoretically grounded but also technically feasible and usable in practice.
The next chapter builds on this foundation to assess the integrated system in an
applied industrial scenario.

11 Formative evidence based on small samples and descriptive statistics only; no inferential
statistics were performed.
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In Simpler Terms

In essence, the ACIE framework allows engineers to leave behind contextu-
alized, embodied traces of their work – including voice, movement and spa-
tial annotations – which others can later explore, respond to and build upon.
These contributions form a persistent timeline of collaboration that is spatially
grounded, temporally flexible and intuitively navigable.

How to Proceed

This implementation chapter details the technical realization of theACIE frame-
work. Building on the conceptual foundations, the individual modules are de-
veloped, integrated, and formatively evaluated to ensure feasibility, usability,
and domain alignment.

³ Chapter 6 applies the complete framework in a realistic robotic cell use
case, demonstrating how ACIE supports asynchronous collaboration between
expert and novice operators. The holistic evaluation in that chapter assesses
system effectiveness in practice.
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In linewith the relevance cycle of theDesign ScienceResearch (DSR)methodol-
ogy, this chapter presents the evaluation of the developed XR-based framework
for asynchronous collaboration. The objective of this evaluation is to assess the
system’s effectiveness in a real-world engineering context and to determine its
impact on key aspects of collaborative performance.

To this end, a comparative user study was conducted in a robotic production
environment, contrasting the immersive XR-based approach with a conven-
tional video-based workflow. The study focused on spatially procedural tasks
within a frequently reconfigured manufacturing cell, offering a representative
scenario for evaluating task continuity, procedural clarity and user experience
in asynchronous collaboration.

The chapter is structured as follows: ³ Section 6.1 introduces the practical
use case and its industrial setting. ³ Section 6.2 describes the evaluation de-
sign, including the experimental setup, participants and metrics. The results
of the comparative study are presented in ³ Section 6.3, supported by quan-
titative and qualitative findings. Finally, ³ Section 6.4 summarizes the key
outcomes and prepares the ground for the integrated discussion and conclusion
in³ Chapter 7.
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6.1 Practical Field Use Case

To evaluate the developed system in a realistic industrial context, the Karlsruhe
Research Factory for AI-integrated Production1 was selected as the practical
testbed. Within this environment, a robotic manufacturing cell based on the
concept of Value Stream Kinematics (VSK) was used. The VSK system, as
depicted in Figure 6.1, is designed to support high flexibility in manufacturing
by combining programmable industrial robots, modular tooling and intelligent
planning software. It enables the execution of a wide range of production pro-
cesses – including assembly, quality assurance and machining – using universal
kinematic components such as jointed-arm robots.

Figure 6.1: The Value Stream Kinematics (VSK) evaluation environment – a flexible production
system at the Karlsruhe Research Factory

1 https://www.karlsruher-forschungsfabrik.de/en.html
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6.1 Practical Field Use Case

In the evaluated setup, two mirrored robotic units form the manufacturing cell.
Each unit includes two large robot arms, a central matrix platform for tool and
workpiece handling and adjacent areas for manual interaction. A laser barrier
separates the two sides, enabling parallel or independent operation. Peripheral
systems, such as control terminals, storage cabinets and computing stations,
support the orchestration of both manual and automated tasks.

This environment is subject to continuous evolution. The VSK is frequently
reconfigured to support new research projects and demonstrations, often with
little or no updated documentation. This dynamic nature imposes cognitive and
procedural challenges on the teams operating the cell. Engineers, researchers
and student workers must frequently adapt to undocumented changes in layout,
tools, components and procedures. Especially the safety-critical commissioning
processes must be revisited and adapted with each reconfiguration – tasks that
require detailed knowledge of the physical setup, process steps and current
system state.

These conditions present an ideal application domain for asynchronous collab-
oration support. In practice, domain experts (e.g. researchers or supervisors)
and less experienced users (e.g. student workers or new operators) rarely work
on-site at the same time due to part-time schedules, academic duties or staff
turnover. While conventional documentation exists, it often lags behind reality
and is insufficient for onboarding or troubleshooting. As a result, operational
efficiency suffers, and knowledge gaps persist across personnel rotations.

The developed XR-based asynchronous collaboration framework addresses
these challenges by enabling spatially anchored, embodied communication
across time. Using immersive technologies, experts can capture and convey
process-relevant knowledge – such as reconfiguration steps or commissioning
procedures – which can be consumed later by other users directly in context.
This supports just-in-time learning, increases awareness of changes and reduces
the need for synchronous instruction. The field evaluation investigates how this
approach compares to traditional video-based documentation in terms of spatial
understanding, procedural clarity, perceived co-presence and user engagement.
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6.1.1 Commissioning and Safety Procedure

Before operating the VSK system, a standardized commissioning and safety
procedure must be performed. Unlike a continuously running production fa-
cility, the research cell is often idle or in standby mode between experiments.
Hence, the system must be explicitly initialized before each use, including
powering up essential components, configuring physical elements and verifying
system readiness and safety compliance. Some operations of the commissioning
process in the VSK are depicted in Figure 6.2.

Figure 6.2: Examples of commissioning steps performed before operating the VSK system

The commissioning process consists of the following core steps:

1. Safety entry: Activate the external safety switch, then enter the robot
cell.

2. System power-up: Turn on the robot cabinet and the external network
cabinet. This initiates the system boot sequence.
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3. Matrix setup: Physically configure the matrix platform by mounting the
correct tool part (e.g. the blue part), aligning it precisely at the designated
grid coordinates and securing it against unintentional movement. Loose
items must be removed from the workspace.

4. Pneumatic check: Ensure that the pneumatic system is pressurized by
confirming that the pressure display reads above zero.

5. Laser barrier test: Verify the correct operation of the safety laser barrier
that separates the mirrored robot areas. The indicator lights should be
green when unobstructed and turn red when triggered by an object.

6. Control panel reset: After confirming system readiness, operate the
control panel: press the reset button, observe the green light signal and
place the panel outside the cell.

7. Safety door activation: At the door, engage the internal safety switch
and press the green start button, which should begin flashing to indicate
successful activation.

8. Robot drive enablement: On the control panel interface, switch to the
user mode and activate the drives via the “Antriebe An/Aus” command.
An audible “click” confirms readiness. The system is now fully opera-
tional.

This process is essential to ensure safe, consistent operation of theVSKandmust
be adapted whenever changes to the system configuration occur. In practice,
however, its execution is highly dependent on accurate, up-to-date knowledge of
the physical setup and the specific components involved. As such, it served as
a representative scenario for evaluating the proposed XR-based asynchronous
collaboration system in the user study.
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6.1.2 Challenges in the Existing Workflow

The commissioning and reconfiguration of theVSKcell regularly require knowl-
edge transfer between experienced researchers and less experienced operators,
such as student assistants. Any changes to the setup – such as newly inte-
grated tools, modified safety procedures or technical adjustments – must be
communicated clearly and verified prior to operating the system. These include
safety-critical elements like verifying the laser barrier or pneumatic pressure as
well as the correct configuration of thematrix platform. Typically, this handover
takes place synchronously and on site: experts and operators meet at the factory
to collaboratively review the changes and ensure the commissioning process is
executed correctly.

However, this synchronous collaboration model presents several limitations:

• Scheduling bottlenecks: Assistants often need to wait for experts to
become available before critical tasks can proceed.

• On-site dependency: The nature of the collaboration is highly spatial and
physical, requiring stakeholders to be present in the factory.

• Static documentation: Existing documentation (e.g. PDF protocols) was
often outdated or incomplete, particularly for safety-critical tasks. In fact,
some procedures changed during the study itself, highlighting the need
for more adaptable and up-to-date communication methods.

These operational challenges reflect a broader structural issue within engineer-
ing workflows. Currently, there is a lack of systematic methods for planning
and coordinating complex procedures, such as production cell reconfiguration,
in an asynchronous and spatially contextualized manner. While machines and
sensors are increasingly represented in digital twins, human actions – especially
those involving tacit knowledge or situational judgment – are rarely integrated
into digital systems. As a result, valuable experiential knowledge is lost between
personnel rotations, making onboarding and troubleshooting more difficult.
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This work addresses that gap by exploring whether immersive, spatially embed-
ded XR technologies can offer an effective medium for asynchronous collabora-
tion in this context. The central focus is to examine whether spatial modalities
– such as in-situ guidance, recorded procedures and embodied annotations –
improve communication, coordination, and cooperation in comparison to con-
ventional approaches like video documentation. The following chapter presents
an empirical study that evaluates this approach by comparing an XR-based
asynchronous workflow with a traditional video-based method in a real-world
commissioning task.

6.1.3 Integrating Asynchronous Collaboration

To address the challenges of knowledge transfer and procedural variability in
the reconfiguration of the VSK robotic cell, the ACIE framework was deployed
and evaluated in a realistic industrial setting. The objective was to investigate
whether immersive, spatially embeddedmethods of asynchronous collaboration
could improve understanding and execution of tasks, compared to conventional
approaches such as 2D Video documentation.

In this use case, the ACIE system was applied to the VSK system’s safety-
critical commissioning procedure. Using mixed reality headsets, domain ex-
perts recorded spatial guidance and task walkthroughs in situ, which were later
experienced by other users in the same physical context. The system sup-
ported asynchronous instruction via full-body avatar replays, embedded media
messages and anchored object interactions – enabling distributed users to col-
laborate across time without being co-located. Figure 6.3 gives a CAD-based,
top-down plan of the VSK cell used in the study.

To evaluate this approach systematically, a comparative user study was con-
ducted. Participants completed identical commissioning tasks under two con-
ditions: a baseline condition using traditional 2D Video guidance and a test
condition using the immersive ACIE system. The experimental evaluation
focused on the two main perspectives, usability and presence.
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Figure 6.3: Top-down CAD view of the VSK cell

The structure of the research questions, hypotheses and measurement methods
is illustrated in Figure 6.4 in a goal-question-metric (GQM) model to map
overarching research interests into testable elements.

RQ2.1 presents the usability-focused decomposition. Here, usability is assessed
along three dimensions: efficiency (e.g. time and completion), effectiveness
(e.g. task success, error rate) and satisfaction (e.g. user experience ratings).
Each of these aspects is measured using a combination of objective perfor-
mance data and subjective feedback via standardized questionnaires such as
SUS and NASA TLX. Therefore, this figure outlines the internal structure used
to investigate how the ACIE system performs in practical task execution.

RQ2.2 in turn, addresses the second evaluation perspective: presence. This
includes both spatial presence – the extent to which users feel immersed and
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RQ2: How does ACCT perform with XR compared to non-immersive rep-
resentations?

RQ2.1: How does XR ACCT perform in terms of usability (effective-
ness, efficiency, satisfaction) compared to non-immersive representa-
tions?

H2.1: In ACCT, XR increases effectiveness and user satisfaction
relative to non-immersive representations, with a trade-off in effi-
ciency.

M2.1: Effectiveness (task accuracy/completion), efficiency
(completion time, error rate), satisfaction/usability (ASQ,
SUS, UEQ); workload (NASA-TLX).

RQ2.2: How does XR ACCT perform in terms of presence compared
to non-immersive representations?

H2.2: Spatial and social presence are higher in XR ACCT than
in non-immersive representations.

M2.2: Spatial presence (IPQ: REAL, SP, INV) and social
presence/co-presence (NMSPI); collaboration ratings where
applicable.

Figure 6.4: Hierarchical overview for RQ2 (Usability and Presence): research questions, hypothe-
ses, and associated measurements.
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situated in the task environment – as well as social presence – the perceived con-
nectedness with others, even in asynchronous collaboration. These dimensions
are assessed through targeted instruments such as the IPQ (Igroup Presence
Questionnaire) and NM-SPI (Networked Minds Social Presence Inventory),
complemented by task-specific questions. This part of the evaluation exam-
ines whether immersive asynchronous collaboration fosters a stronger sense of
embodied interaction compared to conventional methods.

This provides a structured map of how the ACIE framework is evaluated and
allows a systematic investigation of whether and how immersive asynchronous
methods can improve collaborative task execution in flexible, safety-critical
production environments.

6.2 Study Design

To systematically evaluate the ACIE framework, a controlled experiment was
conducted in a realistic industrial environment to investigate the effectiveness
of asynchronous collaboration using immersive technologies. The goal was
to compare immersive asynchronous collaboration with a conventional video-
based approach under controlled conditions, but in a realistic environment. The
following section outlines the experimental design, underlying rationale, and
methodological choices that guided the study setup.

6.2.1 Experimental Conditions

Two asynchronous collaboration methods were compared in a between-subject
design – MR Avatar and 2D Video.

MR Avatar (Immersive): Participants used a Meta Quest 3 headset to fol-
low spatially embedded guidance provided by a recorded avatar in mixed reality.
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Figure 6.5: Study task showing three instruction steps (top) presented by the MR avatar and
participants (bottom) following the avatar’s guidance

This guidance was rendered directly into the robot cell environment. Figure 6.5
shows three example instruction steps (top row) and corresponding participants
(bottom row) interacting with the MR avatar in-situ.

2D Video (Baseline): Participants used a handheld smartphone to follow
conventional video-based instructions recorded from a first-person perspective.
This condition served as a non-immersive baseline for asynchronous task guid-
ance (see Figure 6.6).

