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Zusammenfassung

Augmented Reality (AR) birgt ein erhebliches Potenzial zur Steigerung der
menschlichen Leistungsfähigkeit in risikoreichen, sicherheitskritischen Bere-
ichen, in denen Fehler schwerwiegende Folgen haben können. Durch die di-
rekte Einblendung digitaler Informationen in das Sichtfeld des Benutzers kann
AR die schnelle Entscheidungsfindung unterstützen, das Situationsbewusstsein
aufrechterhalten und die Präzision unter kritischen Bedingungen verbessern.
Die Komplexität solcher Bereiche und der begrenzte Umfang der interdiszi-
plinären Forschung haben jedoch die Entwicklung geeigneter AR-basierter Sys-
teme für diese spezifischen Anwendungsfälle behindert.
Diese Dissertation untersucht, wie AR genutzt werden kann, um die men-

schliche Leistungsfähigkeit bei Aufgaben zu verbessern, die erhebliche kog-
nitive Anstrengungen, präzise motorische Kontrolle und schnelle, komplexe
Entscheidungen unter Druck erfordern. Kritische medizinische Verfahren, bei
denen diese Herausforderungen von Natur aus vorhanden sind, dienen als
primärer Untersuchungskontext. Durch einen interdisziplinären Ansatz, der
Informatik und medizinische Praxis integriert, entwickelt die Arbeit Metho-
den zur Unterstützung von Klinikern in anspruchsvollen Umgebungen.
Zu diesem Zweck konzentriert sich diese Arbeit zunächst auf den Aufbau von

Grundlagenwissen über die Anforderungen an funktionsfähige AR-Systeme,
die die menschliche Leistungsfähigkeit verbessern können. Anschließend un-
tersucht sie den Gestaltungsraum und die Auswirkungen von AR auf den Er-
werb von Verfahrens- und Motorikfähigkeiten, indem sie die Ausbildung von
Krankenschwestern in einem Szenario der Herz-Lungen-Wiederbelebung un-
tersucht. Danach untersucht sie AR-Systeme und ihre Rolle bei der Entschei-
dungsfindung und kognitiven Unterstützung während risikoreicher Eingriffe,
wobei ein besonderer Schwerpunkt auf ihrer Integration in die Operation zur
Entfernung von Bauchspeicheldrüsentumoren liegt. Anhand klinischer Stu-
dien werden darüber hinaus die nachgelagerten, realen Auswirkungen solcher
Systeme auf die chirurgische Leistung und die Patientenergebnisse untersucht.
Schließlich werden kontextsensitive AR-Designs unter Verwendung großer Sprach-
modelle untersucht, um zusätzliche kognitive Unterstützung und Entschei-
dungsfähigkeiten zu bieten. Auf der Grundlage all dieser Untersuchungen
werden in der Arbeit Designimplikationen für die zukünftige Entwicklung von
AR-Systemen in medizinischen Umgebungen mit hohem Risiko abgeleitet.
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Abstract

Augmented reality (AR) holds significant potential to enhance human per-
formance in high-stakes, safety-critical domains where errors can have severe
consequences. By overlaying digital information directly into the user’s field of
view, AR can support rapid decision-making, maintain situational awareness,
and improve precision under critical conditions. However, the complexity of
such domains and the limited scope of interdisciplinary research have hindered
the development of suitable AR-based systems for these specific use cases.
This dissertation investigates how AR can be harnessed to improve human

performance in tasks that require substantial cognitive effort, precise motor
control, and rapid, complex decision-making under pressure. Critical medical
procedures, in which these challenges are inherently present, serve as the pri-
mary context for investigation. Through an interdisciplinary approach that
integrates computer science and medical practice, the work develops methods
designed to support clinicians in high-demand environments.
To this end, this thesis first focuses on building foundational knowledge

about the requirements for viable AR systems that can enhance human perfor-
mance. It then explores the design space and impact of AR for procedural and
motor skill acquisition by examining nurse training in a cardiopulmonary re-
suscitation scenario. Following this, it investigates AR systems and their role
in decision-making and cognitive support during high-risk procedures, with
a specific focus on their integration into pancreatic tumor removal surgery.
Through clinical trials, it further examines the downstream, real-world im-
pacts of such systems on surgical performance and patient outcomes. Finally,
it explores context-aware AR designs using large language models to provide
additional cognitive support and decision-making capabilities. Drawing on all
of these investigations, the thesis distills design implications for the future
development of AR systems in high-stakes medical environments.
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Chapter 1
Introduction

1.1. Motivation

The emergence of technologies such as Augmented Reality (AR), artificial in-
telligence (AI), and wearable computing has introduced new opportunities for
enhancing clinical decision-making, procedural accuracy, and medical train-
ing. Among these, wearable AR systems, particularly head-mounted displays
(HMDs), have shown substantial promise in supporting complex, high-risk,
and time-sensitive medical procedures. By delivering real-time, context-aware
visual information directly into the clinician’s field of view, these systems of-
fer hands-free interaction, intraoperative guidance, and enhanced situational
awareness—features that may reduce cognitive load and ultimately improve
patient outcomes.

Despite their potential, the clinical adoption of AR remains limited, espe-
cially in acute and high-demand environments such as emergency medicine,
surgery, and critical care. One of the core issues is the disconnect between aca-
demic innovation and real-world clinical applicability. Many AR applications
remain confined to controlled laboratory settings or proof-of-concept stages,
with minimal validation in actual clinical workflows. This results in systems
that may be technically functional but lack the usability, reliability, or safety
required in demanding healthcare settings.

Another major challenge is the lack of attention to human factors in AR
system design. Much of the existing research focuses on technical feasibility,
while overlooking critical elements such as user dexterity, ergonomic comfort,
cognitive load, and compatibility with fast-paced medical workflows. In cog-
nitively and/or physically demanding scenarios, even minor design oversights
can significantly affect user performance and patient safety. Furthermore, the
absence of standardized evaluation frameworks, design principles, and best
practices has contributed to fragmented, non-generalizable findings across the
field.

Compounding these challenges is the dynamic and unpredictable nature of
high-demand clinical procedures, which demand AR systems that are not only
technically robust but also adaptive and context-aware. While recent advance-
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1. Introduction

ments in artificial intelligence, such as Large Language Models (LLMs), offer
new possibilities for intelligent interaction, these capabilities remain largely
unexplored in AR-based clinical applications. The opportunity to reduce cog-
nitive burden and enable seamless, context-sensitive assistance through such
technologies is substantial, yet under-investigated.

To address these gaps, this dissertation employs a structured, three-phase re-
search approach aimed at identifying barriers and uncovering viable pathways
for the effective integration of AR into medical practice. The first phase begins
with a comprehensive literature review that synthesizes prior work, identifies
applicable methodologies, and highlights areas for improvement. Building on
this foundation, the research evaluates the impact of hardware- and software-
related factors on user performance and system usability. This phase builds a
foundational body of domain-specific knowledge that clarifies the prerequisites,
capabilities, and limitations of current AR technologies for use in healthcare
settings.

The second phase of the thesis operationalizes these insights through the
design, engineering, and real-world evaluation of two representative use case
scenarios: one focused on AR for procedural and motor skill acquisition, and
the other on AR as a tool for cognitive support and clinical decision-making.
To this end, two AR systems were developed. The first, RescuAR, is a self-
guided AR training system for cardiopulmonary resuscitation (CPR) that de-
livers real-time, multimodal feedback to enhance procedural and motor skill
acquisition among both laypeople and nurse students. The second, ARAS, is
an AR assistance system tailored for open pancreatic surgery, supporting pre-
operative planning and in situ anatomical visualization. These two use scenar-
ios were intentionally selected to reflect a continuum of complexity and clinical
criticality. This progression from training to assistance enables a comprehen-
sive exploration of AR’s role across diverse demanding clinical scenarios and
user needs. Additionally, this phase introduces a novel interaction paradigm
to reduce task-induced cognitive load, leveraging LLMs to enable natural lan-
guage communication and context-aware system behavior while simplifying
system design. Through a series of user studies, including a clinical trial, all
designed and developed systems were rigorously evaluated using a combination
of quantitative performance metrics and qualitative user feedback. These eval-
uations demonstrate not only the feasibility of the proposed approaches but
also their real-world clinical impact. In particular, the ARAS use case shows
that AR systems tangibly improved both surgical performance and patient
outcomes, as evidenced by a matched-pair analysis study.

In the final phase, the dissertation reflects on qualitative insights and prac-
tical lessons learned throughout the research to contribute to domain-specific
human-computer interaction (HCI) knowledge. This includes an exploration
of the broader, multifaceted considerations, such as safety, usability, ethics,
and interdisciplinary collaboration, critical to developing AR systems for high-
stakes medical environments.

By integrating perspectives from system engineering, computer science, HCI,
and clinical practice, this research advances our understanding of how AR tech-

2



1.2. Objectives of the Study

nologies can be effectively designed, validated, and translated into practical,
user-centered tools that assist users during highly demanding medical scenar-
ios. Through a strong emphasis on clinical relevance and real-world evaluation,
the dissertation not only contributes to theoretical discourse but also provides
actionable insights and design guidelines to support the responsible and ef-
fective adoption of AR in healthcare. Ultimately, the findings inform future
AR system design and deployment strategies aimed at improving the quality,
safety, and efficiency of patient care in time-critical medical scenarios.

1.2. Objectives of the Study

The overarching aim of this dissertation is to investigate the potential of AR to
enhance human performance in tasks characterized by high cognitive load, fine
motor precision, and complex decision-making under pressure. Critical medi-
cal procedures, which inherently involve these demands, serve as the primary
application context for this research. By adopting an interdisciplinary ap-
proach that bridges computer science and medical practice, this work focuses
on developing methods to support clinicians operating in such environments.
To guide this investigation, the dissertation is structured around the following
five hypotheses:

1. Device and Modality Effects on Performance: The choice of de-
vice type and interaction modality in wearable AR systems significantly
influences human performance metrics.

2. AR for Procedural and Motor Skill Learning: AR-based sys-
tems that provide real-time, multimodal feedback improve motor and
procedural skill acquisition more effectively than traditional interactive
training methods in the medical domain.

3. AR for Cognitive Load Reduction: The use of AR for task guidance
during cognitively demanding clinical procedures reduces perceived cog-
nitive load and improves user confidence and task efficiency compared
to non-AR alternatives.

4. Downstream Clinical Impact of AR Assistance: The integration
of AR-based assistive tools into surgical workflows leads to measurable
downstream improvements in clinical outcomes, including intraoperative
and patient recovery metrics.

5. Context-Aware, Natural Interaction for Cognitive Support: The
integration of context-aware system behavior and natural communica-
tion (e.g., via LLMs) in AR interfaces reduces task-induced cognitive
load and improves interaction fluency in complex clinical workflows.

3



1. Introduction

Figure 1.1.: Thesis contribution overview and associated chapter numbers.

1.3. Contributions

This thesis makes six major contributions (Figure 1.1) that collectively ad-
vance the technical, clinical, and human-centered dimensions of medical AR
research:

1.3.1. Foundational Domain-Specific Knowledge Build

This dissertation presents a comprehensive investigation that integrates user-
centered studies, literature review, and empirical evaluations to examine how
hardware- and software-related factors affect human performance and per-
ceived system usability. It identifies critical human and technological con-
straints that inform the design, selection, and deployment of AR systems in
the medical domain. As a result, this work builds foundational domain-specific
knowledge, offering empirical evidence and design insights that are essential
for guiding the future development of medical AR hardware and interaction
modalities.

1.3.2. System Engineering and Development

This dissertation encompasses two distinct AR applications that span a contin-
uum of complexity and clinical criticality, illustrating a progression of increas-
ing technical, ergonomic, and domain-specific challenges. These use cases serve
as anchors for demonstrating robust system engineering and user-centered de-
sign approaches across diverse medical contexts, one focused on procedural
and motor skill acquisition in training scenarios, and the other on cognitive
support during high-stakes surgical procedures:

• RescuAR: A self-guided AR training platform for cardiopulmonary re-
suscitation (CPR), developed and validated through controlled quantita-
tive studies to evaluate training efficacy, usability, and user performance.

4



1.3. Contributions

• ARAS: A clinically integrated AR system for preoperative planning and
intraoperative assistance in open pancreatic surgery. Representing a sig-
nificantly higher degree of complexity, ARAS required real-time, in situ
anatomical visualization, seamless integration with surgical workflows,
and precise spatial registration, addressing both technical and clinical
constraints inherent to high-risk surgical environments.

Insights derived from the engineering and design of these systems offer trans-
ferable methodologies and guiding principles that can inform the development
of future AR solutions across a broad range of medical domains and clinical
scenarios.

1.3.3. Innovative User Experience and User Interface Design

As future interactive systems increasingly move toward intelligent and person-
alized design, this thesis explores novel strategies for enhancing user experience
and interface adaptability through the integration of LLMs in high-stakes clin-
ical contexts. It demonstrates not only the potential of LLMs to reduce users’
cognitive load and task completion time, but also their ability to simplify
the development process by dynamically combining basic system functional-
ities into more complex, context-aware behaviors. This work provides early
evidence of the feasibility and utility of LLM-driven interaction in critical
domains, offering a new perspective on adaptive, user-centered medical AR
systems.

1.3.4. System Evaluation and Validation

Beyond offering insights into the engineering and design of the aforementioned
systems, this thesis rigorously evaluates their effectiveness through empirical
studies involving end users from the medical domain, including clinicians and
nursing students. By conducting user studies with these target populations
and deploying the systems in real-world settings, including clinical trials, it
advances beyond controlled laboratory experiments to establish the ecological
validity of the proposed methods and designs. These in-situ evaluations not
only validate system usability and effectiveness in high-stakes environments
but also demonstrate the practical feasibility of integrating such technologies
into existing clinical workflows.

1.3.5. Expanding Domain-Specific HCI Knowledge

This thesis advances domain-specific human-computer interaction (HCI) knowl-
edge by critically examining the broader socio-technical dimensions of de-
signing AR systems for high-stakes medical environments. Building on the
technical foundations laid in earlier chapters, it synthesizes insights from in-
terdisciplinary collaboration, qualitative user feedback, and HCI literature to
address challenges that extend beyond engineering. Through four key lenses-
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co-creation across disciplines, human-centered design and user experience, clin-
ical workflow integration, and domain-specific generalizability- this work ar-
ticulates a holistic framework for designing effective, trustworthy, and context-
aware AR systems in healthcare. In doing so, it contributes conceptual and
methodological guidance for future HCI research in safety-critical and highly
regulated domains.

1.3.6. Real-World Impact

A key contribution of this thesis lies in demonstrating the real-world impact of
AR technologies through their deployment and evaluation in clinical practice.
Unlike many studies whose findings remain confined to controlled laboratory
environments, this research shows how the developed AR systems tangibly im-
proved both surgeon and patient experiences. Specifically, the integration of
AR into intraoperative workflows enhanced surgical precision, spatial aware-
ness, and decision-making efficiency, leading to measurable improvements in
surgical performance. These upstream improvements translated into down-
stream clinical benefits, including reduced operative time and improved post-
operative recovery outcomes. These results underscore the practical relevance
and translational value of this work, illustrating how well-designed AR so-
lutions can directly benefit patient care. The findings not only validate the
proposed systems in ecologically valid settings but also serve to encourage fu-
ture research focused on bridging the gap between technical innovation and
measurable clinical impact.

1.4. Structure of the Thesis

This dissertation is organized into nine chapters that progressively develop
the investigation into wearable AR assistance systems for time-critical med-
ical procedures (Figure 1.2). Following this introductory chapter, Chapter 2
presents a comprehensive review of related work, focusing on AR applications
in medical education and surgical domains, and highlights the research gaps
motivating this study.

Chapter 3 examines the prerequisites for integrating AR technologies in
medical environments, including the feasibility of head-mounted displays for
precision tasks and their impact on user dexterity and cognitive load. Chap-
ters 4, 5, and 6 then detail two representative use case scenarios. Chapter 4
introduces RescuAR, a self-directed AR system designed for cardiopulmonary
resuscitation (CPR) training, discussing its design, implementation, and train-
ing efficacy. Chapter 5 focuses on system design, development, and evaluation
of ARAS, an AR-based surgical assistance and navigation system developed
for open pancreatic surgery. Following this, Chapter 6 presents real-world
outcomes of ARAS during clinical trials by conducting a matched-pair analy-
sis comparing patient and surgical outcomes of patients undergoing surgeries
with ARAS and without.
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In Chapter 7, the dissertation explores the incorporation of intelligent tech-
nologies such as LLMs to enable context-aware AR assistance, enhancing de-
cision support and cognitive load management in dynamic medical settings.
Building upon findings presented in previous chapters and drawing on in-
sights from the broader fields of Human-Computer Interaction (HCI), Chap-
ter 8 takes a step beyond the engineering perspective. It shifts focus toward
the broader, multifaceted considerations essential for designing and developing
systems within the high-stakes context of the medical domain.
Finally, Chapter 9 concludes the dissertation by summarizing the main find-

ings, contributions, and implications for the development of AR systems to
support healthcare professionals in time-sensitive procedures and outlining
potential directions for future work in this evolving field.
This structured approach guides the reader through the theoretical foun-

dations, system development, practical evaluations, and broader reflections
essential to advancing AR-assisted medical applications.

7



1. Introduction

Chapter 1: Introduction

Chapter 2: The Role of AR in Supporting Mental and Motor Tasks: A Review of Medical Use Cases and System Architectures

Data visualization
 approaches 

Display
technologies

Sensing modalities 
and inteaction

Clinical and educational
 AR Applications in time  critical

medical domain

Chapter 3: Designing AR for Human Performance: Prerequisites of Viable AR

Hardware Shapes Performance: Impacts of display technologies on
user performance and dexterity

Interaction Under Constraints: How to
balance control, context, and cognitive load

Chapter 4: Procedural and Motor Skill Acquisition

 Design and development of RescuAR to teach
and train CPR User study with nurse students and laypeople

Chapter 5: Decision-Making and Cognitive Support During High-Risk Procedures

Design and development of ARAS
surgical planning system 

Design and development of ARAS
surgical  intraoperative asistance

system 

User study and system 
evaluation during clinical trials

Chapter 6: From Cognitive Relief to Clinical Benefit: Downstream Impact of Assistive Tools on Surgical and Patient Outcomes

Matched pair analysis of ARAS patients with retrospective patient data

Chapter 7: From Visual Clutter to Cognitive Support: LLMs and Context-Awareness

Reducing cognitive load through a novel UX and UI design
using  LLMs and natural speech User study and system evaluation

Chapter 8: Technical Excellence Is Not Enough: Toward Ethical, Usable, and Clinically Viable AR Systems

Analysis of qualitative data gathered, and insights from the broader fields of Human-Computer Interaction (HCI)

Chapter 9: Conclusion and Future Directions

Figure 1.2.: Thesis outline

8



Chapter 2
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This chapter presents a detailed review of the current state-of-the-art in the
use of AR, with a particular focus on its usage in time-critical medical ap-
plications. By overlaying digital content onto the real world, AR supports
medical learners and professionals in various ways, particularly valuable in
time-sensitive and critical domains where rapid decision-making and procedu-
ral accuracy are essential.

To identify relevant studies and technologies within this field, a literature
search was conducted. The goal was to map the current research landscape,
evaluate the effectiveness of AR applications, and identify gaps and challenges
in the implementation of AR for acute medical use cases. The search was
carried out across four major academic databases: PubMed, IEEE Xplore,
ACM Digital Library, and Google Scholar.

9



2. The Role of AR in Supporting Mental and Motor Tasks: A Review of
Medical Use Cases and System Architectures

2.1. Technical Background

The technical architecture of AR systems in healthcare is defined by a con-
vergence of display modalities, visualization methods, tracking technologies,
registration algorithms, and interaction modules. These foundational com-
ponents determine the usability, accuracy, and effectiveness of AR in clinical
environments.

2.1.1. Data Visualization

In-situ Visualization

In-situ AR systems are designed to align virtual information directly onto
real anatomical structures. Fritz et al. [90] and Kersten-Oertel et al. [133]
demonstrated how in-situ AR in image-guided neurosurgery enhances proce-
dural navigation by reducing the cognitive effort of mentally mapping imaging
data. These systems typically rely on optical tracking and real-time registra-
tion pipelines to maintain anatomical coherence as the surgical field or camera
moves.

Accurate registration is fundamental to the performance of In-situ AR sys-
tems in healthcare. It ensures the correct alignment between virtual models
and the physical patient, thus maintaining spatial coherence. Multiple reg-
istration strategies have been developed, each with its advantages and con-
straints depending on the clinical context and system requirements.

Manual Registration Manual Registration involves user-defined alignment,
typically through visual feedback or alignment of anatomical landmarks. While
simple, it is prone to variability and relies heavily on operator expertise [236].

Point-based Registration Point-Based Registration is one of the most widely
used methods, where specific anatomical or fiducial points in physical space
are mapped to corresponding virtual coordinates. Zheng et al. [283] provide
a comprehensive review, highlighting its effectiveness in rigid structures like
bones but also its susceptibility to point localization error.

Surface Registration Surface-Based Registration methods use full or partial
anatomical surfaces captured via 3D scanning or stereo endoscopy. These ap-
proaches reduce reliance on individual points, providing higher robustness and
accuracy in soft tissue contexts. Maier-Hein et al. [166] explored this method
extensively in minimally invasive surgery using optical surface reconstruction
techniques.

Marker-based Registration Marker-Based Registration utilizes fiducial mark-
ers (e.g., QR codes, infrared-reflective dots) placed on or near the anatomy.
These markers are easy to detect and allow for automated, real-time tracking.
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Sielhorst et al. [236] discuss how such methods became foundational in sur-
gical AR, though they require marker placement and are prone to occlusion
issues.

Calibration-based Registration Calibration-based registration links AR con-
tent to imaging systems (like C-arms) through geometric calibration. Navab et
al. [189] introduced the Camera Augmented Mobile C-arm (CAMC) system,
which used internal calibration parameters to enable AR overlays that move
accurately with the imaging device.

Advanced tracking methods, such as SLAM (Simultaneous Localization and
Mapping), continue to evolve in medical AR. Klein and Murray [141] developed
one of the early SLAM frameworks for AR, supporting dynamic environments
without the need for external markers, an innovation now seen in modern
head-mounted displays.

Collectively, these methods form the technical backbone of medical AR, with
ongoing research focusing on hybrid approaches that fuse multiple registration
techniques to overcome anatomical variability, motion artifacts, and occlusion.

Ex-situ Visualization

Ex-situ AR systems have seen widespread adoption in surgical contexts due
to their relative simplicity, compatibility with existing workflows, and ease of
implementation. Unlike in-situ systems that overlay data directly onto the
patient’s anatomy, ex-situ AR displays digital content on separate screens or
mobile devices, requiring the surgeon to mentally integrate the virtual and real
spaces. Navab et al. [188] explored these trade-offs in operating room deploy-
ments, noting that although ex-situ systems can increase cognitive demand,
they remain more accessible in resource-constrained settings. Louis et al. [161]
demonstrated the use of synchronized virtual and augmented platforms to as-
sist preoperative planning and intraoperative referencing in neurosurgery using
head-tracked displays rather than overlaid visualizations. Similarly, Kim et al.
[136] developed a monitor-based AR system for collaborative discussion in car-
diology, enabling clinicians to manipulate and annotate 3D anatomical models
in real time without requiring head-mounted displays or in-field projection.