6.2.2 Participants

Participants were recruited from the local university campus, primarily via
mailing lists from student dormitories and academic departments. Most were
students or visiting researchers fromdiverse engineering disciplines. As no prior
experience with robotics, industrial systems or XR technology was required,
this was explicitly communicated during recruitment, demographics questions
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Figure 6.6: Participant following asynchronous task instructions in the 2D Video condition: using
a handheld smartphone (left) and the video instruction showing the current step (right).

Table 6.1: Analyzed sample size and gender distribution by condition

Condition N Male n (%) Female n (%)

Headset with Avatar 22 15 (68.2%) 7 (31.8%)

Smartphone Video 21 15 (71.4%) 5 (23.8%)

Total 43 30 (69.8%) 12 (27.9%)

asked are listed in ³ Appendix A, Table A.6. Participation in the experiment
was voluntary. Figure 6.7 shows the gender-by-condition split, and Table 6.1
summarizes counts.

15

15

7

5
1 Male – MR Avatar (34.9%;N = 15)

Male – 2D Video (34.9%; N = 15)

Female – MR Avatar (16.3%;N = 7)

Female – 2D Video (11.6%;N = 5)

Not reported – 2D Video (2.3%; N = 1)

Figure 6.7: Participant demographic distribution by gender and condition

In total, N = 46 participants were recruited. Three participants (all male)
were excluded from all analyses due to technical problems in the robot cell
that required procedural changes. The analyzed sample therefore comprised
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N = 43 participants (MR Avatar N = 22; 2D VideoN = 21). One participant
in theMR Avatar condition discontinued after Part 1 due to cybersickness; data
from Part 1 were retained, whereas Parts 2 and 3 were excluded. In addition,
one participant did not understand the task in Part 2; no data were acquired for
that part from this participant (excluded from Part 2 only). One participant did
not report gender and was therefore omitted from the gender counts but retained
in all other analyses. Figure 6.8 summarizes the mean (1–5) self-ratings for
technology familiarity and usage, gaming, XR, and robotics experience, as well
as comfort with new technology, broken down by condition.

Figure 6.8: Technology familiarity, experience, and comfort level

6.2.3 Experimental Procedure

The study was structured into three main parts, each reflecting a distinct phase
in the asynchronous collaboration workflow:

1. System Training and Questionnaires: Each participant first completed
a pre-questionnaire (Q1), followed by a brief training task (T0) illustrated
in Figure 6.9. This phase ensured that participants understood how to
use the assigned technology, the nature of asynchronous collaboration
in the experiment, and how to interact with the non-present collaborator
through the system.
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(a) 3D-printed assembly task used for training (b) Participant training with the MR Avatar

Figure 6.9: Training scenario used to familiarize participants with the experiment conditions and
asynchronous workflow

2. Novice Execution – Part I: Participants performed a robot commission-
ing task using either the MR Avatar or the 2D Video system (T1). Some
steps intentionally included errors or incomplete instructions to trigger
asynchronous problem reporting.

3. Novice Execution – Part II: After a short break, participants resumed
the task for a second attempt, now with access to expert responses to the
issues reported earlier (T2). During the break, participants completed a
mid-experiment questionnaire (Q2). After finishing the task, they were
asked to complete the post-task questionnaire (Q3).

4. Expert Execution – Part III: In the final round, participants switched
roles and acted as experts. They reviewed five pre-recorded issue reports
and were asked to record responses that addressed each problem (T3). A
final questionnaire (Q4) concluded the experiment session.

The order of tasks and questionnaires is visualized in Figure 6.10, which illus-
trates the full experimental flow from participant onboarding to final evaluation.
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(Q1) Pre-questionnaire

Captures prior experience, expectations and
demographics.

(T0) Training Task

Participants practice using the assigned system
and asynchronous features.

(T1) Novice Task – First Attempt

Task execution with ambiguous or incomplete
steps to prompt questions.

(Q2) Mid-questionnaire

Feedback after initial task execution, before
viewing expert responses.

(T2) Novice Task – With Expert Feedback

Second attempt using system-delivered expert
guidance.

(Q3) Post-questionnaire

Evaluates full novice experience including feed-
back usefulness.

(T3) Expert Task – Role Reversal

Participant now acts as expert and records re-
sponses to reported issues.

(Q4) Final Questionnaire

Summative reflection on both roles and system
experience.
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Figure 6.10: Overview of the experimental procedure, including the sequence of tasks (T0–T3)
and questionnaires (Q1–Q4). Left brace labels include per-phase completion times
(M ± SD, minutes) for MR Avatar and 2D Video; training was constrained to 5–10
minutes.
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6.2.4 Task and System Setup

The tasks, as illustrated in Figure 6.11, were derived from the actual safety and
commissioning procedures used in the VSK robot cell. These included entering
the cell safely, verifying component states and unlocking the robot system. In
total, eight subtasks were defined (ten in the MR condition, where two were
split for technical reasons). Four tasks intentionally omitted critical information
to prompt participants to submit problem reports, thereby simulating realistic
uncertainties in industrial workflows. In the expert role, participants had to
provide asynchronous responses to these types of issues.

Figure 6.11: Experiment task: participants conducted steps 1-8 to start up the production system,
whereby tasks 3, 4, 5, 7, and 8 had intended errors to trigger asynchronous assistance
using the Q&A function.

Each condition was presented with the same core instructions, differing only
in their delivery modality. The MR system included immersive features such
as spatial anchoring and avatar embodiment, while the 2D Video system was
limited to standard playback without interactivity or depth cues.
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6.2.5 Ethical Considerations

All participants provided informed consent prior to the study. They were made
aware of their rights, including the ability to withdraw at any time without
penalty. All data were anonymized in accordance with GDPR guidelines.

6.2.6 Measurements

In order to thoroughly assess the effects of the ACIE framework, a multi-faceted
measurement strategy was utilized. The research investigated outcomes related
to tasks, including efficiency and accuracy, as well as subjective experiences
such as user satisfaction, cognitive load, and perceived presence. This section
outlines the metrics and tools employed to evaluate these aspects, setting the
stage for the following analysis and discussion of the findings.

Efficiency

To analyze the efficiency of asynchronous guidance, the total time taken by
participants to complete the guided tasks was measured. For each task, the start
time and end time were recorded, and the total duration was calculated as:

∆ttask = tend − tstart (6.1)

As participants were given the freedom to decide their approach to the guidance,
measuring time for individual subtasks was deemed neither possible nor nec-
essary. The instructional video could either be watched in full before starting
the task or viewed simultaneously while performing the task. Because of varia-
tions in interaction styles, time per subtask would not have yielded a meaningful
metric.

147



6 Evaluation

Additionally, precise logging of interaction events across different applications
was prevented by technical constraints. In the 2D Video condition, a switch
was made by participants between a messaging app (for guidance) and a camera
app (for execution), whereas in theMR Avatar condition, interactions occurred
within a single application. Given these differences, the total time per task was
measured and related to the number of correctly completed tasks, as described
in the accuracy analysis.

As participants were free to rewatch instructions and execute tasks at their own
pace, a strict correlation between time and accuracy is not expected. However, an
analysis is conducted to determinewhethermore accurate task completionswere
associated with greater efficiency and whether different conditions influenced
the time-accuracy trade-off.

Effectiveness

The effectiveness of the conditions regarding asynchronous guidance is deter-
mined by measuring the accuracy of the participants’ solutions, or in other
words, the completeness of their solution and the error rate. The scoring system
used to evaluate the accuracy of the tasks is summarized in Table 6.2, and the
method for determining the overall accuracy score per participant and condition
is described in equation 6.2.

Table 6.2: Scoring system used to assess task accuracy

Outcome Points Description

✓ Completed as expected 2 Followed instructions correctly or correctly reported
errors when required.

. Partially completed 1 The task was completed partially or in an unin-
tended, yet still correct, way (e.g., an error was fixed
instead of reported, or an issue was reported where
none were expected).

p Not completed or incor-
rect

0 Completely incorrect execution or failure to report
an issue despite the need for assistance.
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Each task is assigned a score based on how well it was completed. Participants
receive 2 points if they completed the task exactly as instructed, 1 point if they
completed it in an unexpected but still correct way or only partially, and 0 points
if they did not complete the task or completed it incorrectly.

In some cases, a task could not be attempted due to a missing prerequisite
action in an earlier phase, leading to a “Not Applicable” (NA) outcome. To
ensure fairness, NA tasks are excluded from the total task count rather than
being assigned a score of 0. This means that a participant’s accuracy score is
only calculated based on tasks they had the opportunity to complete, making
comparisons between participants more meaningful.

The final accuracy score is computed as the sum of earned points divided by
the sum of possible points for all attempted tasks (excluding NA), expressed as
a percentage:

Accuracy Score =

( ∑

Earned Points
∑

Total Possible Points (excluding NA)

)

× 100 (6.2)

The study employed a diverse set of standardized and custom questionnaires to
evaluate different dimensions of system interaction, including usability, cogni-
tive load, user experience, and presence, which are summarized in Table 6.3.

ASQ: The After-Scenario Questionnaire (ASQ) is a widely used measure
for assessing perceived ease of task completion in human-computer interaction
studies [98]. It evaluates task difficulty, efficiency and support requirements,
providing insights into the usability of different interaction methods. Higher
ASQ scores indicate a more positive user experience. Here the ASQ was used
additionally to the SUS and UEQ to specifically assess user satisfaction.

SUS: The System Usability Scale (SUS) is a standardized questionnaire de-
signed to measure the perceived usability of a system [22]. It consists of ten
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Table 6.3: Overview of questionnaires used to evaluate system usability, user experience, presence,
collaboration, and participant demographics

Questionnaire Purpose Key Dimensions

ASQ [98] Task ease and satisfaction Task difficulty, efficiency, support require-
ments

SUS [22] System usability Ease of use, complexity, learnability

NASA-TLX [70] Workload assessment Mental, physical, temporal demand; effort,
performance, frustration

UEQ [93] User experience evaluation Attractiveness, efficiency, perspicuity, de-
pendability, stimulation, novelty

IPQ [138] Sense of presence in XR Spatial presence, involvement, realism

NMSPI [15] Social presence in collabo-
ration

Co-presence, attentional engagement,
emotional contagion, comprehension, be-
havioral interdependence

CollaborationA.7 Effectiveness of collabora-
tion

Communication, cooperation, coordina-
tion

Demographic A.6 Background information Age, gender, education, XR/robotics expe-
rience

items evaluating aspects such as ease of use, complexity, consistency and learn-
ability. SUS provides a single usability score ranging from 0 to 100, with
higher scores indicating better usability. In this study, the SUS was used to
assess how intuitive and accessible the asynchronous collaboration methods
were for participants.

NASA-TLX: The NASATask Load Index (NASA-TLX) is a widely used tool
for measuring subjective workload [70]. It evaluates six dimensions: Mental
Demand, Physical Demand, Temporal Demand, Performance, Effort and Frus-
tration. Participants rate each dimension on a scale from 0 to 100, with higher
values indicating higher workload. In this study, NASA-TLX was employed to
compare cognitive and physical task load across the asynchronous collaboration
conditions.
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UEQ: The User Experience Questionnaire (UEQ) is a comprehensive tool for
measuring user experience across six dimensions: Attractiveness, Efficiency,
Perspicuity, Dependability, Stimulation and Novelty [93]. Each dimension cap-
tures different aspects of usability and user satisfaction, providing a holistic
evaluation of user experience. Higher scores indicate a more positive percep-
tion. In this study, the UEQ was used to assess the subjective experience of
participants using different asynchronous collaboration methods.

IPQ: The Igroup Presence Questionnaire (IPQ) is designed to measure the
sense of presence in virtual environments [138]. It consists of three primary
dimensions: Spatial Presence (SP), Involvement (INV) and Realism (REAL).
Higher scores indicate a stronger sense of being “inside” the virtual environment
and engaged in the experience.

NMSPI: The Networked Minds Social Presence Inventory (NMSPI) assesses
the perceived social presence in mediated interactions [15]. It measures di-
mensions such as co-presence, perceived attentional engagement, perceived
emotional contagion, perceived comprehension and perceived behavioral in-
terdependence. This questionnaire helps to determine how closely connected
users feel to those around them in collaborative settings.

Collaboration Questionnaire: A custom Collaboration Questionnaire
was designed to assess communication, cooperation and coordination aspects
of the collaborative experience (³ Appendix A.7). The items evaluate clarity
of instructions, effectiveness of information exchange, responsiveness of the
system and ease of coordinating tasks in an asynchronous environment.

Demographic Questionnaire: TheDemographicQuestionnaire collected
background information, including age, gender, education level and technology
experience (³ Appendix A.6). Additionally, it included items related to fa-
miliarity with digital devices, experience with virtual and augmented reality,
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prior exposure to robotics and potential discomfort experienced during the
experiment.

6.3 Results

In this section, the results of the experiments are presented. The findings are
systematically analyzed to provide insights into the observed phenomena.

The collected data, including questionnaire responses, observational notes, and
time measurements, was preprocessed and prepared for statistical analysis.
This involved exporting the data into Excel, organizing it by questionnaire and
condition group, converting responses into numerical format, and inverting
scores for negatively worded items where necessary.

Statistical tests were used to determine if the differences between the groups
were significant or just occurred by chance, allowing for a reliable assessment
of the study’s hypotheses and ensuring any observed results are due to the
experiment itself. More information on the statistical tests and the procedure
can be found in the ³ Appendix A.4, Table A.5 and Figure A.4.