These systems also enable a greater degree of collaboration and documen-
tation. For instance, Bui et al. [34] highlighted the role of non-in-situ AR in
surgical rehearsal and education, where trainees could manipulate anatomi-
cal models on screen using spatial controllers. Although these platforms lack
the direct spatial congruence of in-situ AR, they provide flexibility, remote
accessibility, and easier integration with PACS systems and surgical video
feeds. Consequently, non-in-situ AR remains a viable and scalable solution for
surgical training, planning, and consultation, particularly in institutions that
prioritize interoperability and cost-effectiveness.
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2.1.2. Display Technologies

AR display technologies have been widely adopted across various healthcare
domains, with device selection often dictated by clinical context, required im-
mersion, and interaction complexity. Optical See-Through Head-Mounted Dis-
plays (OST-HMDs), such as the Microsoft HoloLens, are the most frequently
used devices in surgery and training due to their ergonomic design and real-
time overlay capability. Birlo et al. [24] and Doughty et al. [65] reviewed
OST-HMD applications in surgery, highlighting improvements in spatial ac-
curacy, surgical field awareness, and hands-free control. Ahmad et al. [3]
demonstrated HoloLens-based visualization in dental implantology, improving
procedural guidance and spatial planning.

Video See-Through (VST) HMDs are less common but preferred in simu-
lation and telemedicine due to their complete control over the visual scene.
These systems have shown promise in training scenarios where realism and
controlled augmentation are prioritized [3]. Light-field and holographic dis-
plays are emerging as next-generation visualization tools. Tamboli et al. [251]
explored their potential for deep parallax rendering and collaborative hologra-
phy in preoperative planning, albeit with current limitations in hardware cost
and system complexity.

Handheld AR platforms, including tablets and smartphones, offer accessible
alternatives for education, triage, and patient education. Oun et al. [202]
compared mobile-based AR with HMDs and found that while handheld devices
lack spatial immersion, they offer superior portability and are better suited
for quick deployments in resource-constrained environments.

2.1.3. Sensing Modalities and Interaction

Modern AR systems in healthcare increasingly rely on diverse sensing modal-
ities and natural interaction methods to enhance user experience, reduce fric-
tion, and improve context-awareness. These modalities include touch, voice,
gesture, gaze tracking, biosensors, and haptic feedback, each offering unique
affordances for specific clinical and training scenarios.

Gesture recognition and hand tracking are among the most common in-
terfaces in head-mounted AR displays, enabling sterile and touchless inter-
action with virtual content. Papadopoulos et al. [205] provided an extensive
overview of AR interaction types, categorizing gesture-based, voice-based, and
eye-based controls for immersive environments. Gaze-based interaction is gain-
ing traction for its ability to provide intuitive control, reduce hand burden,
and increase cognitive alignment; Plopski et al. [211] detailed gaze tracking
as a powerful input modality in surgical and assistive AR applications.

Voice commands offer a hands-free solution, particularly useful in surgical
and high-hygiene settings. Sumak et al. [247] emphasized the role of speech
recognition and biosignal monitoring for enabling intelligent systems capable
of context-sensitive responses. Biosensors, such as heart rate and skin conduc-
tance sensors, enable AR systems to adapt content or alert thresholds based
on physiological feedback, providing adaptive and patient-specific interfaces
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[281].

Touch and haptic modalities also contribute to richer feedback systems. Kim
et al. [137] reviewed wearable sensor integration with haptic gloves and vests,
showing their capacity to provide force feedback during medical simulation and
training tasks. This physical realism augments the user’s sensory immersion,
helping bridge the gap between simulation and real-world procedures.

Furthermore, sensor fusion and integration further enhance AR platforms by
improving interaction fidelity and situational awareness across dynamic clinical
environments. Modern AR systems increasingly incorporate wearable biosen-
sors, inertial measurement units (IMUs), depth cameras, and eye-tracking
modules to enrich user input and environmental mapping. For instance, Cheng
et al. [44] highlight how IMUs and photometric depth sensors can improve
spatial tracking and environmental understanding in AR-assisted procedures.
Similarly, Khan et al. [134] discuss the integration of wearable biosensors
with AR for continuous physiological monitoring, enabling real-time overlay
of patient data during intervention.

In addition, gaze-based interaction is gaining traction in head-mounted dis-
plays, particularly in optical see-through systems. Eye-tracking enables gaze-
directed navigation and context-sensitive annotation, which reduces the cog-
nitive load associated with manual control [210]. These systems can anticipate
clinician focus, thereby enhancing responsiveness and minimizing the need for
direct input. Underlying these technologies are motion-tracking techniques
detailed by Moeslund et al. [184], who describe the evolution of vision-based
human motion analysis essential to multimodal AR interfaces.

Despite technical advancements, challenges persist. Occlusion handling,
where virtual objects must appear behind real anatomy, and calibration drift
are common pitfalls in prolonged use. Moreover, maintaining low-latency ren-
dering and stable hologram anchoring across diverse clinical lighting and mo-
tion conditions remains an active area of development.

The trajectory of AR technology in healthcare suggests increasing conver-
gence between computer vision, wearable computing, and real-time surgical
data. These technologies are now moving toward context-aware systems that
anticipate user intent and environmental changes, marking a shift from tools
to intelligent collaborators in clinical care.

2.2. Use Cases

Although AR has existed for several decades [107], recent advancements in
visual technologies and the development of novel AR applications have sig-
nificantly increased interest among both consumers and professionals. In the
medical field, AR has seen widespread adoption, benefiting patients, care-
givers, and healthcare professionals alike [32, 130].

For patients, AR applications have been utilized in various domains, includ-
ing patient education [259], rehabilitation [206], distraction therapy [32], and
pain and stress management [155, 171]. For caregivers and medical profes-
sionals, AR has proven valuable in areas such as education and training [6,
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39, 185, 187], as well as in clinical settings where it serves as a supportive tool
[15, 87, 277].

Given the scope of this dissertation, the related work section will focus
specifically on the use of AR for healthcare providers and professionals.

2.2.1. Education and Training

Emergency Aid and Trauma Response Training

Over the past decade, the adoption of AR in emergency aid and trauma ed-
ucation has transformed from conceptual innovation to functional integration
in both academic and clinical settings. This trajectory reflects growing con-
fidence in AR’s capacity to simulate high-risk scenarios, enhance procedural
precision, and facilitate distributed learning environments for both profession-
als and caregivers. Several approaches have been investigated to improve the
effectiveness of CPR training, ranging from traditional classroom-based in-
struction to advanced technological interventions, such as virtual reality sim-
ulations and AR applications [77, 119, 129, 143, 222, 279].

Initial research between 2015 and 2021 focused primarily on prototyping and
evaluating the feasibility of AR platforms in emergency care training. One of
the earliest efforts, Demir et al. [58], presented an AR-based mass casualty
incident (MCI) simulation platform involving trauma nurses and emergency
physicians, which helped users rehearse roles and response procedures in large-
scale emergencies.

Mather et al. [170] tested AR for remote procedural guidance in rural
trauma cases such as roadside emergencies and emergency childbirth. Their
field trials demonstrated the value of AR in extending expert support to under-
resourced areas through wearable smart devices.

A scoping review by Munzer et al. [187] systematically explored AR’s po-
tential in emergency medicine, identifying applications in CPR, trauma simu-
lations, and emergency triage. The study highlighted AR’s potential to reduce
cognitive load, enhance procedural memory, and improve spatial awareness in
high-stress clinical settings [187].

Simultaneously, Balian et al. [16] demonstrated that AR could improve
cardiopulmonary resuscitation (CPR) training outcomes by providing visual
prompts and correcting form in real time [16]. This was extended by Follmann
et al. [85], who employed smart glasses in MCI triage simulations, allowing
telemedical experts to supervise first responders remotely.

Leary et al. [149] focused on the limitations of Balian et al. work [17] and
compared the use of CPRReality training with a standard audio-visual feed-
back manikin in terms of improvement in CPR quality. The findings of their
study indicated that there was no statistically significant difference observed
between the two groups. This implies that further, more extensive studies
should be conducted to explore whether AR CPR training has the poten-
tial to enhance overall CPR quality for both new and re-certifying healthcare
providers.

In 2021, multiple studies marked a turning point toward systematized AR
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use. Ito et al. [120] integrated AR and extended reality (XR) into trauma
care simulations within hybrid emergency rooms, enhancing multi-disciplinary
coordination and visual injury assessment. Follmann et al. [86] developed an
AR-based system to guide real-time clinical decision-making, especially helpful
for inexperienced staff during triage scenarios. Around the same time, Schild
et al. [230] launched “ViTAWiN,” a mixed-reality trauma simulation platform
designed for multi-professional medical teams, highlighting improvements in
communication, accuracy, and collaborative behavior.

Building on this foundation, research after 2021 focused on real-world de-
ployments, scalability, and integration with emerging technologies such as dig-
ital twins, AI, and IoMT.

McMullen et al. [173] led a national-scale intervention in Uganda, where
AR training modules were deployed to upskill health workers and volunteers in
trauma response. This study demonstrated AR’s adaptability in low-resource
and post-conflict healthcare systems, contributing significantly to emergency
preparedness across remote regions.

Harari et al. [104] introduced AR into operating room crisis protocols,
enhancing team adherence to checklists during simulated critical incidents.
The AR interface guided team behavior in real time, improving outcomes
through structured information overlays.

Further innovations came from [240], who explored the fusion of AR with ar-
tificial intelligence (AI) to simulate disaster preparedness scenarios in trauma
units. This integration enabled predictive simulation loops and faster emer-
gency response adaptation.

Meanwhile, Esmaeeli et al. [75] proposed a development framework for AR
content in trauma anatomy education, specifying pedagogical and technical
criteria for platform design. Complementary work by Faisal et al. [78] explored
digital twin integration, allowing emergency training environments to adapt
in real-time to the learner’s performance and patient profiles.

Ajitha et al. [4] showcased an AR-powered triage platform capable of real-
time health assessment and visual prioritization of patients, useful in chaotic
trauma situations. Bignami et al. [22] provided a critical lens on this growth,
urging institutions to adopt technoethical frameworks to regulate data use,
trainee exposure, and AI biases in immersive simulations.

Another emerging frontier in AR-based emergency education is the integra-
tion of multimodal sensor fusion, combining biosensors, motion detectors, and
wearable devices to enhance contextual realism and learner feedback. Anto-
niou et al. [9] conducted one of the earliest cohort studies utilizing biosensor-
driven affective analytics within AR medical games. Their system monitored
real-time emotional and physiological responses (e.g., heart rate, galvanic skin
response) to adapt the training environment based on learner stress and en-
gagement levels. Similarly, Demir et al. [58] incorporated environmental sen-
sors and situational awareness tracking in their AR platform for mass casualty
incident simulations, enabling personalized emergency scenarios based on real-
time data.

More recent innovations have pushed toward wearable sensor integration.
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For instance, Kim et al. [138] reviewed the rise of smart helmets combining AR
displays with impact sensors, inertial measurement units (IMUs), and GPS,
tailored for use in community trauma detection and triage. In a related vein,
Li et al. [158] implemented data gloves with embedded pressure and flexion
sensors in mixed reality environments for occupational emergency simulations.
These modalities help replicate tactile feedback and assess fine-motor control,
a crucial need in surgical or airway trauma simulations.
Another significant study by Innocente et al. [115] mapped tools enabling

sensor-enhanced human–machine interaction in healthcare, especially for train-
ing clinicians in injury detection and real-time procedural feedback using AR
overlays and real-time detector synchronization. Notably, Taha et al. [250]
proposed photonics-powered AR skin electronics, which integrate optical sen-
sors into training gear to visualize blood perfusion or injury severity during
trauma simulations.
Despite these advancements, the field remains fragmented, and standard-

ized frameworks for multisensor integration with AR interfaces are lacking.
Future research must address interoperability issues, cost scalability, and eth-
ical considerations around biometric data use in training environments.