6.3.1 Usability and Workload Results

The evaluation results for the perceived usability and workload are presented in
this section. By analyzing these aspects, the aim is to understand whether the
perceived ease of use or mental effort is affected by the immersive MR Avatar

condition compared to the conventional 2D Video condition.
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Figure 6.12: Average ASQ scores for MR Avatar and 2D Video conditions

User Satisfaction

The analysis of ASQ scores revealed no significant difference between the MR

Avatar condition (M = 4.061, SD = 0.521) and the 2D Video condition
(M = 4.048, SD = 0.825), t(41) = 0.52, p = 0.604, r = 0.079.

The very small effect size (r = 0.079) suggests that the difference in per-
ceived ease of task completion was negligible. This indicates that participants
found both methods equally effective in providing task guidance, and that the
introduction of immersive MR elements did not introduce any additional us-
ability burden compared to traditional 2D Video instructions. As depicted in
Figure 6.12, the high ASQ scores in both conditions suggest that the overall
task structure was well-designed and that participants were able to complete the
tasks efficiently, regardless of the method of instruction.

Discussion: These findings suggest that theMR Avatar method, despite its
immersive nature, did not significantly alter the perceived ease of task com-
pletion compared to the 2D Video method. This aligns with previous research
indicating that while immersive elements can enhance engagement and pres-
ence, they do not necessarily impact usability unless they introduce complexity
or hinder interaction [154, 156]. Relatedwork suggests a higher user satisfaction
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with immersive interaction over 2D [73, 154, 156]. The lack of a difference in
ASQ scores suggests that both methods provided clear, structured and effective
task guidance.

Future research could explore whether variations in task complexity or addi-
tional interactive features in the MR Avatar condition influence usability per-
ceptions [36, 154]. Additionally, incorporating user-adaptive elements, such as
gaze-based interaction or personalized instructional pacing, might provide fur-
ther insights into how immersive systems impact task efficiency in asynchronous
collaboration settings [48, 77].

System Usability

Figure 6.13: System Usability Scale (SUS) scores comparing MR Avatar and 2D Video conditions

The analysis of SUS scores revealed no significant difference between the MR

Avatar condition (M = 77.614, SD = 12.308) and the 2D Video condition
(M = 79.048, SD = 16.63), t(41) = 0.81, p = 0.422, r = 0.123.

The small effect size (r = 0.123) indicates that any difference in perceived sys-
tem usability was minimal. Figure 6.13 shows the achieved SUS scores in both
conditions. Both collaboration methods achieved high SUS scores, suggesting
that participants found both approaches highly usable. The lack of a usability
advantage for the MR Avatar condition implies that while immersive elements
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did not hinder usability, they also did not provide a noticeable improvement in
system usability compared to conventional 2D Video instructions.

Discussion: The high usability ratings across both conditions indicate that
neither method introduced usability barriers, reinforcing the idea that asyn-
chronous collaboration methods can be intuitive and user-friendly, regardless
of whether they are immersive or traditional. This is particularly important,
as one concern with MR-based approaches revolves around the possibility that
added complexity could negatively affect usability. Some related studies showed
usability issues with viewpoint and playback control [36, 154], other studies
suggest improved usability in AR instructions [34, 35]. The results of this study
suggest no negative usability effect with the MR Avatar. However, it also did
not prove to be substantially superior to 2D Video instructions.

One possible explanation for this finding is that the tasks used in the study were
well-structured and did not require extensive interactionwith the system, beyond
following instructions. In scenarios where more complex decision-making or
adaptive user input is required, usability differences may becomemore apparent
[73]. Future studies could investigate whether more dynamic and interactive
MR-based systems, such as real-time avatar feedback or adaptive task guidance,
impact usability perceptions differently [116].

Overall, the outcome shows thatMR Avatar and 2D Video are both effective for
asynchronous collaboration in terms of usability, with no clear advantage for
either method. This results support prior findings that immersive approaches,
although they can enhance engagement and social presence, do not inherently
improve usability unless they incorporate targeted interaction enhancements
[73].

155



6 Evaluation

Figure 6.14: NASA-TLX results across all six workload subscales: Mental Demand, Physical
Demand, Temporal Demand, Effort, Performance and Frustration.

Cognitive Workload

The NASA-TLX results, as depicted in Figure 6.14 and listed in Table 6.4,
showed no significant differences in perceived workload between theMRAvatar

condition (M = 30.697, SD = 10.573) and the 2D Video condition (M =

29.714, SD = 12.171), t(41) = 0.87, p = 0.389, r = 0.044.

Across all six workload subscales – Mental Demand, Physical Demand, Tem-
poral Demand, Effort, Performance and Frustration – participants reported
comparable levels of cognitive and physical workload, suggesting that both
asynchronous collaboration methods imposed a similar burden on users.

Table 6.4: Summary of NASA-TLX workload ratings comparing MR Avatar and 2D Video condi-
tions

Measure MR Avatar 2D Video p r

M SD M SD

Weighted TLX Score 30.697 10.573 29.714 12.171 0.389 0.044

Mental Demand 35.455 18.703 35.000 22.638 0.713 0.056

Physical Demand 17.500 14.618 15.000 19.875 0.127 0.233

Temporal Demand 17.955 20.567 19.048 24.475 0.971 0.006

Performance 75.455 18.186 80.476 16.651 0.306 0.156

Effort 33.636 16.986 28.571 22.257 0.221 0.187

Frustration 22.500 14.454 22.143 20.711 0.591 0.082
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Discussion: The absence of significant differences in NASA-TLX scores
suggests that neither the MR Avatar nor the 2D Video method increased work-
load or led to noticeably greater cognitive strain. While immersive systems
can sometimes introduce additional cognitive load due to increased sensory
input and interaction complexity [139], this was not the case here. This aligns
with related studies suggesting that adding assistive MR cues may help reduce
cognitive load [34, 35]. The structured nature of both guidance methods, com-
bined with clear task instructions, likely contributed to keeping workload at a
manageable level.

Although minor numerical differences were observed, such as slightly higher
Mental Demand in the MR Avatar condition and marginally higher Perfor-
mance scores in the 2D Video condition, effect sizes were consistently small,
indicating that these differences were not significant in practice. If designed
well, additional MR content seem rather to reduce task load, as related work
suggests [34, 35]. The Effort and Frustration ratings also remained similar
across conditions, suggesting that participants did not perceive either method
as particularly difficult or discouraging.

User Experience

Figure 6.15: User Experience ratings for MR Avatar and 2D Video across dimensions
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User experience was assessed using the User Experience Questionnaire (UEQ),
measurering perceived usability and engagement across multiple dimensions.
Table 6.5 presents the results comparing the MR Avatar and 2D Video condi-
tions. A significant difference was observed in the overall UEQ score, with the
MR Avatar condition (M = 1.496, SD = 0.585) receiving higher ratings than
the 2D Video condition (M = 1.007, SD = 1.007), t(43) = 2.297, p = 0.027,
r = 0.331. Figure 6.15 depicts the UEQ results including the six dimensions
Attractiveness, Perspicuity, Efficiency, Dependability, Stimulation and Novelty.
Additional insights into user experience ratings are illustrated in Figure 6.16.

Table 6.5: Statistical comparison of UEQ dimension ratings between MR Avatar and 2D Video
conditions

Measure MR Avatar 2D Video p r

M SD M SD

UEQ* 1.496 0.585 1.007 1.007 0.027 0.331

Attractiveness 1.598 0.998 1.159 1.058 0.116 0.234

Efficiency 1.057 0.829 0.702 0.984 0.238 0.176

Perspicuity 1.898 0.651 2.083 0.733 0.199 0.192

Dependability 1.352 0.597 1.321 0.958 0.891 0.020

Stimulation* 1.420 0.934 0.845 1.214 0.041† 0.263

Novelty* 1.648 0.789 -0.071 1.163 <.001 0.664

*Statistically significant results.
† Statistically significant difference could only be found in the one-tailed
test.

Discussion: The results suggest that theMR Avatar condition led to a more
engaging and positively perceived user experience compared to the 2D Video

condition. The significant difference in the overall UEQ score (p = 0.027)
indicates that participants rated the avatar-guided experience as more usable
and satisfying. Previous research indicates that shared virtual content [66], the
presence of an avatar [154, 171], and the interactive nature of collaboration [63,
73, 159] can enhance user engagement. However, in our results, most usability-
related dimensions – Attractiveness, Efficiency, Perspicuity and Dependability
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Figure 6.16: Detailed UEQ subscale comparisons between MR Avatar and 2D Video conditions

– showed no significant differences between conditions, suggesting that both
methods provided a similar level of perceived usability.

Among the subscales, Stimulation was rated significantly higher in the MR

Avatar condition (t(43) = 1.787, p = 0.041, r = 0.263), implying that
participants found the avatar-based interaction more engaging compared to the
video-based approach. A more pronounced difference was observed in Novelty
(t(43) = 5.826, p < 0.001, r = 0.664), with the MR Avatar condition being
perceived as a significantly more innovative experience. Related work reported
similar findings. This suggests that the immersive and interactive nature of
the avatar replay method provided a unique and engaging form of guidance
compared to the more conventional 2D Video format. However, given that
most participants were unfamiliar with MR, the observed effect on Novelty may
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– at least partially – reflect a “novelty-effect”2 rather than solely the design
characteristics of the avatar condition [30, 112].

The strong effect size for Novelty indicates that the avatar-based approach was
not only effective in capturing participants’ attention but was also perceived as
a more modern and distinctive way of delivering instructional content. This is
particularly relevant for XR-based collaboration systems, since a strong sense of
engagement is crucial for maintaining user motivation and ensuring high-quality
interaction.

Despite these advantages, the absence of significant differences in core usability
dimensions suggests that while avatars enhance engagement and novelty, they
do not necessarily improve the perceived effectiveness of task execution. This
aligns with previous research indicating that immersive systems can enhance
user experience without necessarily increasing task efficiency (³ Efficiency
Results 6.3.4). Future work could explore how to integrate adaptive avatar
behaviors to further enhance usability while maintaining the advantages of
engagement and novelty.

6.3.2 Collaboration Results

Collaboration was assessed across three subcomponents: Communication, Co-
operation and Coordination. Table 6.6 presents the results comparing the MR

Avatar and 2D Video conditions, with the corresponding subscale scores vi-
sualized in Figure 6.17. No statistically significant differences were observed
in any of the subscales (p > 0.05 for all comparisons), suggesting that both
asynchronous collaboration methods were perceived as similarly effective.

2 The novelty-effect describes the boost in attention, motivation, or perceived effectiveness that
often occurs during initial exposure to a new technology, independent of actual performance.
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Figure 6.17: Collaboration ratings across three subcomponents: Communication, Cooperation,
and Coordination

Table 6.6: Collaboration results summary comparing MR Avatar and 2D Video conditions.

Measure MR Avatar 2D Video p r

M SD M SD

Collaboration 4.159 0.120 4.167 0.135 0.779 0.043

Communication 3.852 0.722 4.155 0.893 0.120 0.237

Cooperation 4.364 0.534 4.079 0.809 0.348 0.143

Coordination 4.364 0.650 4.270 0.727 0.774 0.044

Although no significant differences were found, the mean values suggest some
minor trends. TheMR Avatar condition showed slightly higher ratings in Com-
munication and Cooperation, indicating a potential tendency for participants to
feel more engaged or supported by the avatar than by the video instructions.
However, the effect sizes were small, suggesting that these differences were not
substantial enough to bemeaningful. Coordination, on the other hand, was rated
nearly identically in both conditions, implying that the structured, step-by-step
approach provided a consistent level of task organization across modalities.
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Discussion: No statistically reliable differences were observed between the
MR Avatar and 2D Video conditions on the collaboration measures (communi-
cation, cooperation, coordination). Accordingly, the present data do not support
the conclusion that either modality improves or worsens perceived collaboration
relative to the other. Descriptively, scores were high in both conditions (scale
[0, 5]), which is consistent with the interpretation that clear, stepwise guidance
enabled participants to communicate, cooperate and coordinate effectively re-
gardless of format. Because no equivalence or non-inferiority analysis with
a pre-specified margin was conducted, equivalence cannot be claimed; rather,
only the absence of detected differences within the current sample andmeasures
can be reported. Prior work has argued that interactive or 3D shared content
can support collaboration [63, 73], although these studies did not directly oper-
ationalize the three C’s, limiting direct comparability. Implementing stepwise
playback with pauses aligns with recommendations in related work [16, 154];
however, the present results do not show a statistically reliable advantage of the
MR Avatar condition on the collaboration scales. Future work should employ
instruments that target the three C’s more granularly, plan a priori power to
detect small effects, and consider equivalence or Bayesian analyses to quantify
evidence for similarity; qualitative feedbackmay also reveal nuanced differences
not captured by the current questionnaire.

6.3.3 Spatial and Social Presence Results

Spatial and social presence were evaluated using two established instruments:
the Igroup Presence Questionnaire (IPQ) and the NetworkedMinds Social Pres-
ence Inventory (NMSPI). These toolsmeasured the immersive and interpersonal
aspects of the participants’ experiences across conditions.
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Spacial Presence

Since the IPQ is specifically intended for evaluating immersive experiences, it
was initially not planned to be used for the 2D Video condition, as traditional
video lacks the depth and interactivity of XR-based environments. However, it
was later decided to include the IPQ for a small subset of participants in the 2D
Video group (five participants) to explore whether any differences in presence
perception could still be observed. The results are summarized in Figure 6.18.

Figure 6.18: Comparison of IPQ subscales (Involvement, Realism, Spatial Presence) between MR
Avatar and 2D Video conditions

Despite the smaller sample size in the 2D Video group, the statistical analysis
revealed significant differences with large effect sizes, reinforcing the robustness
of the findings. Table 6.7 presents the results, showing that spatial presence
scores were significantly higher in the MR Avatar condition (M = 3.258,
SD = 1.191) compared to the 2D Video condition (M = 2.125, SD =

2.097). An independent samples t-test confirmed this difference as statistically
significant, t(24) = 3.401, p = 0.002, with a large effect size (r = 0.570). This
result strongly suggests that MR Avatar interactions significantly enhance the
participants’ experience of spatial presence compared to traditional video-based
methods.
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Table 6.7: IPQ results summary comparing MR Avatar and 2D Video conditions.

Measure MR Avatar Smartphone Video p r

M SD M SD

REAL* 3.489 0.657 1.333 1.155 0.024 0.470

SP** 3.258 1.191 2.125 2.097 0.002 0.570+

INV*** 3.409 0.599 0.600 0.894 <.001 0.658+

* Statistically significant results.
** Highly significant result (p < .01).
*** Highly significant result (p < .001).
+ Large effect size (r > .5).

Similarly, involvement scores were significantly higher in the MR Avatar con-
dition (M = 3.409, SD = 0.599) than in the 2D Video condition (M = 0.6,
SD = 0.894), with a large effect size (U = 57, p < .001, r = 0.658).
Additionally, realism was rated significantly higher in the MR Avatar con-
dition (M = 3.489, SD = 0.657) compared to 2D Video (M = 1.333,
SD = 1.155), showing another statistically significant difference (U = 110,
p = 0.024, r = 0.470). These findings suggest that the MR Avatar method
fosters a stronger sense of immersion, spatial presence and realism than the
2D Video condition. Figure 6.19 illustrates the distribution of individual IPQ
scores, further emphasizing the variation in perceived presence between condi-
tions.

Discussion: The large effect sizes across all subscales indicate that immer-
sive MR technology has a strong impact on presence perception. The involve-
ment and realism scores suggest that participants in the MR Avatar condition
felt more engaged and found the virtual environment more believable than those
using the 2D Video method. Prior studies indicate that greater engagement, re-
alism and richer interaction within a shared virtual space are associated with
increased presence [73, 120, 139]. However, while the MR Avatar approach
significantly enhanced presence, its mean values remained below the theoretical
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maximum of the scale3, indicating that there is still room for improvement by
increasing the immersive qualities of avatar-based asynchronous collaboration.

The variation in presence perception, as indicated by the relatively large standard
deviations, suggests that individual differences played a role in how participants
experienced immersion. Factors such as prior experience with XR, cognitive
styles and personal preferences likely contributed to the extent to which partici-
pants felt present in the environment. Related work showed similar dependence
of co-presence results between 3D and 2D conditions [156]. Notably, the 2D
Video group exhibited the highest variability (SD = 2.097), suggesting that
while some participants found the video-based instructions engaging, others
felt significantly less immersed.

Figure 6.19: Distribution of individual IPQ scores across subscales and conditions

3 within the value range [−3,+3]
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It is important to consider that the IPQ is designed for immersive experiences,
such as XR. Although it is not ideal for evaluating non-immersive conditions, a
small set (N = 5) of participants were asked to complete IPQ for the 2D Video

condition. The statistical testing revealed significant differences with large ef-
fect sizes; however, the sample size is too small for robust conclusions. Since
IPQ is specifically tailored to immersive environments, the observed differences
align well with the expectation that the MR Avatar condition would naturally
induce a greater sense of spatial presence. Related work suggests that presence
is positively correlated with user performance [139], yet our data do not show
improvements in perceived performance (³ Cognitive Workload 6.3.1) or effi-
ciency (³ Efficiency Results 6.3.4). Instead, the immersive condition’s higher
presence aligns with accuracy gains on spatially demanding steps (³ Accuracy
Results 6.3.5).

Social Presence

TheNetworkedMinds Social Presence Inventory (NMSPI) was used tomeasure
the degree of perceived social presence (co-presence). The corresponding
distribution of NMSPI ratings is visualized in Figure 6.20.

Figure 6.20: NMSPI results by subscale scores showing social presence perceptions in both con-
ditions
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Table 6.8 summarizes the results of the NMSPI groups, presenting a significant
difference in co-presence between the two conditions. Participants in the MR

Avatar condition reported a higher sense of shared space and connection with
the instructor (M = 1.136, SD = 1.467) compared to the 2D Video condition
(M = −1.031, SD = 1.717). The Mann-Whitney U test confirmed that
this difference was statistically significant (U = 54, p < .001), with a large
effect size (r = 0.624). This indicates that the avatar-based replay method
was considerably more effective at fostering a sense of belonging compared to
traditional video instructions.

Table 6.8: Statistical comparison of NMSPI subscale scores between MR Avatar and 2D Video
conditions

Measure MR Avatar Smartphone Video p r

M SD M SD

Co-Presence*** 1.136 1.467 -1.031 1.717 <.001*** 0.624+

Perception of the
Other

-0.114 1.420 -0.104 1.104 0.893 0.022

Attentional En-
gagement

1.561 1.091 1.047 1.286 0.252 0.179

Emotional Conta-
gion

-1.148 0.981 -0.615 1.458 0.227 0.193

Comprehension 1.879 0.787 1.857 0.938 0.895 0.021

Behavioral Inter-
dependence

1.303 0.942 1.028 1.449 0.822 0.035

*** Statistically highly significant result (p < .001).
+ Large effect size (r > .5).

The mean value in the MR Avatar condition suggests a moderate level4 of
co-presence, though not at the highest possible level. This implies that while
avatar-based asynchronous collaboration significantly enhances social presence,
it does not fully replicate the feeling of real-time interaction. The large stan-
dard deviation (SD = 1.467) also highlights substantial variability among
participants, indicating that some individuals experienced a strong sense of

4 within the value range [−3,+3]

167



6 Evaluation

co-presence while others did not. In contrast, the 2D Video condition not only
resulted in lower mean co-presence scores but also exhibited an even larger
standard deviation (SD = 1.717). This suggests that while some participants
may have found the video-based instructions engaging, the overall perception
of co-presence was lower and highly inconsistent.

Further examining the subcomponents of co-presence, the results for percep-
tion of the other, attentional engagement, emotional contagion, comprehension
and behavioral interdependence showed no statistically significant differences
between conditions. This suggests that while the MR Avatar method enhances
the overall sense of co-presence, it does not necessarily influence all aspects of
social presence equally. Notably, the comprehension scores were similar across
both conditions, indicating that the effectiveness of information transfer was not
significantly impacted by the method of delivery.

Discussion: The findings suggest that the increased co-presence in the MR

Avatar condition likely stems from the spatial alignment and embodied inter-
action cues provided by the avatar, which are absent in 2D Video instructions
[139, 154]. Similar patterns have been observed in prior work, where 3D inter-
faces were found to enhance the sense of co-presence and interaction compared
to 2D alternatives, although the latter were sometimes perceived as more intu-
itive to use [73]. However, the variability in responses indicates that personal
factors such as prior XR experience, cognitive preferences or familiarity with
avatar-based interactions may influence how participants perceive social pres-
ence. Earlier studies have presented comparable outcomes, indicating divergent
user preferences based on personal learning styles and comfort [156]. Given
that neither condition reached the extreme ends of the scale, it is obvious that
while avatar-based collaboration is more effective than video, it is not a perfect
substitute for real-time interaction like in synchronous collaboration.

The results emphasize the importance of designing asynchronous collaboration
tools that optimize co-presence while acknowledging individual differences.
Enhancing avatar realism, integrating adaptive behavioral cues and offering
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personalized interaction settings may further improve the experience [154].
Additionally, while MR Avatars are more effective in fostering presence, 2D
Video instructions remain a viable alternative for scenarios where high co-
presence is not a priority.

Furthermore, the avatar lacked facial expressions and lighting was not imple-
mented perfectly, which resulted in uncanny lighting/shadows of the avatar.
Also, according to observations and participants’ feedback, the co-presence
feeling mitigated when the avatar was not reacting, intruded the personal space
of the participants, collided with physical objects like walls or walked through
physical objects like a ghost [36, 154, 162, 172].

6.3.4 Efficiency Results

Efficiency was operationalized by measuring the time participants needed to
complete various task across conditions. This allows insight into how different
instructional modalities affect the pace of task execution and problem-solving.

Recorded Time Data

The analysis of task completion times in the MR Avatar and 2D Video con-
ditions revealed significant differences in efficiency across various phases of
the experiment, as depicted in Figure 6.21. Overall, participants in the 2D

Video condition completed tasks faster than those in the MR Avatar condition,
particularly in the solution application phase (Part III).

Table 6.9 provides a detailed breakdown of time differences across the task
phases. During novice tasks (Part I+II), which involved both task execution and
error reporting, participants using the MR Avatar took slightly longer (M =

26.00 min, SD = 4.44) compared to those in the 2D Video condition (M =

23.57 min, SD = 10.95), with a statistically significant difference, p = .023,
r = .346. A closer examination revealed that while task execution times were
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Figure 6.21: Boxplot visualization of completion times across task phases for MR Avatar and 2D
Video conditions

similar between conditions in Part I, in Part II error reporting was significantly
slower in the MR Avatar condition (M = 10.18 min, SD = 2.16) compared
to 2D Video (M = 8.00 min, SD = 5.18), p = .013, r = .383. This suggests
that detecting and reporting errors required more time when interacting with
an avatar, possibly due to increased cognitive load or differences in how issues
were perceived in the MR interface.

Table 6.9:Mean task completion times (in minutes) and standard deviations across phases for MR
Avatar and 2D Video conditions

Measure MR Avatar 2D Video p r

M SD M SD

Part I 15.82 4.10 15.14 6.17 0.429 0.121

Part II* 10.18 2.16 8.00 5.18 0.013 0.383

Part I + II* 26.00 4.44 23.57 10.95 0.023 0.346

Part III*** 10.00 6.86 5.43 1.50 <.001 0.567
∑

Part I - III 38.71 11.30 28.14 11.98 0.448 0.004

* Statistically significant result (p < .05).
*** Highly significant result (p < .001).

In Part III, where participants applied solutions from prior steps, the 2D Video

condition showed a substantial efficiency advantage. Participants using the
MR Avatar took nearly twice as long (M = 10.00 min, SD = 6.86) as
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those in the 2D Video condition (M = 5.43 min, SD = 1.50), with a highly
significant effect, p < .001, r = .567. This large effect size suggests that
video-based instructions provided clearer references, enabling faster retrieval
and application of knowledge. In contrast, avatar-based interactions might have
introduced additional complexity in recalling and executing learned solutions.

When considering the total task duration (Part I – III), participants in the MR

Avatar condition showed a numerically higher completion time (M = 38.71

min, SD = 11.30) compared to those in the 2D Video condition (M = 28.14

min, SD = 11.98). However, this difference was not statistically significant,
p = .448, indicating high inter-individual variability.

These findings suggest that the 2D Video condition facilitated more efficient
task completion, particularly in solution application, possibly due to its static
and structured nature, which can aid in information retrieval. In contrast, while
MR Avatars may provide a more engaging and immersive experience, they
appear to introduce a higher cognitive load, which could slow down perfor-
mance in asynchronous collaboration settings. Future research should explore
how to optimize avatar-based interactions for efficiency without compromising
engagement.

Discussion: The findings underscore a clear trade-off between immersive
engagement and task efficiency. While the MR Avatar condition offers a more
interactive and embodied experience, this benefit may come at the cost of
increased time investment during task execution – especially in complex phases
including response review and solution application. Longer instruction time,
but a statistically similar assembly time, was observed in related work with AR
instructions [43].

One possible explanation lies not in the MR modality itself, but in the dis-
crepancy between the technological maturity and user familiarity of the two
systems. Smartphone-based video interactions – such as timeline interfaces –
are highly optimized through decades of iterative design and are used daily by
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all participants [34, 154]. In contrast, theMR Avatar interface represents a rel-
atively novel and still maturing form of interaction. Its unfamiliarity, combined
with the early-stage nature of the prototype, may have introduced friction in
navigation, comprehension, and control, leading to slower performance despite
the immersive potential.

Interestingly, the greatest difference was observed during error reporting and
solution application (Parts II and III), where clarity and quick access to prior
information are critical. This suggests that while MR can enhance presence, it
may be less suited for tasks requiring speed – unless specifically optimized.

Another contributing factor is the fundamental trade-off between naturalis-
tic and abstracted interaction paradigms. Immersive interfaces allow embod-
ied, spatial interactions that mimic real-world behavior – such as pointing or
gesturing – whereas smartphone interfaces use highly abstracted but efficient
interactions like tapping, scrolling, or swiping [16]. For example, selecting or
highlighting an object on a touchscreen is typically faster than gesturing toward it
in a roomscale space. However, while slower, these embodied interactions more
closely resemble natural human behavior and do not require the same degree
of learned interface conventions [16, 38]. This trade-off between intuitiveness
and efficiency must be carefully considered when designing collaborative XR
systems, especially in asynchronous contexts where not just timing but also
precision are crucial (³ Accuracy Results 6.3.5).