Anatomy Visualization

AR has increasingly become a transformative tool in medical and health edu-
cation, particularly in the teaching of human anatomy. Traditional methods,
such as cadaveric dissection, while foundational, often present limitations in
accessibility, repeatability, and cost. AR addresses these challenges by offer-
ing an immersive, interactive, and non-destructive platform for anatomical
exploration.
Romero-Reveron [224] emphasizes the pedagogical shift in anatomy educa-

tion, noting that AR tools allow for dynamic visualization of complex anatom-
ical structures and better retention of spatial relationships among body sys-
tems. Chatha [40] explores this transition from scalpel-based dissection to
AR and AI-enhanced simulations, arguing for a blended approach where AR
augments, not replaces, traditional dissection. This is especially crucial in an
era where dissection resources are becoming scarce.
In an interdisciplinary exploration, Warren et al. [194] showcase how AR,

in conjunction with VR, supports not just anatomical training but broader
clinical skills by enhancing learner engagement and comprehension. Similarly,
Putro and Biddinika [214] demonstrate the effectiveness of markerless AR in
modeling 3D representations of the human heart, providing an intuitive and
portable method for teaching cardiovascular anatomy.
From a technical perspective, Ganesan and Poonkuntran [92] detail how se-

mantic segmentation and geometric calibration techniques improve the fidelity
of AR-based anatomical models, ensuring higher accuracy in visual overlays.
Kumar et al. [142] expand on this by discussing the integration of AR with
medical imaging, such as CT and MRI, enabling layered visualizations that
merge live patient data with static anatomical frameworks for more personal-
ized education.
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Taken together, these studies illustrate that AR is not merely a visualiza-
tion aid but a pedagogical innovation that supports deeper learning through
multimodal, real-time interactivity. The current trajectory suggests that AR
will play an increasingly vital role in democratizing anatomy education, par-
ticularly in resource-constrained or remote training environments.

Surgical Training

The integration of AR into surgical education represents a pivotal advance-
ment in the simulation-based training paradigm. By overlaying digital content
on real-world environments, AR allows surgical trainees to visualize internal
anatomy, practice techniques, and receive real-time feedback, all within a risk-
free environment.
Sampaio et al. [227] developed an AR platform specifically for remote sur-

gical training during health emergencies and natural disasters. Their system
enabled interactive visualization of procedures and was designed for deploy-
ment in low-resource and crisis settings, highlighting AR’s flexibility in decen-
tralized learning models. This aligns with broader shifts toward immersive,
location-independent medical education.
A key concern in adopting such technologies is the need for structured train-

ing frameworks. Puliatti et al. [41] emphasize that the use of advanced imaging
and robotic interfaces in urological surgery demands not only access to AR
platforms but also a specialized curriculum that fosters skill translation from
simulation to the operating room. Similarly, Yang et al. [275] demonstrated
that ophthalmic residents using extended reality (XR) simulators achieved
enhanced procedural precision and confidence, particularly in microsurgical
tasks.
Maqsood et al. [167] conducted a systematic review on the use of AR for

telestration in surgery, where instructors annotate in real time over surgical
views. Their findings suggest AR-based telestration can significantly enhance
surgical mentorship and remote instruction, reducing time to competence and
improving surgical communication.
From a broader perspective, Bhatti et al. [21] examined AR and VR in ra-

diologic guidance and image overlay techniques, finding increased diagnostic
clarity and improved surgical navigation accuracy, particularly in minimally
invasive procedures. The implications extend beyond traditional surgery, rein-
forcing AR’s role in enhancing both preoperative planning and intraoperative
decision-making.
Finally, the role of the metaverse in medical training is emerging, as dis-

cussed by Burlacu et al. [35]. They propose a convergence of AR with immer-
sive social environments where surgical trainees and mentors can collaborate
globally in real-time, a development with profound implications for the de-
mocratization and scalability of surgical education.
Recent literature highlights a significant evolution in the technical imple-

mentation of AR for surgical training. One of the earliest large-scale reviews by
Barsom et al. [19] categorizes AR systems into laparoscopic surgical training,
mixed reality training, and fully immersive models, noting that high-fidelity
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haptic feedback and optical marker tracking are essential components for ac-
curate simulation. Similarly, Dickey et al. [61] introduced a urology training
tool integrating fiducial markers and real-time 3D anatomical overlays, show-
ing substantial improvements in trainee spatial understanding.

Williams et al. [270] conducted a systematic review of AR applications,
noting that only a minority of studies used validated performance metrics,
underscoring the need for robust evaluation frameworks. Meanwhile, Aydin et
al. [249] focused on software pipelines, identifying Unity3D and ARToolKit as
leading platforms for surgical simulation development. They also emphasized
the need for latency optimization to prevent motion sickness in high-frequency
simulations.

In open surgery, Fida et al. [80] examined various tracking modalities such
as inertial measurement units (IMUs), infrared (IR) sensors, and SLAM-based
depth mapping to increase the reliability of AR overlays. Lahanas et al. [147]
compared AR systems against traditional box trainers, concluding that AR
enhances psychomotor learning when paired with task-specific calibration.

Viglialoro et al. [264] present a hybrid laparoscopic simulator using AR to
guide identification of anatomical landmarks during cholecystectomy. Their
platform integrates ARCore for spatial tracking and uses a real-time segmen-
tation algorithm to detect and isolate tissue structures dynamically. Zhang et
al. [282] explored MR headsets in emergency surgical procedures, finding that
gesture-based interaction improves trainee autonomy.

Moreover, Lungu et al. [162] and Vávra et al. [261] emphasize modularity
and interoperability, especially with intraoperative navigation systems and
robotic surgical platforms. These studies advocate for a layered architecture
approach, where AR modules communicate with imaging systems via DICOM
protocols and are optimized using GPU acceleration.

Collectively, these technical advancements demonstrate that AR in surgical
education has matured from static model overlays to dynamic, responsive plat-
forms that integrate real-time anatomical data, motion tracking, and remote
instruction. However, consistent benchmarking, data privacy compliance, and
cost-effectiveness remain key barriers to widespread implementation.

Overall, AR is reshaping surgical training by increasing access to high-
fidelity simulation, enabling personalized learning, and supporting continuous
mentorship, though its effectiveness depends heavily on curricular alignment,
technology access, and learner engagement.

2.2.2. Clinical Support Systems

Surgical Domain

AR is increasingly recognized as a powerful tool for supportive and assistive
applications in surgery, spanning the full perioperative continuum, especially
in orthopedic, plastic, and neurosurgery [45, 68, 101]. Numerous studies have
demonstrated the feasibility and potential benefits of integrating AR tech-
nology compared to traditional surgical methods. These advantages include
increased surgical precision and accuracy, improved anatomical awareness, re-
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duced radiation exposure for both patients and surgical staff, shorter operative
times, improved perceived workload for surgeons, and educational enhance-
ments [2, 101].

In the context of preoperative planning, Bui et al. [34] reviewed the appli-
cation of immersive AR platforms in spine surgery and emphasized their value
for spatial orientation, risk visualization, and anatomical rehearsals. Their
findings suggest AR tools are particularly effective for planning minimally in-
vasive procedures, where anatomical variability can be a significant challenge.
Similarly, Louis et al. [161] presented a case series demonstrating the inte-
gration of a synchronized AR platform with neuroimaging tools for operative
neurosurgery. Their system allowed real-time visualization of tumors and vas-
cular landmarks directly on patient-specific anatomy before incision.

Surgical rehearsal is another area where AR has shown significant promise.
Bui et al. [34] and Sun et al. [248] report that procedural walk-throughs using
AR systems help improve muscle memory, procedural sequencing, and confi-
dence among residents. In hip surgery, for example, AR allowed trainees to
rehearse acetabular exposure and implant placement, which are traditionally
difficult to visualize in cadaver-based training. These rehearsal environments
also facilitated objective performance assessment by tracking motion metrics
and precision.

In terms of intraoperative guidance, Shen et al. [234] detail recent advances
in AR-assisted visual overlays that dynamically adapt during surgery. Their
work highlights the integration of optical sensors and real-time data to update
the AR display, improving navigation through tissues and reducing the re-
liance on verbal or textual instructions. In orthopedic surgery, Jud et al. [128]
conducted a systematic review and found AR-enhanced navigation improved
implant alignment and reduced fluoroscopic exposure time across various pro-
cedures.

Unlike the aforementioned surgical specialties, implementing an AR assis-
tance and navigation system for open abdominal surgery has encountered chal-
lenges, primarily due to organ mobility and deformations [81]. These difficul-
ties arise from factors such as respiratory motion, positional changes result-
ing from laparotomy1, or mobilization and deformations during intraoperative
dissection [225, 252]. Nonetheless, these displacements and deformations are
less pronounced in pancreatic surgery due to its special anatomical location.
Despite this, there is still a limited number of studies in the literature that
explore the design process and effectiveness of AR-based assistance and navi-
gation systems during pancreatic surgery [168, 195, 200, 252].

Tang et al. [252] introduced an AR navigation system using a smartphone
display during Pancreaticoduodenectomy2 procedures in three patients. Their

1Laparotomy is a surgical procedure that involves making a large incision through the
abdominal wall to gain access to the abdominal cavity.

2Pancreaticoduodenectomy, also known as Whipple procedure, is a complex surgical oper-
ation typically used to treat pancreatic cancer or other conditions affecting the pancreas.
During the procedure, the surgeon removes the head of the pancreas, the duodenum (the
first part of the small intestine), part of the bile duct, the gallbladder, and sometimes
part of the stomach.
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AR system effectively assisted in navigating and identifying the location of the
superior mesenteric vein and the area of tumor invasion, with the deviation
between the tumor invasion area and its representation in the 3D model esti-
mated to range from 2 to 8 mm. Similarly, Marzano et al. [168] and Okamoto
et al. [195] utilized AR navigation systems where reconstructed 3D models
were overlaid onto real organs via a monitor display. These studies demon-
strated that AR facilitated the precise and safe identification of the pancreas,
tumor location, and critical vascular structures, with registration errors rang-
ing from 5 to 12 mm [195]. Onda et al. [200] conducted the first comparative
analysis between AR-based systems using 2D displays and conventional pan-
creatic resection procedures, reporting no complications associated with the
AR system during or after the surgeries. Their study showed that the AR
navigation system provided accurate anatomical information, allowing for the
swift identification and ligation of important vessels.
In conclusion, while there are studies showing promising results for using

AR to visualize patient data preoperatively [163, 221] and to assist with sur-
gical planning [209, 220, 221, 239], the use of AR during surgery has received
less attention due to the significant challenges involved. Additionally, most
prior research in medical AR has primarily focused on assessing the efficacy
of these systems, with an emphasis on system accuracy, often tested in con-
trolled lab environments [53, 81, 82, 191] or in high-fidelity scenarios involving
phantom patient cases [109, 218]. While these studies are essential for testing
and evaluating new approaches prior to clinical use with actual patients, most
systems’ performance and usability have not yet been thoroughly evaluated
in real-world surgical settings with actual patients. This highlights a critical
gap in the validation process, as the practical application of AR systems in
clinical environments remains largely untested, leaving questions about their
functionality, reliability, and user acceptance in real surgical contexts. Al-
though accuracy is undoubtedly crucial for advancing AR applications in this
critical field, there has been a notable lack of emphasis on user-centric design
and the testing of these systems in real-world settings. The feasibility of these
technologies, particularly from the perspective of the surgeons who use them,
remains underexplored, signaling an essential area for further investigation
and development.