These results highlight the need for better interface design in MR applications.
Rather than fundamental limitations of MR, the inefficiencies likely reflect
a gap in usability design and user adaptation. Incorporating more intuitive
controls, improving pacing, and aligning design with users’ mental models
can help reduce the temporal overhead and support spatial memory [35, 154].
Future research should also explore whether combining MR with traditional
instructional modalities or input interfaces can offer the best of both worlds –
enhanced engagement without sacrificing efficiency.
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6.3.5 Accuracy Results

To assess the effectiveness of each instructional condition, task accuracy was
measured as the percentage of correctly completed steps. Completion rates
were compared across experimental phases for both the MR Avatar and 2D

Video conditions, as summarized in Table 6.10.

Recorded Completion Rate

The accuracy scores, measured as the percentage of correctly completed tasks,
were analyzed to compare the effectiveness of asynchronous guidance between
the MR Avatar and 2D Video conditions (see Table 6.10 and Figure 6.22).

Table 6.10: Task accuracy comparison across phases between MRAvatar and 2D Video conditions

Measure MR Avatar Smartphone Video p r

M (%) SD (%) M (%) SD (%)

Part I** 92.41 11.35 75.43 19.19 0.001** 0.513

Part II 90.34 16.55 94.25 12.03 0.530 0.098

Part I + II* 91.38 9.20 80.35 19.65 0.012* 0.381

Part III 94.76 6.80 90.50 8.87 0.110 0.250
∑

Part I - III* 91.07 9.48 82.70 15.03 0.024* 0.343

* Statistically significant results.
** Highly significant result (p < .01).

A significant difference was found in Part I, where participants using the MR

Avatar condition achieved higher accuracy (M = 92.98%, SD = 10.38)
compared to the 2D Video condition (M = 77.65%, SD = 19.88), p = .003,
with a moderate effect size (r = .450). In contrast, in Part II, the 2D Video

group achieved slightly higher accuracy (M = 95.57%, SD = 7.40) than the
MR Avatar group (M = 92.16%, SD = 16.41), but this difference was not
statistically significant (p = .987, r = .0025).
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Figure 6.22: Boxplot visualization of accuracy across task phases for MR Avatar and 2D Video
conditions

When combining Part I and II, a significant difference was found, with the
MR Avatar condition showing higher accuracy (M = 92.57%, SD = 8.73)
compared to the 2D Video condition (M = 82.06%, SD = 19.53), p = .019,
with a moderate effect size (r = .357). In Part III, no significant difference
was observed (p = .110, r = .250). Finally, the overall accuracy score
across all phases was higher in the MR Avatar condition (M = 91.86%,
SD = 9.32) compared to the 2DVideo condition (M = 83.44%,SD = 15.55),
with a statistically significant difference, p = .014, and a moderate effect size
(r = .373).

These results suggest that while theMR Avatar condition led to higher accuracy
overall, particularly in Part I, the 2D Video condition did not show a significant
advantage in Part II. The significant difference in the combined Part I + II

score and overall accuracy suggests that the MR Avatar guidance method was
more effective in ensuring accurate task execution across the experiment.
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Discussion: The accuracy results indicate that MR-based asynchronous
guidance can foster more precise task execution, particularly during guided
phases. The significantly higher accuracy in Part I for theMR Avatar condition
suggests that immersive, embodied instructions may support participants’ com-
prehension and recognition during task execution. Related work suggests that
additional interactivity and traceability of movements, e.g. hand gestures, in
the local user’s environment can improve auditory and spatial recall and under-
standing of key information [36, 38, 63]. Additionally, our findings align with
related studies that suggest accuracy positively correlates with spatial presence
(³ Spatial Presence 6.3.3). Although not measured in this study, related work
further suggests a better long-term recall after training with MR systems [43].

A possible explanation for this advantage lies in the visual clarity and spatial
embedding of the instructions provided by the avatar, as previous studies suggest
[153]. Additionally, participants in the 2D Video condition often experienced
a split-attention problem: their focus constantly shifted between the handheld
screen and the physical workspace. Most participants attempted to follow the
video while simultaneously performing tasks in the real environment. As a
result, when moving through the workspace, they frequently missed critical
visual cues in the video because their attention was directed toward their sur-
roundings. In contrast, theMR Avatar instructions were embedded directly into
the environment, eliminating the need to shift attention between two separate
contexts. This could explain the higher error rate and lower accuracy observed
in the video group. Similar findings related to split attention have been reported
in previous work, where camera framing limitations made it difficult to capture
both the workspace and the instructional actions simultaneously, often resulting
in omissions or misunderstandings [154].

Interestingly, participants rarely paused or rewind the video, likely to avoidmiss-
ing important on-screen visuals, and instead continued navigating the physical
space while listening to the audio instructions. Still, some participants replayed
the video several times to clarify specific steps. A similar observation was
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noted in related work, where the authors pointed out that students rarely re-
wound recordings to check for errors; our findings provide empirical support
for this claim [154]. Future studies could focus on whether more concise step-
by-step videos – comprising more steps yet shorter duration – might contribute
to a reduction in errors, a notion stated in previous research [16, 154].

It is important to note that some technical limitations may have also affected
MR performance, similar to previous work [156]. Participants occasionally
encountered playback problems, including audio delays, avatar desynchroniza-
tion, or incomplete body tracking. These were known limitations of the early
prototype. In rare cases (two participants), tracking instability led to positional
misalignment, although these were quickly corrected during the session.

Despite these issues, the overall higher accuracy in the MR Avatar condition
suggests that immersive guidance can support better spatial and procedural
understanding. The avatar’s embodied actions and spatial anchoring likely
contributed to more robust cognitive encoding, as suggested in related work
[35, 43].

These findings reinforce the potential of MR-based instruction to enhance ac-
curacy in XR collaboration scenarios. Future developments should focus on
improving technical reliability, introducing more flexible playback controls,
and offering feedback mechanisms to help participants monitor and verify their
progress during complex or error-prone tasks.

6.3.6 Qualitative Results

The questionnaire included additional comment sections where participants
could provide further feedback in text form. These feedback results are cate-
gorized into three groups: usability, avatar interaction and learning aspects that
are further presented and discussed in this section.
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Usability: Participants considered the systems to be intuitive and user-
friendly in general, but some suggested specific improvements – especially
among HMD users. Smartphone users valued the familiar interface, describing
it as straightforward and aligned with everyday apps like messengers. Re-
lated work suggest hands-free conditions to be more preferable and effective
[16, 38, 139]. In our study, HMD users appreciated the clarity of the menu and
hands-free interaction, but noted issues such as difficulty reaching avatar-related
buttons, confusing button feedback and having to walk around or through the
avatar to proceed. Hands-free interaction seem to be commonly favored as
discussed in related work [16, 38, 73, 156]. One participant requested “bigger

record buttons” to prevent misclicks, while another highlighted the need for
improved positioning of controls for shorter users. That support reports in
related work, where the positioning of virtual elements occluded the guidance
if not placed ideally [35]. Smartphone participants focused more on interface
ergonomics, such as accidentally selecting the wrong icon, or struggling to
manage and identify multiple videos without labels. Overall, users across both
platforms called for improved layout, clearer visual cues and reduced cognitive
demand when multitasking between content and task execution.

Avatar Interaction: The avatar received largely positive reactions, partic-
ularly in terms of its instructional value and presence. Users appreciated the
spatial and gestural communication, which many said helped them understand
procedures more easily than static instructions. That is supported by similar
results in related work [154]. A few described their instinctive behavior of
walking around the avatar as if it were a real person, showing a surprising
level of social presence, similar to prior work [120]. This feature enabled par-
ticipants to observe the playback from various perspectives, a capability that
was valued by users in past studies [156, 159]. Some participants expressed
discomfort when the avatar invaded their personal space or when they had to
walk through it, finding that “strange” or “unnatural”. Similar observations
were noted in related studies focusing on teleportation, where it was suggested
to limit teleportation zones to prevent overlap with the avatar’s playback areas
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[36]. Some participants reported minor visual glitches, like mismatches in
animation or expression. Interestingly, the avatar’s human-like presence was
often reported as beneficial, helping users stay engaged and follow instructions,
despite occasional proximity uncanny moments. One user remarked that it “felt
like interacting with a person”, and another mentioned they avoided walking
through it, despite being aware it was digital, suggesting the avatar successfully
triggered real-world social behavior. Nevertheless, a less realistic representa-
tion of the avatar may also be sufficient for a similar degree of co-presence, as
indicated in related studies [154].

Learning Aspects: Comments showed a clear contrast between the pro-
totypes in how participants experienced the learning process, even though no
participant tested both. HMD users described learning as guided, immersive
and embodied, frequently mentioning the advantage of seeing gestures in real
time and following an expert’s actions in the physical space. This real-time,
avatar-based guidancewas seen as intuitive and easy to remember, particularly in
complex or spatial tasks. Similiar impressions about the intuitiveness, retention
and usability were reported in related work [73, 154]. In contrast, smartphone
users valued the ability to pause, rewatch and process instructions at their own
pace. Our results support similar observations in prior studies [63, 154]. Sev-
eral participants who tested the 2D Video condition, noted that it would have
been easier to “reread or jump back” with text and image based instructions
compared to skipping through videos. While they appreciated the clarity of
visual examples, some smartphone participants mentioned the effort of holding
the phone while performing tasks – similar to prior studies [16, 38, 43] – and
difficulties processing long sequences of video. Furthermore, it is suggested to
auto-pause the playback when users perform tasks in their workspace, since it
might help avoid split attention and prevent them from missing an instruction
[154]. These patterns suggest that while the HMD approach offers a seam-
less task integration, the smartphone method supports greater flexibility and
reflection.
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6.4 Major Findings and Implications

This section presents the synthesized findings from the evaluation study that
compared asynchronous collaboration in an immersiveMRenvironment –ACIE
approach – with more conventional asynchronous collaboration using flat media
– video messaging approach. The objective is to illustrate the DSR rigor
cycle and to derive design-related implications that extend beyond specific
implementations. Additionally, the empirical data will be interpreted through
a scientifically substantiated perspective.

Finding 1

ò Equivalent collaboration quality: ACIE had no significant differ-
ences in communication, cooperation or coordination compared to the
video-based messaging for asynchronous collaboration.

This finding reinforces the assumption that the implemented ACIE components
for communication, cooperation and coordination are sufficiently supporting
asynchronous collaboration and are not perceived as less effective as conven-
tional methods, such as video messaging. When implemented well and thor-
oughly to support all 3C’s, immersive media are well suited for collaboration
on complex tasks and do not suffer from a lack of familiarity.

Design Implications: To support asynchronous collaboration with XR,
immersive approaches for communication, cooperation and coordination have
to be supported.
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Finding 2

ò Usability trade-offs in immersive collaboration: Although ACIE
resulted in significantly higher accuracy, especially for error-sensitive
tasks, it was less efficient.

Task durations under ACIE were longer, likely due to added complexity by
unfamiliar menu paradigms in MR, while participants could navigate through
the video messages with ease. However, ACIE enabled more accurate task
execution. The spatial alignment of instructions and embodied cues from the
proxy may have supported deeper understanding and better error prevention.
Additionally, the seamless integration of proxy-avatar instructions within the
workspace may help maintain focus, while switching between the display and
the work space splits the attention [154]. This presents a trade-off: immersive
media provide higher accuracy, but may require optimization to match the speed
of traditional media.

Design Implications: Complex task procedures, especially those relying
on body motion, spacial navigation or spatial referencing, benefit from immer-
sion and embodiment. However, the interaction needs optimization to be able
to compete with traditional familiar media and interaction paradigms. Further
investigation is needed to determine whether more training/familiarity also re-
duces this efficiency gap. For other tasks or job types, immersive media adds an
extra layer of complexity and unfamiliarity, which in turn leads to inefficiency.
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Finding 3

ò Enhanced user experience without added cognitive load: ACIE
significantly increased perceived user experience, particularly in stim-
ulation and novelty, while maintaining statistically equivalent usability
and workload levels.

Despite their lack of familiarity with immersive technologies, participants rated
ACIE’s usability (ASQ, SUS) and perceived workload (NASA-TLX) as equiva-
lent across conditions. This indicates that immersive asynchronous systems can
enrich user experience without introducing additional cognitive burden. Higher
stimulation and novelty in the ACIE condition suggest elevated engagement po-
tential, which may translate to stronger motivation and learning retention over
time.

Design Implications: Since usability was comparable, future research
should focus on optimizing task efficiency and user engagement, rather than
usability per se. Refining interaction modalities, such as gesture-based inter-
actions or adaptive guidance, could enhance efficiency without compromising
usability. Since neither method led to excessive cognitive load, system design-
ers can introduce additional interactive elements (e.g. user-driven exploration,
embedded quizzes) to increase engagement without overwhelming users.

Summarizing the evaluation, it can be concluded that immersive asynchronous
collaboration (ACIE) provides benefits in terms of experience and learning –
including increased spatial presence, co-presence, accuracy and user interaction
– without increasing cognitive load or reducing perceived usability. However,
these benefits come at the cost of reduced efficiency, largely due to unfamil-
iar interaction paradigms and increased complexity. The findings suggest that
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ACIE is a promising method for asynchronous collaboration on tasks requir-
ing physicality or spatial thinking. However, further design optimizations are
needed to achieve the efficiency of traditional methods.

Final Takeaway

In summary, the evaluation shows that immersive asynchronous collaboration –
like in ACIE – offers meaningful experiential and instructional benefits, includ-
ing enhanced spatial presence, co-presence, task accuracy, and user engagement,
without increasing cognitive workload or compromising usability compared to
traditional flat-media collaboration. Table 6.11 provides a concise overview of
the most important findings at a glance.

Table 6.11: Summary of core findings across presence, collaboration, performance, and experience
dimensions

Finding Summary

F1: Collaboration Quality No significant difference in perceived communication,
cooperation, or coordination.

F2: Accuracy vs. Efficiency ACIE improved task accuracy but increased task dura-
tion.

F3: User Experience ACIE enhanced user experience (novelty, stimulation)
without adding cognitive load.

However, ACIE’s immersive advantages come at the cost of reduced task ef-
ficiency, likely due to unfamiliar interaction paradigms and additional system
complexity. Table 6.12 summarizes the empirical validation of the hypotheses,
which were defined in ³ Section 6.2. These findings suggest that immersive
asynchronous tools are particularly valuable in tasks involving embodiment,
spatial reasoning or collaborative instruction, but require further optimization
to match the speed and operational familiarity of conventional methods.
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Table 6.12: Empirical validation of XR-related hypotheses in the Rigor Cycle, based on observed
efficiency, accuracy, presence, and satisfaction outcomes

Hypothesis Result Evidence

H2.1 q XR does not improve efficiency in ACCT compared to non-
immersive representations. In fact, theMRAvatar condition showed
slower performance; the 2D Video was significantly more efficient.

¥ XR improves effectiveness in ACCT compared to non-immersive
representations. The MR Avatar condition led to higher task accu-
racy and better performance in complex phases.

¥ XR improves satisfaction in ACCT compared to non-immersive rep-
resentations. Significantly higher stimulation and novelty were re-
ported in the MR Avatar condition (UEQ).

H2.2 ¥ XR improves spatial presence in ACCT compared to non-immersive
representations. This was reflected in significantly higher IPQ scores
(REAL, SP, INV).

¥ XR improves social presence in ACCT compared to non-immersive
representations. The MR Avatar condition significantly enhanced
co-presence (NMSPI) with a large effect size.

¥ Supported
q Rejected

� Answer to RQ2.1: In the ACIE condition, task effectiveness was signif-
icantly higher – particularly in complex and error-sensitive phases – reflected
by increased task accuracy, while efficiency was significantly lower, with longer
completion times than in the non-immersive baseline (2D Video). User satisfac-
tion was also significantly higher (UEQ: stimulation, novelty). Together, these
results support H2.1 and indicate a trade-off between accuracy/satisfaction and
speed in immersive asynchronous guidance.

� Answer to RQ2.2: Compared with flat video messaging, ACIE yielded
significantly higher spatial presence (IPQ: REAL, SP, INV) and co-/social pres-
ence (NMSPI), with a large effect size on co-presence. These findings support
H2.2 and demonstrate that immersive media enhance both the feeling of being
in the environment and the sense of shared experience, even in asynchronous
contexts.
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6.5 Summary and Outlook

This chapter addressed RQ2, which focuses on the evaluation of asynchronous
collaboration using immersive technologies in applied engineering scenarios
(see ³ Chapter 1, Figure 1.1). Building on the conceptual and technical
foundations established in the previous chapters, an MR-based avatar guidance
system was deployed in a real-world robotic cell setting to assess its practical
relevance and effectiveness.

The comparative study contrasted the immersiveMR-based avatar systemwith a
traditional smartphone-based 2D Video baseline. To thoroughly assess the two
approaches, both quantitative and qualitative data were collected acrossmultiple
metrics, including task performance, usability, user experience, presence and
collaboration quality.

• TaskCompletion andUsability³RQ2.1: Both conditions enabled par-
ticipants to successfully complete the procedural task. Usability scores
(SUS, ASQ) showed no significant differences, confirming the practical
applicability of both methods.

• User Experience & Workload ³ RQ2.1: The participants reported
similar workload levels (NASA-TLX), but significantly higher hedonic
and experiential quality in the immersive condition. In particular, the
UEQ subscales for stimulation and novelty showed large effects.

• Perceived Presence ³ RQ2.2: The immersive condition led to signifi-
cantly higher spatial presence (SP), involvement (INV) and co-presence,
supporting the hypothesis that embodied avatar guidance enhances the
subjective sense of presence and belonging.

• CollaborationQuality³RQ2.2: Ratings of collaboration, cooperation,
and coordination were high in both conditions. However, participants in
the MR-based condition reported stronger spatial comprehension and
engagement based on qualitative feedback.

184



6.5 Summary and Outlook

• Qualitative Insights: The participants appreciated the intuitive nature of
embodied guidance in XR, the contextualization of actions in space, and
the enhanced sense of shared presence. Reported limitations included
reduced control over playback and occasional occlusion or clumsiness in
avatar gestures within the physical environment.

� Answer to RQ2 (synthesis): Relative to the non-immersive baseline,
the immersive system increased effectiveness (higher procedural accuracy) and
satisfaction (higher stimulation and novelty), maintained usability and work-
load, and increased spatial presence and co-presence; efficiency was lower
(longer completion times). Collaboration quality (communication, coopera-
tion, coordination) was rated as equivalent across conditions.

A detailed summary of all quantitative results is provided in³ Appendix A.8,
including statistical significance and effect sizes. These findings validate the
practical relevance of immersive asynchronous collaboration and highlight key
strengths and limitations that inform its refinement.

In Simpler Terms

This chapter showed that engineering students using the MR Avatar system
could follow complex instructions more intuitively and with a stronger sense
of spatial context than those using traditional video guides. They felt more
present, more engaged, and perceived the collaboration as more natural – even
though it was asynchronous. While the immersive system did not necessarily
make tasks faster, it made the experience more vivid and meaningful.

How to Proceed

The evaluation confirms that immersive asynchronous collaboration is both
usable and beneficial in real-world engineering environments. However, it
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also reveals practical limitations and technical considerations that guide future
design improvements.

³ Chapter 7 integrates a critical discussion of these findings in light of the
research questions, design principles and broader implications forXR-supported
collaboration. It concludes the thesis by summarizing the key contributions
and outlining directions for future work on scalable, flexible and embodied
asynchronous collaboration systems.
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This thesis advances the field of asynchronous XR-supported collaboration by
introducing a novel conceptual technical framework and validating it through
implementation and empirical evaluation. The Design Science Research (DSR)
methodology was used to investigate how Extended Reality (XR) can support
Asynchronous Collaboration on Complex Tasks (ACCT) in engineering. The
research followed the three canonical DSR cycles-Relevance, Rigor and Design
– each contributing to the development, evaluation and contextual embedding
of a novel XR-based collaboration framework. The following provides an
integrated summary of the dissertation chapters, their contributions and their
alignment with the DSR cycles.

³ Chapter 1 frames the motivation and research questions, establishing the
conceptual need for asynchronous collaboration in spatially complex en-
gineering tasks. By articulating the limitations of existing CSCW systems
and introducing ACCT as a focal construct, this chapter contributes to the
Relevance Cycle, ensuring the investigation is grounded in a real-world
and practically significant problem space.

³ Chapter 2 provides the theoretical underpinnings of the research. Draw-
ing from CSCW, HCI and XR literature, it introduces the 3C model as an
analytical structure for asynchronous collaboration in immersive environ-
ments. This conceptual foundation directly informs the design process,
contributing to the Rigor Cycle by extending the academic knowledge
base.
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³ Chapter 3 presents a structured literature review highlighting the frag-
mented state of XR support for asynchronous collaboration. By identi-
fying underexplored opportunities and design gaps, it supports both the
Rigor and Relevance Cycles, providing a critical bridge between theoret-
ical knowledge and design motivation.

³ Chapter 4 introduces theACIE Framework, amodular system design that
operationalizes the 3Cmodel in XR environments. It specifies immersive
message types, proxy representations and spatial coordination strategies.
As the principal design artifact, this chapter is central to the Design Cycle,
translating theoretical constructs into implementable system components.

³ Chapter 5 details the technical realization of the ACIE Framework across
multiple XR platforms. It describes the development of asynchronous
messaging protocols, spatial anchors and versioning tools. These iterative
design efforts advance the Design Cycle by implementing and refining the
artifact in alignment with real-world constraints.

³ Chapter 6 empirically evaluates the framework in a realistic engineering
setting. Amixed-method study compares theXR system to a conventional
video-based baseline, measuring spatial understanding, co-presence, us-
ability and efficiency. The findings validate the artifact’s impact, thereby
completing the Relevance and Rigor Cycles through contextual evaluation
and contribution to applied knowledge.

³ Chapter 7 integrates the key findings, reflects critically on limitations
and outlines directions for future research. It synthesizes contributions
across theoretical, methodological and practical dimensions. This chapter
closes the DSR loop by feeding insights back into the knowledge base
and practice, representing the culmination of all three DSR cycles.
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Synthesis of Key Findings

The comparative evaluation against a smartphone-based video baseline
indicated that the proposed framework supports asynchronous collabora-
tion in immersive environments with several advantages:

Collaboration quality: Subjective ratings of communication, cooper-
ation, and coordination in XR were equivalent to the non-immersive
baseline despite lower familiarity.

Effectiveness & accuracy: While the XR system led to longer task
durations, it resulted in higher procedural accuracy in spatially complex
tasks, suggesting a trade-off between interaction complexity and task
precision.

User experience: Despite increased complexity, the immersive system
enhanced engagement and stimulation without raising perceived work-
load, indicating strong usability and cognitive sustainability.

Overall, the evaluation substantiates the viability of XR-based asyn-
chronous collaboration, particularly for tasks involving spatial reason-
ing, embodied actions, or instructional complexity. Future system design
should focus on interaction optimization and adaptive guidance to address
current efficiency limitations while retaining the experiential benefits
demonstrated.

7.1 Discussion

This section critically reflects on the research outcomes, contextualizing them
within the broader frameworks of asynchronous collaboration, XR system de-
sign and CSCW theory. It interprets the empirical findings, evaluates the
implemented system and explores conceptual, methodological and societal im-
plications across multiple analytical levels.
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Experimental Findings

The user study confirmed that immersive XR representations – particularly
avatar-based asynchronous messaging – significantly enhanced spatial pres-
ence, clarity of communication and participant engagement, compared to a
smartphone-based video baseline. Participants using the XR system exhibited
fewer procedural errors, supporting prior research on embodied cognition and
spatial memory in immersive environments [154]. These results validate the
core hypothesis that XR can improve asynchronous collaboration on spatially
complex tasks through embodied, persistent and context-rich interaction.

However, XR participants also required longer to complete the task, pointing
to a trade-off between interaction richness and operational efficiency. This
finding suggests that while immersive representations improve understanding,
they can also increase task complexity due to navigation, control and cognitive
processing demands.

System Implementation and Technical Lessons

The implementation of the ACIE framework across standalone XR headsets
provided a functioning proof of concept for asynchronous interaction in im-
mersive environments. Key features – such as avatar recording and playback,
spatial annotations and version control – proved feasible and effective. Nonethe-
less, technical challenges emerged during deployment: synchronization issues
between audio and motion, application crashes, avatar model glitches and UI
occlusion reduced usability in some sessions.

These issues underscore the current technical limitations of XR platforms, par-
ticularly for persistent, multi-modal asynchronous systems. Improvements in
spatial UI rendering, avatar proximity handling and system stability are re-
quired for production-ready deployments. Despite these limitations, the system
remained usable and informative across diverse sessions, confirming its exper-
imental robustness and operational capability.
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Conceptual Insights and Theoretical Contributions

This research extends the understanding of asynchronous collaboration by in-
tegrating the 3C model – Communication, Cooperation, Coordination – into an
immersive design framework. Each dimension was operationalized based on
specific characteristics:

• Communication: Avatar-based messaging preserved gesture, gaze and
timing.

• Cooperation: Proxy avatars and annotations enabled instruction and
feedback across time.

• Coordination: Step-wise playback and version control facilitated align-
ment of actions.

Across design, implementation, and evaluation, immersive XRwas found to im-
prove procedural accuracy and perceived presence while maintaining usability
and workload, at the cost of longer completion times relative to a smartphone-
based 2D video baseline (³ Chapters 5 and 6). Taken together, these results
indicate that XR supports asynchronous collaboration on complex tasks by pre-
serving spatial context and embodied cues, with an efficiency trade-off that
warrants interaction optimization. Within the stated scope (tasks with strong
spatial reasoning and embodied action), the research objective formulated in
³ Chapter 1 was advanced.

Overall, these mechanisms show that asynchronous collaboration does not have
to compromise presence or effectiveness. Instead, well-designed XR systems
can reconstruct the social and spatial context in deferred interactions. Conse-
quently, thiswork challenges the traditional CSCWassumption that high-quality
collaboration requires co-temporality.
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� Answer to main RQ (synthesis): Across design, implementation and
evaluation, immersive XR was found to improve procedural accuracy and per-
ceived presence while maintaining usability and workload, at the cost of longer
completion times relative to a smartphone-based 2D video baseline (³ Chap-

ters 4, 5, 6). Taken together, these results indicate that XR supports asyn-
chronous collaboration on complex tasks by preserving spatial context and
embodied cues, with an efficiency trade-off that warrants interaction optimiza-
tion. Within the stated scope (tasks with strong spatial reasoning and embodied
action), the research objective formulated in ³ Chapter 1 was advanced.