Other Domains

Beyond surgical settings, AR is playing a growing role in enhancing clinical
workflows, particularly in areas like patient data visualization, real-time re-
mote collaboration, and medical record interaction. Birlo et al. [24] performed
a systematic review on optical see-through head-mounted displays, finding AR
significantly enhanced real-time access to clinical data and enabled overlaying
of digital records within the physician’s field of view. This improved informa-
tion retention and procedural safety in diagnostic environments.
Kim et al. [136] developed a collaborative AR-based imaging system tai-

lored for group consultations in congenital heart disease, where multiple clin-
icians could simultaneously explore 3D heart models and review case files in
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a synchronized virtual environment. Similarly, Negrão [190] emphasized the
potential of mixed reality interfaces for remote multi-user surgical planning
and teleconsultation, noting key design challenges around latency and fidelity
in shared augmented spaces.
In neonatal and orthopedic care, Tueni and Amirouche [257] illustrated the

application of AR in patient monitoring and procedural rehearsals. They
proposed an interactive framework where 3D holographic patient data can be
dynamically updated during multidisciplinary rounds. Rodrigues et al. [223]
further highlighted AR’s role in neonatal care, using mid-air gesture controls
to interact with vitals, scan data, and alerts, minimizing physical contact and
improving sterile workflows.
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As AR technologies continue to advance, their integration into critical do-
mains such as medicine is increasingly anticipated, yet not without substantial
challenges. While AR holds the potential to enhance precision, reduce cog-
nitive load, and support complex decision-making, its successful deployment
hinges on a nuanced understanding of the technological and human factors
that define high-stakes medical environments. This chapter explores the es-
sential prerequisites for implementing AR in such contexts, focusing on two
pivotal considerations: the choice of head-mounted display (HMD) technol-
ogy, particularly the trade-offs between optical see-through (OST) and video
see-through (VST) devices, and the design of interaction modalities that align
with clinical needs and constraints.
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The content of this Chapter covers two publications:

1. Javaheri, Hamraz, et al. “When AR Hinders Performance: The
Hidden Costs of Video-See-Through Displays.” Proceedings of
the 2025 31st ACM Symposium on Virtual Reality Software and
Technology. 2025.

2. Javaheri, Hamraz, Vitor Fortes Rey, Paul Lukowicz, Gregor
Alexander Stavrou, Jakob Karolus, Omid Ghamarnejad, “Assess-
ing the Feasibility of Using Apple Vision Pro While Perform-
ing Medical Precision Tasks: A Controlled User Study”, JMIR
XR AND SPATIAL COMPUTING (JMXR), 2025;2:e73574; doi:
10.2196/73574

3.1. Hardware Shapes Performance

Mixed reality (MR) has been a transformative technology for several years,
revolutionizing various industries and applications. As part of the broader
spectrum of immersive technologies [182], MR bridges AR, which overlays
digital content onto the real world, and virtual reality (VR), which provides
fully immersive digital environments. With recent advancements in wearable
technology and head-mounted displays (HMDs), MR has expanded into a
wide range of daily activities and professional domains [55]. A significant
development in this field is the rise of extended reality (XR) devices, which
integrate both AR and VR capabilities, enabling seamless transitions between
immersive and real-world experiences. This new generation of devices, such
as the Apple Vision Pro (AVP) [10], has sparked considerable interest and is
believed to be the future of HMDs in medical domain, offering users immersive
XR experiences through video-see-through (VST) technology [72, 73, 169, 198,
201, 228, 233, 255, 267].

Despite the promising potential of VST XR devices such as the AVP, a
significant gap remains in understanding their usability in precision-critical
domains, where tasks require high levels of real-world accuracy and dexter-
ity. While studies have examined XR applications across various settings and
domains, the choice of device and technology for specific task groups is of-
ten driven by the latest market trends rather than an informed assessment of
their feasibility for the intended use case. This decision becomes particularly
crucial for delicate tasks requiring fine motor control and precision, where the
device itself may impact task performance, regardless of the XR application
or method employed. The lack of empirical insights into the suitability of
different XR technologies and devices poses a major barrier to the widespread
adoption of XR in applications demanding precision and dexterity.

This section looks into the feasibility of the latest head-mounted displays
with optical see-through and video see-through designs and presents their im-
pact on user task performance and dexterity.
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3.1.1. Methodology

Using a mixed-methods research approach, combining both quantitative and
qualitative data collection techniques, two user studies were conducted, each
experiment focusing on a different task, including a pegboard dexterity task
and a medical-focused task of wound suturing. The aim of the studies was
to evaluate the feasibility of the latest XR devices, Apple Vision Pro [11],
and Microsoft HoloLens 2 for performing precision tasks and to analyze each
device’s impact on users across different measures. In each experiment, the
same three study conditions were designed, corresponding to the three scenar-
ios of the studies: Baseline, MHL2, and AVP. The Baseline condition, which
involved no HMD, served as a reference point for evaluating the effects of the
other conditions.
A within-subject design was employed, meaning each participant experi-

enced all three conditions. To address potential order bias, the sequence of
conditions was counterbalanced across participants.

User Study 1: Purdue Pegboard Dexterity Task

The initial experiment focused on user dexterity using the Purdue Pegboard
Test (PPT), a psychomotor test of unimanual dexterity and bimanual coor-
dination [241], focusing on two different abilities in user gross movements of
arms, hands, and fingers, and fine motor extremity. The test is a manipulative
dexterity assessment originally developed to help select candidates for indus-
trial roles that demand precise hand skills, such as assembly, packaging, and
machine operation. It evaluates performance separately for the right hand,
left hand, and both hands simultaneously. The test measures two distinct
types of dexterity: one involving larger movements of the hands, fingers, and
arms, and the other focusing on fine fingertip coordination essential for tasks
like small assembly work [254]. The PPT was chosen due to its extensive use
in the literature as an assessment tool beyond its original intent, such as in re-
habilitation [59], neuropsychological assessment [219], occupational medicine
[159], and as an indicator of user performance and accuracy, helping to inves-
tigate the impacts of different interaction modalities [265] and other factors in
immersive environments [1].

Study Task: The PPT consists of five subtests that evaluate fine motor skills
and hand coordination. We conducted the following subtests in a standardized
manner:

• Right Hand (30 seconds): Participants used only their right hand to
place as many pins as possible into the right-hand row within 30 seconds.

• Left Hand (30 seconds): Participants used only their left hand to
place as many pins as possible into the left-hand row within 30 seconds.

• Both Hands (30 seconds): Participants used both hands simultane-
ously to place as many pairs of pins as possible into both rows within 30
seconds.
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• Summed Score (Right Hand + Left Hand + Both Hands): We
calculated the sum of the scores from the first three subtests.

• Assembly (60 seconds): Participants used both hands to assemble a
sequence of pins, washers, and collars within 60 seconds.

Participants completed three trials per subtest, with their average score
recorded for analysis. This approach minimized practice effects and enhanced
reliability, as three-trial administrations have been shown to yield higher re-
liability (0.76 – 0.89) after a one-week retest interval (0.81 – 0.89) [33] and
maintain a reliability of 0.76 for peg-placing trials over six months [67].

Measurements: For each PPT trial, we recorded scores as follows:

• Right Hand, Left Hand, and Both Hands: The number of pins correctly
placed within the allotted 30-second duration per subtest.

• Summed Score: The total calculated from the three individual subtests,
including Right Hand, Left Hand, and Both Hands.

• Assembly: The number of correctly assembled pin-washer-collar units
completed within 60 seconds.

To assess key aspects of the user experience, we administered online ques-
tionnaires. We collected data on demographics and participants’ affinity for
technology interaction (Ati) [88]. Additionally, cognitive workload was mea-
sured using the NASA-Task Load Index (TLX) [105], VR-induced sickness was
evaluated with the VR Sickness Questionnaire (VRSQ) [139], and the sense
of presence in the virtual environment was gauged using the Presence Ques-
tionnaire (PQ) [272]. Furthermore, the UMUX-Lite questionnaire [156] was
employed for a quick and reliable assessment of new technologies [28], with
system usability scores predicted using a regression equation [156] based on
the two UMUX-Lite items.
Building on previous work using different sensing modalities for activity

recognition [46, 245, 246], we used Apple Watches to record participants’
movements for the objective assessment of study conditions. Our goal was to
evaluate the impact of each device on unimanual movement during the Right
Hand and Left Hand subtests, as well as bimanual movement during the Both
Hands and Assembly subtests. IMU data were collected at a sampling rate of
100 Hz. Sample signals are provided in the supplementary file.
Furthermore, we conducted semi-structured interviews with participants.

The interview questions covered topics including reflection on the experience,
comfort, self-assessment of performance, advantages and disadvantages, and
potential use of each device.

Study Procedure: The study began with an introductory phase, during
which informed consent was obtained from participants, and an overview of the
study tasks was provided. Following consent, the entire session was recorded
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Figure 3.1.: The study setup, including the PPT board and two Apple watches
placed on the participant’s wrists.

using two cameras: one capturing an egocentric perspective and the other
providing an exocentric, front-facing view. Additionally, an Apple Watch was
connected to each of their wrists (Figure 3.1). The position of Apple watches
remained the same throughout the entire experiment session.
Participants were then assigned to one of six possible sequences for com-

pleting the three conditions (Baseline, MHL2, and AVP) in a counterbalanced
order. Before beginning the tasks, participants filled out two questionnaires
on demographics and Ati [88].
After completion of the preparation phase and order assignment, the experi-

mental task started. During this stage, participants were asked to perform the
same four subtests (Right, Left, Both, and Assembly) under each of the three
conditions (Baseline, MHL2, and AVP). Before each subtest, the procedure
was explained and demonstrated to ensure participants understood the task.
The participants were then asked to perform the subtest by placing a few pins
for practice.
Before performing the task with the AVP and MHL2, calibration procedures

were carried out. For the MHL2, only eye calibration was conducted, while
for the AVP, both eye and hand calibration were performed to account for
potential issues such as lens misalignment or visual discrepancies.
For each trial, the participants’ scores were recorded for each subtest upon

their completion. After completion of three trials of all subtests, online ques-
tionnaires were administered, asking participants to reflect on their experi-
ence regarding the completed study’s condition. The order of the questions
was randomized. After completing the Baseline condition (without an HMD),
participants only filled out the NASA-TLX. For MHL2 and AVP conditions,

27



3. Designing AR for Human Performance: Prerequisites of Viable AR

Table 3.1.: The study participants’ demographics. M: Male, F: Female, NB: Non-
Binary, R: Right-handed, L: Left-handed, A: Ambidextrous.

Characteristics Value

Gender 14M (70%), 6F(30%), 0NB
Age 27.55 ± 5.31
Handeddness 18R (90%), 1L (5%), A(1%)
Prior usage of OST HMDs 1.75 ± 0.72 (1-5 Likert scale)
Prior usage of VST HMDs 1.85 ± 0.99 (1-5 Likert scale)
Affinity for technology interaction 3.87 ± 0.73 (1-6 Likert scale)

participants completed the NASA-TLX, VRSQ, PQ, and UMUX-Lite.

At the conclusion of each session, a researcher conducted a brief semi-
structured interview with participants, inviting them to reflect on their ex-
periences with each device.

Participant Recruitment: The study included only participants without vi-
sion disorders or those with minor refractive errors who could complete the
tasks without eyeglasses. While MHL2 allowed for eyeglass use, AVP’s design
made this impractical. Although AVP could be adapted with corrective lenses,
customizing them for each participant was not feasible. To ensure consistency
and minimize bias, participants who had minor refractive error and typically
wore glasses were required to complete all tasks without them across all study
conditions.

A total of 20 participants volunteered for this study. Questionnaire out-
comes were obtained from all 20 participants, and their demographic charac-
teristics are summarized in Table 3.1. However, only IMU data from 13 partic-
ipants were eligible for inclusion in the sensor data analysis. The remaining 7
participants were excluded due to data corruption. Exclusion criteria included
any missing data windows for any subtests within any of the study groups.

Data Analysis: The sample size was determined using G*Power [69], a power
analysis tool. Anticipating significant effects of different HMDs on user per-
formance and cognitive load during study tasks, a large Cohen’s effect size of
0.40 was assumed [48]. With a power of 0.95 (1–β) and a significance level of
α = 0.05, the required sample size was calculated to be 18 participants. To
account for a potential 10% dropout rate, 20 participants were recruited for
the study.

Statistical analysis was performed using the R Project for Statistical Com-
puting [215]. Continuous data were presented as means ± standard deviations,
while categorical data were summarized as frequencies and proportions. For
all numerical analysis (including dexterity scores from PPT subtests and ques-
tionnaire outcomes), the effects of the three conditions (Baseline, MHL2, and
AVP) were analyzed using a within-subject repeated-measures ANOVA. When
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the sphericity assumption was violated (ϵ < 0.75), the Greenhouse-Geisser cor-
rection was applied. To address multiple comparisons, P-values were adjusted
using the Bonferroni correction, with a two-sided P-value of < 0.05 considered
statistically significant.