Positioning within the State of the Art

Prior work in XR-supported asynchronous collaboration has largely focused
on isolated aspects, such as embodiment, annotation or replay, without fully
addressing coordination or cooperation. As shown in Table 7.1, most systems
lack full coverage of the collaborative functions required for complex task
support.

In contrast, ACIEwas designed as an integrated framework explicitly supporting
all three 3C dimensions. It is the only system in the comparative analysis
that scores across all five criteria-embodiment, complexity, communication,
coordination and cooperation. This reflects a deliberate effort to close design
gaps in the literature and move toward comprehensive asynchronous support in
XR environments.

7.2 Contributions

Framed within Design Science Research (DSR) (³ Chapter 1, Section 1.4),
this dissertation proceeded from the knowledge base to iterative design and
instantiation, through empirical evaluation, and back to the knowledge base,
with several cycles. Along the way, different contributions were made: C1
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Table 7.1: Comparison of core XR systems for asynchronous collaboration using a five-dimension
scoring framework, including the proposed ACIE system

Related Work Embodi-

ment

Task

Complex-

ity

Commu-

nication

Coordi-

nation

Coope-

ration

Score

Guided Tour [63] ○○○ ○○ ○ ○ ○○ ○ ○○ ○○○ 5

Time Travellers [34] ○ ○○ ○○○ ○○ ○ ○ ○○ ○○○ 9

MAVRC [36] ○ ○○ ○○○ ○○○ ○○○ ○ ○○ 9

ReliveInVR [159] ○○○ ○○ ○ ○ ○○ ○○ ○ ○○○ 10

XR-LIVE [154] ○○ ○ ○○○ ○○○ ○○ ○ ○○○ 10

VRGit [172] ○○ ○ ○○○ ○○○ ○○○ ○○○ 11

Virtual Triplets
[171]

○○ ○ ○○○ ○○○ ○○ ○ ○○○ 11

Loki [156] ○○○ ○○○ ○○○ ○ ○○ ○○○ 11

Async Reality [52] ○○○ ○○○ ○○○ ○○ ○ ○○○ 13

ACIE (this work) ○○○ ○○○ ○○○ ○○○ ○○○ 15

Note: Each criterion is scored on a scale from 0 to 3 and visually encoded using circle
symbols. An empty circle (○) indicates no or negligible support, while up to three filled
circles (○) reflect increasing levels of functionality or completeness.

laid the conceptual groundwork and defined the design space, C2 informed the
realization and application of the approach, and C3 evaluated the approach and
fed the results back to the knowledge base.

ó C1 – Mapping and conceptualization: This work investigated how
the 3Cs could be supported in XR and mapped established and ongoing XR
approaches for asynchronous collaboration to requirements of complex engi-
neering tasks. Based on this, individual components were brought together
into a framework concept for ACCT – the ACIE framework (³ Chapter 2,
Chapter 3, Chapter 4).

ó C2 – Implementation and application: The implementation and val-
idation of the framework were reported, and a reference revision was provided
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as open source [ Mayer [1]. The framework and its components were ap-
plied to engineering use cases to show how it could be used for asynchronous
collaboration in situ (³ Chapter 5, Chapter 6).

ó C3 – Evaluation and feedback to the knowledge base: The pro-
posed approach was evaluated in a realistic experiment, comparing it with a
baseline. The results were reported with regard to usability and performance,
and the main findings were summarized together with design implications and
further considerations for improvement (³ Chapter 6).

◎ Research Objective: Propose an XR-based approach to facilitate
ACCT through improved representation and communication of spatial
context.

Together, C1–C3 contributed to the thesis objective. C1 clarified what needed
to be represented and communicated, and organized the design options around
the 3Cs. C2 showed how these approaches were implemented and combined for
application in realistic engineering settings. Finally, C3 evaluated the approach
against a baseline and reported findings and implications that were fed back into
the knowledge base.

7.3 Limitations

While this study provides a novel framework and promising empirical results,
certain limitations impacting the technical robustness as well as the method-
ological and interpretive scope of the findings must be considered.

Technical Limitations: Despite functional implementation across multi-
ple XR platforms, the prototype showed some stability and synchrony issues
during operation. Audio and avatar playback were occasionally out of sync;
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the application experienced crashes, tracking loss or avatar rendering failures,
particularly under prolonged usage or occlusion conditions. Additionally, the
usability and spatial behavior of certain interface elements need improvement.
For example, the avatar interaction menu was sometimes rendered inside walls
or objects, making it difficult to access. Similarly, the proxy avatars occasion-
ally entered uncomfortable proximity to the user, leading to potential collisions
or breaks in immersion. These issues underscore the importance of further
refining spatial UI design, as well as robustness and runtime stability.

Methodological Limitations: The evaluation study was conducted with a
moderately sized participant pool and used an artificially constructed engineer-
ing task. While this enabled control and replicability, it limits the ecological
validity of the results. Although the task was representative of common spa-
tial workflows, further testing in diverse, domain-specific scenarios – such as
medical, architectural, or field-service contexts – would strengthen the general-
izability of the findings. Participants were also predominantly non-expert users
in XR, which may have influenced their performance or perceptions.

Measurement Limitations: Although the study employed validated in-
struments like the System Usability Scale (SUS), NASA-TLX and IPQ to as-
sess usability and presence, some of the collaboration-related measures were
collected using a custom-designed questionnaire. Despite its foundation in ear-
lier studies, this instrument has not been validated in the academic literature.
Therefore, it is essential to approach its findings with a degree of caution. Fu-
ture studies should include standardized instruments or further validate custom
scales through factor analysis or expert review.

These limitations are characteristic of early-stage research involving novel inter-
active systems and do not diminish the core contributions of this study. Instead,
they emphasize practical challenges and design alternatives that could be con-
sidered in future iterations to enhance the system’s robustness, user-friendliness
and domain applicability.
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Impact

The relevance and applicability of this research goes beyond academic experi-
mentation. The ACIE framework was not only developed in collaboration with
practising engineers in a research factory – a hybrid space that combines labo-
ratory research and industrial practice – but is also actively used in operational
environments.

The system is being integrated into the KIT-nova1, a unique environment where
education, collaboration and manufacturing meet. The ACIE system is used to
create and deliver spatial safety training content and task guidance, enabling
users to engage with complex procedures in a more embodied, persistent and
context-rich manner.

In parallel, the ACIE framework is being explored for educational integration at
the ATS Institute2 at Mannheim University of Applied Sciences. As depicted
in Figure 7.1, immersive avatar-based instructions are employed to digitalize
hands-on pump-station procedures, allowing students to repeatedly review and
practice critical operations directly at the physical pump system during their
practical coursework.

This direct transfer into applied use demonstrates the framework’s practical
viability and supports its long-term relevance for XR-supported knowledge
sharing, safety and education beyond the industrial domain.

This thesis contributes to the EuropeanUnion’s Sustainable Development Goals
(SDGs)3 by advancing digital, educational and sustainable practices in indus-
trial collaboration and training. Figure 7.2 presents the variety of Sustainable

1 KIT-nova is the Learning and Application Center for Mechatronics at KIT, where student
co-working spaces meet real production systems. ACIE is used there for immersive safety
instructions and training in VR/MR. See: https://www.laz.kit.edu/english/index.php

2 ATS – Institut für Anlagentechnik und Anlagensicherheit, Technische Hochschule Mannheim:
https://www.ats.hs-mannheim.de/

3 International Sustainable Development Goals by the UN: international-
partnerships.ec.europa.eu
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Figure 7.1: Application of immersive avatar-based instruction for pump-station procedures at the
ATS Institute at TH Mannheim

Development Goals (SDGs) that frame global efforts toward inclusive, respon-
sible, and future-ready innovation. The proposed XR-based system supports
several core SDGs through its conceptual design and practical deployment:

• SDG 4 – Quality Education: By enabling immersive, persistent and
replayable training scenarios, the ACIE framework enhances procedural
understanding and supports accessible, repeatable learning methods in
engineering contexts.

• SDG 9 – Industry, Innovation and Infrastructure: The system pro-
motes digital innovation in industrial workflows by introducing asyn-
chronous collaboration tools that improve coordination, reduce errors
and extend the usability of XR into production-related environments.

• SDG 12 – Responsible Consumption and Production: ACIE reduces
the need for physical co-presence and paper-based documentation through
digital guidance, thus supporting resource-efficient training andminimiz-
ing wasteful redundancy in industrial learning.
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Figure 7.2: Overview of the Sustainable Development Goals (SDGs), including SDG 4, SDG 9,
and SDG 12 to which this work contributes

Together, these impacts show the potential of immersive, asynchronous collab-
oration systems to shape future industrial workflows and educational practices
in alignment with technological innovation and social responsibility.

7.4 Outlook

Building on the findings and technical foundation of this thesis, several promis-
ing research directions emerge that can shape future XR-based collaboration
and learning technologies.

Societal Impact and Educational Integration: The broader potential
of this research lies in its contribution to sustainable, accessible education and
industrial transformation. XR-based asynchronous systems could democratize
training across geographical locations and different knowledge and skill levels.
Applying the ACIE framework in learning centers like KIT-nova or therapeutic
institutions could foster inclusive, embodied learning environments, aligning
with the digital transformation goals of the European education and innovation
agenda. These efforts also support upskilling in technical professions and
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immersive safety training, helping to close knowledge gaps in increasingly
complex workflows.

Beyond these initial domains, the approach is broadly applicable across sectors
such as manufacturing, robotics, healthcare, cultural heritage, and logistics.
This cross-domain flexibility makes immersive asynchronous systems a power-
ful tool for lifelong learning and scalable knowledge transfer.

WebXR, Robotics and Data-Centric Infrastructures: Achieving such
broad accessibility and scalability requires robust and flexible technical founda-
tions. One promising direction is the deployment of WebXR-based platforms,
which allow immersive content to run directly in browsers across devices –
without the need for specialized applications or hardware. This significantly
lowers the barrier to access and fosters more inclusive participation in XR-based
collaboration and training.

Additionally, 5G and edge computing enable low-latency capture, processing,
and streaming of immersive content directly in the field. This technological
backbone not only enhances the scalability and technical feasibility of asyn-
chronous and remote collaboration, but also supports distributed simulations
and real-time synchronization of digital twins across geographically dispersed
sites.

In parallel, robotic digital twins could simulate human procedures based
on ACIE-style recordings, generating high-quality synthetic datasets to train
spatially- and socially-aware physical agents. As AI and robotics become in-
creasingly embedded in everyday life – across domains such as healthcare,
logistics, industrial maintenance, and personal assistance – the demand for
context-rich, embodied training data will continue to grow. Systems like ACIE
provide a scalable means of acquiring such spatially grounded data from real-
world interactions.

These data-centric infrastructures are particularly relevant for procedural au-
tomation, remote diagnostics, and the advancement of embodied AI systems –
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laying the groundwork for more intelligent, adaptive, and context-aware collab-
orative technologies.

Seamless XR Guidance in Industrial Spaces: For widespread adop-
tion in industrial settings, XR guidance systems must integrate seamlessly into
real-world workflows – whether through Spatial Augmented Reality (SAR)4 or
through immersive asynchronous systems like the ACIE approach presented in
this thesis. Both aim to provide intuitive, in-situ assistance without disrupting
the user’s physical environment, while capturing not only human actions but
also the evolving state of the environment – including spatial layout, equipment
identifiers, process parameters, and other task-relevant metadata that are not
directly visible.

Volumetric capture further exemplifies this direction by enabling accurate, holis-
tic representations of full-body movement and appearance – without requiring
wearable trackers (Figure 7.3).5 Unlike conventional XR avatars, which rely on
limited input data and often simplify body geometry and motion, volumetric
representations preserve the detailed physicality and visual fidelity of human
actions. This makes them particularly well-suited for high-precision tasks and
scenarios where authenticity, realism, and trust are critical. When combined
with environment capture and semantic overlays (e.g. CAD/DT links, toler-
ances, and sensor readouts), non-visible context can be exposed directly in the
workspace to support reliable, auditable execution.

From Replay to Responsive Agents – Adaptive Human-AI Interac-

tion: Looking further ahead, immersive asynchronous systems are likely to

4 SAR enables projection-based augmentation directly onto real-world surfaces, offering spatially
aligned guidance without requiring head-mounted displays.

5 VOHLO is a project developed at Vicomtec that provides an end-to-end platform for cap-
turing, analyzing, enhancing, and rendering realistic 3D human recordings in collaborative
settings. See: https://www.vicomtech.org/en/rdi-tangible/projects/project

/voluai-volumetric-video-on-the-web.
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Figure 7.3: Volumetric human motion capture: compared to conventional avatars, volumetric
recordings provide a holistic, trackerless, and highly accurate representation of both
movement and appearance.

evolve from static playback tools into interactive, knowledge-driven agents. The
ability to recontextualize previously recorded behavior using AI and machine
learning not only supports knowledge preservation, but also enables scalable
transfer across organizational boundaries. Such systems could assist learners
through reflection, provide on-demand support for novices in the field, and
foster human–AI teaming based on real-world, domain-specific expertise. This
shift represents a promising convergence of XR embodiment and AI-driven per-
sonalization – paving the way for more intelligent, responsive, and sustainable
knowledge transfer ecosystems.

By leveraging recorded data – whether avatar-based or volumetrically cap-
tured – future systems could browse past interactions to provide contextual,
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dialog-based guidance. LLM-powered agents would allow users to ask clarify-
ing questions and receive animated responses, especially when combined with
trained motion models. Generative models trained on recordings could further
provide estimated responses, helping to bridge the gap of asynchrony. However,
such synthesized responses may be inaccurate – or in some cases, even harmful
– if applied blindly. Therefore, their use must be approached with caution.
Future research should explore in which contexts AI-generated agent responses
are appropriate, when actual human responses are necessary, and how both
types can be meaningfully combined in different collaborative or instructional
scenarios.

7.5 Closing Remarks

The findings of this thesis mark a step toward more human-centered and spa-
tially embedded collaboration technologies. As the demand for flexible work
and asynchronous workflows continues to grow, the ACIE framework offers a
validated conceptual and technical foundation for future XR systems – enabling
users not just to communicate, but to engage, interact, and co-create across time
and space. By bridging immersive interaction with real-world application, this
work contributes to the evolution of collaborative systems that are not only tech-
nically innovative, but also accessible, adaptable, and aligned with the broader
goals of sustainable and inclusive digital transformation.
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A.1 Search Keywords and Boolean Strings

The following keyword sets and Boolean expressions were used during the
structured search (³ Chapter 3). For transparency and reproducibility, exact
strings are listed here.

Core: “asynchronous collaboration”

XR: “extended reality”, “virtual reality”, “augmented reality”, “mixed reality”,
“XR”, “VR”, “AR”, “MR”, “embodiment”, “presence”

3C: “coordination”, “cooperation”, “communication”

Context: “manufacturing”, “production”, “robotics”, “maintenance”, “assem-
bly”, “procedural tasks”

Combined search term: “asynchronous collaboration” AND (“extended
reality” OR “virtual reality” OR “augmented reality” OR “mixed reality”
OR “XR” OR “VR” OR “AR” OR “MR”) AND (“coordination” OR “co-
operation” OR “communication”) AND (“manufacturing” OR “produc-
tion” OR “robotics” OR “maintenance” OR “assembly” OR “procedural
tasks”)
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A.2 Scoring of XR AC Systems

Table A.1: This scoring was used for the abstract comparison of XR asynchronous collaboration
systems in ³ Chapter 3

Dimension 0–3 Scale (summary criteria)

Embodiment 0: none;
1: minimal (e.g. head/hand only);
2: moderate (expressive gestures, ghost replays);
3: high-fidelity (full-body or volumetric, situated).

Task Complexity 0: trivial or static content only;
1: simple, step-wise tasks;
2: moderate spatial/procedural complexity;
3: complex spatial, physical, cognitive, and technical tasks.

Communication 0: none;
1: basic, one-way;
2: richer cues, limited reactivity;
3: expressive, multi-modal, contextually anchored.

Coordination 0: none;
1: basic sequencing;
2: temporal navigation or checkpoints;
3: versioning/branching, state restoration, explicit workflow support.

Cooperation 0: individual consumption only;
1: minimal (e.g., annotations);
2: task continuation;
3: joint editing, branching, feedback loops.

Overall score interpretation: 0–5 limited; 6–10 moderate; 11–15 good; 16–18 excellent
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A.3 Avatar Bone and Expression Mappings

Skeletal Mesh Structures

Figure A.1: MetaXR skeletal mesh structure in the Unreal Engine Editor view
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Figure A.2: UE Quinn skeletal mesh structure in the Unreal Engine Editor view
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Avatar Skeletal Mapping

Table A.2: Skeletal joint mapping between MetaXR Avatar, UE Metahuman, and UE Mannequin.
Body Joint Visual Reference for Movement SDK for Unreal: https://developers
.meta.com/horizon/documentation/unreal/move-ref-body-joints

Movement SDK Metahuman Skeletal Mesh

XR_BODY_JOINT_ROOT_FB root root

XR_BODY_JOINT_HIPS_FB pelvis pelvis

XR_BODY_JOINT_SPINE_LOWER_FB spine_01 spine_01

XR_BODY_JOINT_SPINE_MIDDLE_FB spine_02 spine_02

XR_BODY_JOINT_SPINE_UPPER_FB spine_03 spine_03

XR_BODY_JOINT_HEAD_FB head head

. . . . . . . . .

thigh_l thigh_l thigh_l

calf_l calf_l calf_l

foot_l foot_l foot_l
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Hand Tracking Mapping

Table A.3: Skeletal mapping between UE5 hands and Meta Quest Pro hand tracking. Body Joint
Visual Reference for Movement SDK for Unreal: https://developers.meta.co

m/horizon/documentation/unreal/move-ref-body-joints

UE5 Skeletal Mesh Hierarchy Meta Quest Pro Hand Tracking Data

hand_l Wrist Root

thumb_01_l Thumb0

thumb_02_l Thumb1

thumb_03_l Thumb2

metacarpal_index_l Index1

index_01_l Index1

index_02_l Index2

index_03_l Index3

metacarpal_middle_l Middle1

middle_01_l Middle1

middle_02_l Middle2

middle_03_l Middle3

metacarpal_ring_l Ring1

ring_01_l Ring1

ring_02_l Ring2

ring_03_l Ring3

metacarpal_pinky_l Pinky0

pinky_01_l Pinky1

pinky_02_l Pinky2

pinky_03_l Pinky3
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Figure A.3: Hand bones and names reference illustration
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Facial Expression Mapping

Table A.4: Facial expression mapping between Metahuman expressions and MetaXR blend-
shapes. MetaXR Blendshape Visual Reference—Movement SDK for Un-
real: https://developers.meta.com/horizon/documentation/unreal/mov

e-ref-blendshapes

Metahuman Expression Pose Movement SDK Blendshape

BrowDownLeft BROW_LOWERER_L
CheekPuff (both) CHEEK_PUFF_L
CheekSquintLeft CHEEK_RAISER_L
– CHEEK_SUCK_L
MouthShrugLower CHIN_RAISER_B
... ...
MouthUpperUpLeft UPPER_LIP_RAISER_L
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A.4 Evaluation Appendix

Statistical Testing

Table A.5: Overview of statistical tests used for data analysis, including checks for normality,
variance, and appropriate group comparison methods

Step Test Purpose

Normality Check Shapiro-Wilk Test Assesses whether the data follows a normal
distribution. If p > 0.05, normality is as-
sumed.

Mann-Whitney U Test Used if normality is violated in one or both
groups. This non-parametric test compares
distributions without assuming normality.

Variance Check Levene’s Test Assesses homogeneity of variances. If p >

0.05, variances are considered equal.

Welch’s t-Test Used if normality is satisfied but variances
are unequal.

Group
Comparison

Independent Samples
t-Test

Used when both normality and equal vari-
ances are satisfied to compare group means.

Mann-Whitney U Test Used for non-normal distributions to com-
pare group medians.

Normality Check: Normality was assessed separately for each group using
the Shapiro-Wilk test. If the p-value for Shapiro-Wilk was greater than 0.05
(p > 0.05), the variable was assumed to follow a normal distribution. If the
p-value was less than or equal to 0.05 (p ≤ 0.05), normality was considered
violated.

Homogeneity of Variance: For variables that passed the normality check,
Levene’s test was conducted to assess the equality of variances. If the p-value
for Levene’s test was greater than 0.05 (p > 0.05), variances were assumed to
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be equal. If the p-value was less than or equal to 0.05 (p ≤ 0.05), unequal
variances were assumed, and Welch’s t-test was used instead of the standard
independent samples t-test.

Start Test Selection

Normality Test
(Shapiro-Wilk)

Non-Parametric
Comparison (Mann-
Whitney U Test)

Variance Homogeneity
Test (Levene’s Test)

Parametric Test (Inde-
pendent Samples t-Test)

Parametric Test
(Welch’s t-Test)

Apply Selected Test

Not normal

Normal

Egual variances

Unequal Variances

M
an
n-
W
hi
tn
ey

U
Te
st

Welch’s t-Test

t-Test

Figure A.4: Decision logic for selecting appropriate statistical tests based on data distribution and
variance assumptions

Subjective Questionnaires
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Table A.6: Demographics and Preferences Questionnaire

Category ID Item

D
em

og
ra
ph

ic

1 What is your age (in years)?

2 What is your gender identity? (Male / Female / Non-binary / Prefer to
self-describe: ___ / Prefer not to say)

3 What is the highest level of education you are currently pursuing or have
completed? (Bachelor’s / Master’s / Doctoral / Other: ___)

4 What is your field of study or profession?

5 Are you left-handed, right-handed, or ambidextrous?

6 Do you usually wear glasses? (Yes/No)

Te
ch

B
G
&

E
xp

.

7 Your familiarity with computer technology (including smartphones).

8 The amount of time you typically spend using digital devices.

9 Your experience with video gaming.

10 How frequently you play video games.

11 Your experience with Augmented Reality (AR), Virtual Reality (VR), or
Mixed Reality (MR).

12 How frequently you use AR, VR, or MR technologies.

13 Your experience with robotics.

14 How frequently you interact with robots.

15 Your comfort level when using new technology.

16 Your level of discomfort (e.g., cybersickness, nausea, headache) during
the experiment.

Se
tu
p
&

M
en
u 17 Which prototype did you test?

18 During the experiment, did you wear glasses with the Headset? (Contact
lenses do not count)

19 How comfortable did you feel using the Menu to view, create, and
navigate the recordings?

20 Why? (open-ended)

P
re
fs
&

Q
ua
l.

21 Which medium would you prefer for asynchronous collaboration with
the Expert (when you are the Novice)?

22 Why? (open-ended)

23 Which medium would you prefer for asynchronous collaboration with
the Novice (when you are the Expert)?

24 Why? (open-ended)

25 Which medium would you prefer for learning the process?

26 Why? (open-ended)

27 How did you feel about the avatar?

28 Why? (open-ended)

29 Do you have any additional comments?
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Table A.7: Custom Collaboration Questionnaire Items

Category ID Item

C
om

m
un

ic
at
io
n 1 The [video/avatar] instructions were clear and easy to understand.

2 The [video/avatar] provided a detailed explanation of the tasks.

3 I was satisfied with the quality of the information provided by the
[video/avatar].

4 The [video/avatar] effectively communicated the necessary steps for
completing the task.

C
oo

pe
ra
ti
on 5 The [video/avatar] Question and Response feature effectively facilitated

collaboration with the instructor.

6 The responses I received from the [video/avatar] were helpful and infor-
mative.

7 I was satisfied with the level of cooperation enabled by the [video/avatar]
during the task.

C
oo

rd
in
at
io
n 8 The step-by-step paradigm helped me effectively organize my tasks.

9 I was able to sequence my tasks efficiently using the step-by-step
paradigm.

10 It was easy to navigate through the tasks using the step-by-step paradigm.

Scoring (Likert 1–5):

1 – Strongly Disagree

2 – Disagree

3 – Neutral

4 – Agree

5 – Strongly Agree
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Table A.8: Comprehensive results summary of MR Avatar and 2D Video conditions

Measure MR Avatar 2D Video p r

M SD M SD

ASQ 4.061 0.521 4.048 0.825 0.604 0.079

SUS 77.614 12.308 79.048 16.630 0.422 0.123

Weighted TLX Score 30.697 10.573 29.714 12.171 0.389 0.044

Mental Demand 35.455 18.703 35.000 22.638 0.713 0.056

Physical Demand 17.500 14.618 15.000 19.875 0.127 0.233

Temporal Demand 17.955 20.567 19.048 24.475 0.971 0.006

Performance 75.455 18.186 80.476 16.651 0.306 0.156

Effort 33.636 16.986 28.571 22.257 0.221 0.187

Frustration 22.500 14.454 22.143 20.711 0.591 0.082

UEQ* 1.496 0.585 1.007 1.007 0.027* 0.331

Attractiveness 1.598 0.998 1.159 1.058 0.116 0.234

Efficiency 1.057 0.829 0.702 0.984 0.238 0.176

Perspicuity 1.898 0.651 2.083 0.733 0.199 0.192

Dependability 1.352 0.597 1.321 0.958 0.891 0.020

Stimulation* 1.420 0.934 0.845 1.214 0.041† 0.263

Novelty*** 1.648 0.789 -0.071 1.163 <.001*** 0.664

Collaboration 4.159 0.120 4.167 0.135 0.779 0.043

Communication 3.852 0.722 4.155 0.893 0.120 0.237

Cooperation 4.364 0.534 4.079 0.809 0.348 0.143

Coordination 4.364 0.650 4.270 0.727 0.774 0.044

REAL* 3.489 0.657 1.333 1.155 0.024* 0.470

SP** 3.258 1.191 2.125 2.097 0.002** 0.570

INV*** 3.409 0.599 0.600 0.894 <.001*** 0.658

Co-Presence*** 1.136 1.467 -1.031 1.717 <.001*** 0.624

Perception of the Other -0.114 1.420 -0.104 1.104 0.893 0.022

Attentional Engagement 1.561 1.091 1.047 1.286 0.252 0.179

Emotional Contagion -1.148 0.981 -0.615 1.458 0.227 0.193

Comprehension 1.879 0.787 1.857 0.938 0.895 0.021

Behavioral Interdependence 1.303 0.942 1.028 1.449 0.822 0.035

* Statistically significant results.
** Highly significant result (p < .01).
*** Highly significant result (p < .001).
† Statistically significant difference could only be found in the one-tailed test.
+ Large effect size (r > .5).
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