In addition to our statistical analysis of dexterity scores and questionnaires,
we also collected IMU data from both hands for statistical analysis. To mea-
sure the overall rate of movements during PPT subtests using collected ac-
celerometer data from hands, we computed the root mean square (RMS), that
is, ¿
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∑
i

C
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where ai,c is the acceleration value at time i for channel c. This metric was
used based on previous work demonstrating the effectiveness of RMS on anal-
ysis of repetitive movements such as gait analysis [231]. We computed the
RMS for each hand involved in a PPT subtest per trial. Since we used clap-
ping as a synchronization gesture between the IMU and video data between
sessions, we cropped the first and last 1.5 seconds so that the gesture would
not influence the RMS computation. The generated RMS values were then
used for statistical analysis to observe differences between study conditions.
For the PPT subtests Right Hand and Left Hand, we only used data from
the respective hand for analysis. For the Both Hands and Assembly subtests,
data from both hands were used. We fitted linear mixed-effect models for
the RMS for each PPT test using condition as a fixed effect and a by-subject
random effect. All interviews conducted in this study were transcribed ver-
batim. A pragmatic approach to qualitative analysis was employed, following
the recommendations of Blandford et al. [26]. Initially, two researchers inde-
pendently analyzed 25% of the interview data. Through iterative discussions,
a preliminary coding framework was established. The remaining interview
data were then divided equally between the two researchers for coding. In a
final discussion, the coding framework was further refined, culminating in the
identification of key themes.

User Study 2: Wound Suturing Task

Study Task: To assess the feasibility of different HMDs and their impact on
users while performing precision-dependent medical applications, we designed
a controlled user study task that incorporates performing different suture tech-
niques. The study included three types of sutures, each requiring progressively
more complex techniques ranging from basic to advanced. The simple inter-
rupted suture (SIS, Figure 3.2 (A)) was selected as the simplest task, while the
vertical mattress suture (VMS, Figure 3.2(B)) and continuous subcuticular su-
ture (CSS, Figure 3.2 (C)) were chosen for their complexity. These techniques
rely on correct depth perception, as they involve inserting a suturing needle
into a specific layer of the skin [148], making them ideal for evaluating users’
ability to perceive depth in a simulated environment.
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Figure 3.2.: Study 2: The illustration of three suture types included in the study
task: (A) Simple interrupted suture, (B) vertical mattress suture, and
(C) continuous subcuticular suture.

A suture training kit [174] was used as the base for performing the sutures.
All participants were asked to complete three SIS, three VMS, and close a 5 cm
long wound on the suturing kit using a CSS for each intervention. All sutures
were performed using 3-0 polypropylene [76] and the same clinical surgical
instruments, including needle holder, tweezers, and scissors (Figure 3.3). To
minimize potential bias in TCTs due to the length of the suture material, each
suture type was performed with a new suture material.

Measurements: The entire experiment session was recorded using two cam-
eras, one egocentric and one exocentric front-facing views. After completing
the task for each intervention, photographs of the participants’ performance
using the suturing kit were captured for subsequent evaluation. Additionally,
online questionnaires were administered to evaluate key factors related to the
user experience. Cognitive workload was assessed using NASA-TLX [105], VR-
induced sickness was measured with the VR sickness questionnaire (VRSQ)
[139], and the sense of presence in the virtual environment was evaluated using
the presence questionnaire (PQ) [272]. Furthermore, for a rapid and reliable
assessment of new healthcare technologies [28] UMUX-Lite questionnaire was
used. System usability score then was predicted using a regression equation
based on the two UMUX-Lite items [156].
After all data recording sessions were completed, the task completion times

(TCTs) were extracted from the recorded videos. A researcher, who was
blinded to the study’s aims, measured the TCT for each suture performed
by every participant. To ensure an objective evaluation of the time spent
solely on suturing, TCT was defined as the duration from the moment the
needle was grasped by the needle holder until the knot was cut with scis-
sors. Additionally, five surgeons (7.2 ± 1.7 years of surgical experience), who
were also unaware of the study aims, evaluated suture performances based
on anonymized photographs of performed sutures. All of the captured pho-
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Figure 3.3.: Study 2: The suture training kit used during study tasks containing a
silicone suture pad and instruments.

tographs of participants’ performed sutures were presented in a random order
to evaluator surgeons using a custom visualization tool. They rated the per-
formance of each suture type separately on a scale of 0 to 100, considering
factors such as the overall effectiveness of the suture, bite (length of the stitch
across the wound), pitch (interval between stitches), and cosmetic appearance
[148].

Study Procedure: The study began with an introduction phase involving
obtaining informed consent and an introduction to the study tasks from all
participants. Following consent, participants were randomly assigned to one
of six possible orders for performing the three interventions (Baseline, MHL2,
and AVP). Prior to task execution, participants completed two questionnaires
on demographics and affinity for technology interaction [88]. Following the
completion of the preparation and order assignment, the experiment task be-
gan. During this stage, participants were asked to perform the same study
task, which involved working with three different suture types, for each inter-
vention. Prior to performing the study task with AVP and MHL2, calibration
procedures were conducted. For MHL2, only eye calibration was performed.
For AVP, both eye and hand calibration were performed to address any po-
tential issues arising from lens misalignment or visual discrepancies. After
completing the task for the baseline condition (without an HMD), participants
completed only the NASA-TLX. Following the MHL2 and AVP interventions,
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participants filled out the NASA-TLX, VRSQ, PQ, and UMUX-Lite. Finally,
at the end of each session, a researcher conducted a short semi-structured in-
terview with the participants, asking them to reflect on their experience with
each device. The interview questions encapsulated aspects including comfort,
self-performance evaluation, pros and cons, and potential use cases.

Participant Recruitment: Participant Recruitment Recruitment was con-
ducted through word-of-mouth and advertisements via mail. The experiment
took place at Klinikum Saarbrücken, Germany. Participation was entirely
voluntary, and no compensation was provided.
The inclusion criteria for participants required that they be healthcare pro-

fessionals with prior experience in performing wound suturing on patients.
Additionally, the study limited participation to individuals without vision dis-
orders or those with minor refractive errors, who could complete the study
tasks without eyeglasses. To minimize bias, participants with minor refrac-
tive errors who typically used eyeglasses were instructed to perform all tasks
without glasses across all interventions.
In total, 20 healthcare professionals participated in this study. The demo-

graphic characteristics of the participants are detailed in Table 1.

Table 3.2.: The study 2 participants’ demographics. M: Male, F: Female, NB: Non-
Binary, R: Right-handed, L: Left-handed, A: Ambidextrous.

Characteristics Value

Gender 14 M (70%), 6 F (30%)
Age (years) 33.65 ± 7.60
Occupation Surgeon: 15 (75%)

Physician assistant: 1 (5%)
Medical intern: 4 (20%)

Participants with minor refractive errors 6 (30%)
Clinical experience (years) 7.8 ± 6.45
Prior usage of OST HMDs (1–5 Likert scale) 1.8 ± 0.93
Prior usage of VST HMDs (1–5 Likert scale) 1.35 ± 0.63
Affinity for technology interaction (1–6 Likert scale) 3.83 ± 0.79

Data Analysis: Sample size calculation was performed using the power anal-
ysis tool G*Power [100]. Given the anticipated substantial impacts of different
HMDs on users’ performance and cognitive load during suturing tasks, a large
Cohen’s effect size of 0.40 was considered. With a power of 1–β = .95 and
α = .05, the required sample size was calculated to be n = 18 participants. To
account for 10% potential dropouts, we included a total of 20 participants in
the study. Statistical analysis was conducted using the R project for statistical
computing [216]. Continuous data were expressed as means ± standard devia-
tions, while categorical data were reported as frequencies and proportions. The
effects of the interventions (baseline, MHL2, and AVP) were analyzed within-
subject using repeated-measures ANOVA. When the assumption of sphericity
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was violated, the Greenhouse-Geisser (ϵ < .75) correction was applied. To ac-
count for multiple comparisons within groups, P-values were adjusted using
the Bonferroni correction. A two-sided P value of ¡ .05 was considered sta-
tistically significant for all analyses. Furthermore, the inter-rater agreement
of the performance scores by five evaluator surgeons was confirmed using the
rwG(J) agreement index [122]. Qualitative Analysis All interviews conducted
in this project were transcribed verbatim. We adopted a pragmatic approach
to qualitative analysis, as recommended by Blandford et al. [26]. Initially,
two researchers independently analyzed 25% of the data. Based on iterative
discussions, a preliminary coding framework was developed. The remaining
interview data were then evenly distributed between the two researchers for
coding. In a final discussion, the coding framework was further refined, leading
to the development of the main themes.

3.1.2. Impacts of Device Selection on User Performance and Dexterity

The results of both studies demonstrated that the device used while performing
precision required task has a direct impact on the user’s performance and
dexterity.
The ANOVA test on average dexterity scores across all subtests in the user

study 1 using PPT, yielded a significant difference between study conditions
(F(2,38) = 3.65, p = 0.036). The pairwise analysis on average score across
all subtests showed a significant difference between AVP (23.4 ± 3.56) and
Baseline (25.3 ± 3.60, p = 0.028); however, it yielded no significant difference
between AVP (23.4 ± 3.56) and MHL2 (24.4 ± 3.83), and between MHL2
(24.4 ± 3.83) and Baseline (25.3 ± 3.60). Participants scored significantly
lower on all subtests using AVP compared to Baseline; only the Left Hand
subtest yielded a significant difference between MHL2 and Baseline, and no
significant difference was observed between AVP and MHL2 for any subtests
(Figure 3.4).
Furthermore, this significant decrease in dexterity scores observed under the

AVP condition across all subtests was accompanied by a marked reduction in
RMS acceleration values relative to Baseline in the single-handed subtests
(Right Hand and Left Hand), where the most repetitive hand movements
occurred.
For RMS, the resulting linear mixed-effect models show a significant effect

for Right Hand (F(2,102) = 3.30, p = 0.04) and Left Hand (F(2,102) = 9.23,
p < 0.001). Post-hoc pairwise comparisons revealed a significant effect for
Right Hand between AVP (0.593 ± 0.008) and Baseline (0.596 ± 0.009, p =
0.0393) as well as for Left Hand between Baseline(0.592 ± 0.006) - MHL2
(0.590 ± 0.006, p = 0.0245), and AVP (0.589 ± 0.005)- Baseline (p = 0.0001).
The pairwise comparisons on RMS across all subtests are given in Figure 3.5.
These results suggest that the device may have introduced perceptual or

motor constraints that interfered with natural hand movement, leading to
slower and potentially more deliberate actions. In the MHL2 condition, a
non-significant decline in dexterity scores was observed, which was similarly
mirrored by a reduction in RMS acceleration, especially for single-handed sub-
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Figure 3.4.: Study 1: Pairwise result of participants’ scores for each subtest across
three study conditions (Baseline, MHL2, and AVP) with statistically
significant differences marked. Significance levels: ns (not significant,
p ≥ 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

tests. This deceleration in participants’ movements was especially prominent
in the Left Hand subtest (the non-dominant hand for 12 out of the 13 partic-
ipants) for both devices. This indicates that the effect of the device on user
performance may be exacerbated when using the non-dominant hand, possibly
due to increased cognitive load.

A similar trend of reduction in participants’ speed and dexterity while per-
forming the suturing task was observed, which resulted in longer TCTs. The
analysis revealed a significant difference in the TCT required to complete
all suturing tasks across the interventions (P < .001). Participants took sig-
nificantly longer to complete the entire task using AVP (570.0 ± 192.0 sec)
compared to MHL2 (456.0 ± 120.0 sec, P < .001) and baseline (472.0 ± 143.0
sec, P < .001). Analysis performed on TCT for each individual suture type
(Figure 3.6) revealed that there were no significant differences in the time
required to perform SIS across the interventions (P = .05). However, a signif-
icant difference was observed for more complex tasks, VMS (P = .001), and
CSS (P < .001). Participants required significantly more time to complete
VMS using AVP (195.9 ± 79.6 sec) compared to MHL2 (161.2 ± 63.4 sec,
P < .001) and baseline (166.8 ± 64.2 sec, P = .04). Similarly, for CSS, a
significantly longer time was needed when using AVP (234.7 ± 83.6 sec) com-
pared to MHL2 (177.0 ± 52.8 sec, P = .007) and baseline (182.9 ± 59.1 sec,
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Figure 3.5.: Study 1: The statistical analysis on root mean square (RMS) values
of IMU data across subtests with statistically significant differences
marked. Significance levels: ns (not significant, p ≥ 0.05), * (p < 0.05),
** (p < 0.01), *** (p < 0.001).

P = .002).

Despite longer TCTs, the analysis on participants’ average suture perfor-
mance in user study 2 revealed no significant differences across interventions
(P = .76). The five surgeons’ evaluation scores of participants’ suture per-
formances showed high agreement, with an r(wG(J)) value greater than 0.99
across the suture types. Despite the worsened performance with AVP for all
suture types, no significant differences were observed between interventions
for any suture types (Figure 3.7).

3.1.3. Impacts of Device Selection on User Cognitive Load

Both study results demonstrated that the OST or VST design of the used
device has a significant impact on user cognitive load, regardless of the task
being performed.

The study with PTT showed that the total raw (unweighted) TLX score
among participants was significantly higher for AVP (46.9 ± 22.4) compared
to MHL2 (32.8 ± 18.5, p < 0.001) and Baseline (30.9 ± 16.2, p < 0.001). The
results on each individual factor of NASA-TLX are given in Figure 3.8.

Similarly, the analysis of study 2 also revealed a significant difference in the
total raw NASA-TLX score across the interventions (P < .001). The total raw
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Figure 3.6.: Study 2: Participants’ TCTs across different suture types. Statistically
non-significant differences are marked with “ns”, while significant dif-
ferences are denoted as follows: P < .05 (*), P < .01 (**), and P < .0001
(****).

Figure 3.7.: Study 2: The participants’ suturing performance rated by surgeons
across different suture types. Statistically non-significant differences
(P > .05) are marked with “ns”.
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Figure 3.8.: Study 1: NASA-TLX results for each factor (Mental Demand, Physi-
cal Demand, Temporal Demand, Performance, Effort, and Frustration)
across the three study conditions with statistically significant differences
marked. Significance levels: ns (not significant, p ≥ 0.05), * (p < 0.05),
** (p < 0.01), *** (p < 0.001).

NASA-TLX score among participants was significantly higher for AVP (43.9 ±
15.9) compared to MHL2 (21.5 ± 13.8, P < .001) and baseline (19.1 ± 15.1, P <
.001). AVP scored significantly higher on mental demand, physical demand,
effort, and frustration factors compared to MHL2 and baseline (Figure 3.9).
There were no significant differences observed between MHL2 and baseline on
any of the NASA-TLX factors.

3.1.4. User Comfort and Preferences

One of the main criteria in the integration of immersive technologies in the
critical health-care domain is achieving user acceptance by ensuring practition-
ers can perform tasks confidently and without compromise. The device and
technology should be used to enhance rather than hinder their capabilities.
This encompasses the user emotions, physical comfort, and overall perception
of the device’s usability.

The analysis of the presence questionnaire in study 1 with PPT showed a
significant difference in the presence score for MHL2 (93.2 ± 20.7) compared
to AVP (84.5 ± 18.6, p = 0.042). The VRSQ results only yielded significantly
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Figure 3.9.: Study 2: NASA-TLX results for each factor (Mental Demand, Physi-
cal Demand, Temporal Demand, Performance, Effort, and Frustration)
across the three interventions. Statistically non-significant differences
are marked with “ns”, while significant differences are denoted as fol-
lows: P < .01 (**), P < .001 (***), and P < .0001 (****).

different results on the disorientation factor for AVP (61 ± 22.9) compared to
MHL2 (49.3 ± 20.1, p = 0.05) and did not show any significant differences
on the oculomotor factor for AVP (64.4 ± 30.3) compared to MHL2 (57.1 ±
22.0).

Similar outcomes to the study 1 were also achieved in the second study. The
analysis of PQ demonstrated significantly higher presence score for MHL2
(115.0 ± 11.4) compared to AVP (93.7 ± 12.7, P < .001). This significant
difference was observed in all factors of presence, including the realism (P <
.001), possibility to act (P < .001), quality of interface (P < .001), possibility to
examine (P < .001), and self-evaluation of performance (P = .03). The overall
VRSQ score was also significantly higher for AVP (66.9 ± 19.8) compared to
MHL2 (41.1 ± 9.32, P < .001). The participants rated significantly higher
scores (P < .001) on both oculomotor (75.8 ± 22.9) and disorientation (58 ±
19.0) factors for AVP compared to MHL2 (42.9 ± 12.8, 39.3 ± 9.15).

Despite having different professional backgrounds and performed task in
each study, both study outcomes also agreed in terms of a higher usability
score for MHL2 with OST design compared to AVP. However, while the par-
ticipants in the first study did not score devices significantly different in terms
of usability ( MHL2 = 61.9 ± 15.2, AVP = 56.8 ± 16.4), a significant difference
was observed between usability scores given by healthcare professionals in the
second study (MHL2 = 72.7 ± 8.54, AVP = 50.3 ± 14.4, P < .001). This
difference in usability score might stem from having a different set of study
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tasks and also the professional background of participants. While participants
in the first task focused on the general usability of the device, as the task was
not associated with any type of their professional background, the healthcare
professionals in the second task rated the device with a focus on the usability
for their very specific domain needs and criteria.
The thematic analysis of qualitative data in both study showed that, while

both OST and VST has their own set of advantages, both study outcome
agreed on that OST design remains a more suitable option for performing
precision and dexterity required task specially for critical healthcare domains,
while VST design might be more suitable for either entertainment purposes
or rather in applications and domains where the user attention and focus is
more on the virtual object rather than real-world interaction. This assumption
was based on various reported factors, including comfort and physical strain,
visual challenges, and self-evaluation of performance.
The participants in both studies repeatedly reported and discussed the com-

fort and physical strain as an important factor in their evaluation. The physi-
cal discomfort while using AVP is due to the device’s unbalanced weight distri-
bution, which concentrates pressure on the nasal and maxillary areas, leading
to strain in the back neck muscles and headaches. Additionally, some partic-
ipants in both studies experienced adverse effects such as eye strain, nausea,
and dizziness, further diminishing their comfort and overall user experience
The sentiments such as:

“It (AVP) is not comfortable at all. It’s a bit heavy on the head.
And I felt like a bit of eye-strain. I couldn’t focus much.” (study
1, P8)

“It (AVP) is very heavy, and after a while, you feel like your head
would fall down if you don’t consistently fight it. And I can assure
you it was a relief to take it out.” (study 2, P13, surgeon)

“When you look straight, it is more convenient, but when you bend
your head to look at the stitch pad, which I think would be the
normal case when you operate around the table, then it is too un-
comfortable, because the whole weight is in front and there is a
constant contraction on your neck.” (study 2, P9, surgeon)

are indicators of a lack of user acceptance and reduced tendency to continue
using the device due to device design, regardless of the application.

On the other hand, the positive comments such as:

“It (MHL2) didn’t bother me, just like the glasses were there,
that’s it. Just kind of like wearing normal glasses ... Honestly, at
some point, I kind of stopped noticing it.” (study 1, P16)

“With the HoloLens, after a few seconds, I didn’t even notice. It
felt like I was just doing the task. I was able to concentrate. It
didn’t really hinder or bother me.” (study 1, P2)
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“We didn’t use it here, but I guess with HoloLens you also have this
option where you could push the visor up or down based on what
you want to see, but with AVP you don’t even have that option.
You just have to take it off completely. And it is just not practical
to use it during operation if you have to take it off every time.”
(study 2, P1, surgeon)

demonstrated the user acceptance and tendency to use the device further
in the case of the presence of a valid and useful application.

Beyond physical comfort, the visual challenges inherent in the design of VST
AVP systems affected participants’ perceptions of where this technology can
be used. The limited field of view, difficulty focusing on fine details, visual
distortions caused by head movement, and impaired depth perception were
all cited as major barriers to using AVP for tasks that require precision and
delicacy. This concern emerged consistently across both studies; although the
task sets differed, participants encountered similar visual challenges that are
believed to have undermined their performance.

“The AVP was harder to see through. If it’s like a bigger target
or like I don’t need details, it’s fine. But if I’m doing a task like an
assembly task, I could barely see the little things.” (study 1, P13)

“It (AVP) was blurry because I tried to see some words in the
Apple Watch. I couldn’t see anything, and I was quite like, okay,
is my eyesight that bad? Then, when I tried to do the same thing
through the MHL2 display, I could see it clearly.” (study 1, P18)

“For the first two sutures, AVP was also ok, but for the last
suture type, you have to really see where you put your needle in
and out, which was simply impossible with AVP to make sure you
are in the correct layer.” (study 2, P11, physician assistant)

“I used AVP before, but I only used it to watch videos, and ini-
tially I thought AVP would be better compared to HoloLens, but it
was a complete catastrophe. I almost saw nothing. Yes, I did su-
tures from experience, but it was a complete guesswork, especially
for the last suture type.” (study 2, P1, surgeon)

Interestingly, the increased blur caused by the camera’s limited focus on very
close objects in the VST design produced a counterintuitive effect. Rather
than providing clarity when details were needed, the view grew less sharp up
close. In both studies, participants noted that objects appeared sharper when
held at a greater distance, but that distance was impractical for fine work,
since they instinctively leaned in to improve their observation and precision.

“I could see things clearly farther than one meter from me. I
could even read small letters, but when I looked at the stitching pad,
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which was closer to me, it became blurry. And got even blurrier
when I was leaning closer to it to do the stitches. Which you
usually should see better when you get closer, but it just made it
worse.” (study 2, P13, surgeon)

Moreover, viewing the real world only through a video feed rather than
directly was reported as another drawback of VST designs. Healthcare profes-
sionals felt less confident in carrying out accurate, real-world tasks, and they
raised concerns about reduced social connections with both teammates and
patients in the case of the usage of VST design rather than OST.

“With HoloLens I felt more secure and also more confident do-
ing the task, because I think my peripheral vision was not affected
that much, but in AVP, even though you still see, you have more
restricted peripherals.” (study 2, P2, surgeon)

“I think when you talk to a patient or your colleagues around the
surgery table, it feels just more natural to have eye contact even
if it is through a glass like this (showing MHL2). It is better than
having a big headset on your face where no one can see your eyes
in there. It is just more assuring with a see-through glass than a
completely closed one (AVP).” (study 2, P18, surgeon)

3.1.5. Discussion

Our comparative evaluation of the Apple Vision Pro (AVP, a video-see-through
or VST device) and Microsoft HoloLens 2 (MHL2, an optical-see-through or
OST device) alongside a no-HMD baseline highlights the critical importance
of device selection for precision tasks in healthcare. Across two user studies,
we observed that AVP significantly increased cognitive load (NASA-TLX) and
task completion times (TCT) compared to MHL2 and baseline, suggesting that
the VST design imposes additional perceptual and attentional demands. Re-
markably, despite these challenges, surgeon-rated performance scores showed
no significant differences across conditions, yet participants’ self-reported per-
formance (captured in the Presence Questionnaire’s self-evaluation subscale)
declined markedly with AVP, reflecting reduced confidence and corroborating
qualitative reports of visual difficulty and discomfort (e.g., eye strain, neck
fatigue).

This divergence between objective and subjective performance echoes find-
ings by Olexa et al. [198], who demonstrated AVP’s utility for non-time-
sensitive surgical planning, and suggests that AVP remains feasible where
real-world precision and rapid decision-making are less critical. For example,
AVP could support virtual simulations in medical education or telemedicine
scenarios where interaction with virtual content is prioritized over exacting
motor control. Conversely, our data align with Jud et al. [128] and Shen et
al. [234] in underscoring OST advantages, MHL2 maintained low cognitive
workload, preserved peripheral awareness, and yielded TCTs and dexterity
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scores statistically indistinguishable from baseline, affirming its suitability for
intraoperative guidance and real-time surgical navigation.

Comparing our findings to other works highlights device-context interac-
tions. Unlike Olexa et al. [198], who reported minimal eye strain under AVP,
our participants’ VR-sickness scores revealed heightened oculomotor strain
and disorientation, likely due to their focus on real-world visual tasks rather
than purely virtual engagement. This discrepancy underscores the influence of
user attention: VST HMDs may excel when the primary task involves virtual
object interaction (e.g., anatomy visualization [267]), but struggle when precise
real-world perception is required. Furthermore, our RMS and dexterity anal-
yses mirror trends in studies of mixed-reality ergonomics [99, 125], confirming
that non-dominant hand performance is especially sensitive to device-imposed
motor constraints.

These insights carry several practical implications for XR design in medicine.
First, OST designs with transparent optics and balanced ergonomics should
be prioritized for precision-critical, time-sensitive procedures, such as suturing,
open surgery guidance, and robotic-assisted operations, where maintaining a
clear view of the physical environment and team communication is essential.
Second, VST devices should be reserved for contexts where full immersion
or remote visualization supersedes direct motor accuracy, including preopera-
tive planning [198], telehealth consultations, and VR-based training modules.
Third, future hardware iterations must address current VST limitations by im-
proving camera focus and depth-of-field for near-field work, enhancing weight
distribution, and refining display resolution to minimize blur and expand us-
able field of view.

As XR technology converges toward hybrid VR/MR headsets in commer-
cial products (e.g., Apple’s latest XR models [11], Meta’s Quest Pro [177]),
these findings provide a framework for aligning device capabilities with clini-
cal demands. Ultimately, tailoring XR hardware and interaction paradigms to
the specific cognitive and motor requirements of medical applications will be
paramount in translating lab-based innovations into safe, effective, and widely
adopted tools in healthcare practice.

3.2. Interaction Under Constraints

Wearable AR systems have evolved to support a wide range of interaction
modalities, encompassing both input and output (or feedback) mechanisms,
all aimed at enhancing user experience across various applications. In critical
medical domains, where system usability can directly impact outcomes, the
choice of interaction modalities becomes one of the most fundamental pre-
requisites for successful AR integration, regardless of the specific application.
This section aims to provide an overview of different interaction modalities
that could be incorporated into an AR system for the medical domain based
on the needs and limitations of the domain and the aimed system functionality.
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3.2.1. 5W1H Framework

Designing systems that are intelligent, adaptive, and user-aware requires a
deep understanding of the user, their context, and the interaction itself. The
5W1H approach—Who, What, When, Where, Why, and How—offers a
structured lens through which designers can explore and define these criti-
cal dimensions early in the design process.
Applying 5W1H helps shift the focus from technology alone to the situated

experience of the user. Each question guides reflection on different aspects
of the interaction, ensuring the resulting system is contextually sensitive and
responsive to real-world needs.

• Who is using the system?
Understanding user identity, cognitive state, goals, skills, and prefer-
ences is essential for designing personalized and accessible interactions.
Systems should adapt to different user profiles and support inclusive
experiences.

• What is the user trying to do?
Defining the tasks and intentions behind interactions helps shape func-
tionality that aligns with user goals. It encourages task-oriented design
that reduces friction and cognitive load.

• When does the interaction occur?
Timing plays a key role in user experience. Recognizing temporal pat-
terns (e.g., time of day, urgency, or activity phase) enables systems to
provide timely and relevant support or interventions.

• Where is the user located?
Whether the user is in a physical environment (e.g., at home, on the go,
in a surgery room) or a digital context (e.g., mobile, desktop, AR/VR),
understanding this spatial dimension allows systems to tailor interfaces
and interaction methods accordingly.

• Why is the interaction happening?
Going beyond surface-level behavior, asking why uncovers user motiva-
tions and values. This drives meaningful interaction design that supports
deeper engagement and goal fulfillment.

• How does the interaction unfold?
This encompasses the interaction modality (e.g., touch, voice, gesture),
interface design, and system feedback. It’s about designing intuitive,
usable pathways that align with human capabilities and expectations.

When these six questions are considered together, they guide the creation of
intelligent systems that are not only functional but also aware of the user’s cog-
nitive state, environmental context, personal profile, and the most appropriate
interaction modality. This results in interactions that feel natural, adaptive,
and supportive, the hallmarks of human-centered design.
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3.2.2. Designing Input: Aligning Control with Context

Depending on user circumstances and environmental conditions, systems in the
medical domain can often be controlled either by a third person or directly
by the user. While this decision is often influenced by physical constraints or
limitations of the user’s setup, it can also be intentional, depending on the
system’s intended use. For instance, in environments with strict sterilization
requirements, such as in surgical settings, displays and monitors are often
controlled by a third person (e.g., a nurse) following the surgeon’s request.
However, as the complexity and the need for detailed interaction with the
system increase, direct user control is often preferred. This approach saves
time and bypasses communication challenges. For example, surgeons typically
interact directly with imaging devices like ultrasound in the operating room,
while nurses focus on ensuring that sterilization protocols are met.

In contrast, in settings such as education, remote control of the system is not
due to environmental limitations but is instead an intentional design choice
to deliver controlled output to the user. In a controlled educational context,
trainers typically operate the system remotely, while trainees remain primarily
as observers with limited control. For example, in nursing education, trainers
use control panels to simulate patient scenarios by modifying system outputs,
such as changing a patient’s vital signs. Nursing students then respond to the
simulated conditions based solely on what is presented to them, with minimal
direct interaction with the system.

While remote system control often faces challenges related to connectivity
and real-time responsiveness, it typically allows for a broader range of usable
input modalities compared to direct user control. This is because when the
user is the sole operator, the choice of input modalities is heavily influenced by
their physical setup and environment. In contrast, remote control interfaces
can be situated in settings with fewer constraints, enabling the use of more
diverse and flexible interaction methods.

For wearable AR systems, direct user input can be facilitated through exter-
nal devices such as controllers, clickers, or buttons (e.g., keyboards), and foot
pedals, or through body-based inputs involving the full body, head, hands,
eyes, feet, voice, or brain, each tracked using appropriate sensing technologies.
The optimal modality can vary significantly depending on the application do-
main, environmental constraints, user capabilities, and task-specific demands.
To support design decisions, the following questions serve as a practical check-
list to evaluate which interaction modalities are most suitable for a given use
case. Further details on the pros and cons of each input modality are also
given in Table 3.3.

Questions to Guide Input Modality Selection

1. Is the user expected to have full use of both hands during
the task?
Rationale: Many AR applications involve simultaneous physical
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tasks (e.g., assembly, surgery). If hands are occupied or gloved,
hand-based inputs become less feasible.

2. Is the domain noisy or is voice interaction impractical?
Rationale: Environments with high ambient noise or confidential-
ity concerns hinder reliable voice recognition and social accept-
ability.

3. Are the users visually focused on a primary task (e.g.
surgery)?
Rationale: Visual distractions can interfere with critical attention-
demanding tasks.

4. Is the domain sensitive to privacy or social context (e.g.,
public spaces, therapy sessions)?
Rationale: Modalities like voice and large gestures may be socially
intrusive or raise privacy concerns.

5. Are the users seated or stationary, or will they be moving
(walking, etc.)?
Rationale: Complex gestures and handheld devices such as con-
trollers may be impractical during motion.

6. Is the expected user population likely to have accessibil-
ity needs (e.g., low vision, motor impairments)?
Rationale: Different impairments affect the usability of input
types. Accessibility-conscious design improves inclusivity.

7. Is precision or speed of input critical (e.g., emergency
response, surgical assistance)?
Rationale: Some domains demand quick, error-free inputs that are
less tolerant of ambiguity.

8. Does the domain have physical constraints (e.g., gloves,
protective gear, low or extremely bright light)?
Rationale: Certain input types (touch, visual gesture) may be
hindered by the environment or equipment.

9. Is cost, battery life, or hardware complexity a major con-
cern?
Rationale: Simpler input modalities can reduce device cost and
power consumption, which is crucial in field or scalable applica-
tions.
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Table 3.3.: Input modalities and interaction types

Input type Input Modalities Interaction
type

Advantages Challenges/Drawbacks

Controller Gesture,
raycast, click

Intuitive, precise, haptic Sterilization, hand occupation, extra
cost and bulky hardware

External
devices

Clicker/ button click, hold,
release

Intuitive, precise, haptic, subtle
and non-intrusive, well suited for
socially sensitive environments

Sterilization, hand occupation, limited
functionality

Foot pedals Tap, hold,
release

Moderately intuitive, hands-free,
good in gloved or sterile
conditions

Limited functionality

Full body Gesture Optimal for activity inspired
system design

Requires externals or on body sensing

No external
devices

Head (captured via
IMU/head-
mounted camera)

Gaze, Gesture Intuitive Limited functionality, not optimal for
repetitive use

Eye (Eye tracking) Gaze, Dwell Intuitive Limited functionality (should be
combined with another modality),
requires user attention and causes
visual distraction

Voice (captured via
microphone)

Speech
commands

Precise, hands-free, useful for
users with motor impairments

Memorization issues, not optimal for
object manipulation, not optimal for
noisy or privacy sensitive environments

4
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Input Type Input Modalities Interaction
type

Advantages Challenges/Drawbacks

Natural speech Intuitive, hands-free, useful for
users with motor impairments

Not optimal for object manipulation,
need context aware system design or
combined with another modality (e.g.
Eye gaze), not optimal for noisy or
privacy sensitive environments

No external
devices

Hand (captured via
head-mounted
camera)

Mid-air touch,
raycast

Precise, intuitive Hand occupation, challenging for far
field interaction if not combined with
other modalities (e.g. eye/head gaze,
voice), difficult to use when walking or
moving, prone to error when using
gloves or equipment

Mid-air
Gesture

Extended functionality range,
optimal for object manipulation,
no sterilization issue

Hand occupation, learning curve, not
ideal for confined spaces, difficult to
use when walking or moving, prone to
error when using gloves or equipment

Foot (captured via
external or
head-mounted
camera, wearable
sensing)

Mid-air touch,
mid-air gesture

Hands-free, useful for seated
tasks, viable in constrained
setup

Difficult to perform, Limited
functionality, not optimal when
walking, difficult to detect due to
occlusion and low visibility

Brain (captured via
EEG)

Interaction without physical
movement, suitable for users
with severe disabilities

Prone to noise, hard to interpret,
complex setup, needs further research
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While user setup and environmental constraints are critical in choosing in-
put modalities for wearable AR, the intended functionality of the interaction is
equally influential. Different tasks place different demands on precision, speed,
intuitiveness, and feedback, which may render some modalities more effective
than others. For example, text entry often requires high precision and rapid
input, making voice dictation or external keyboard integration more suitable
than mid-air gestures. In contrast, object selection in 2D space can be effi-
ciently handled using touch or gaze-dwell interactions.

More complex operations, such as manipulating a 3D object in space (e.g.,
rotating or resizing a model in surgical planning), may demand a combination
of modalities. Here, relying solely on voice, e.g., saying “rotate left 20 degrees”,
can be slow and cumbersome. However, combining voice (for command input)
and gaze (for selecting or anchoring the object) enables both precision and
efficiency. Similarly, a combination of hand gestures (for motion) and haptic
feedback (for collision or limit indication) can make 3D manipulation far more
intuitive and controllable.

This highlights the importance of multimodal interaction design tailored to
specific functions, not just user profiles. Designing AR systems with layered
modalities allows the user to switch seamlessly or use modalities in tandem,
resulting in a more natural and effective interaction experience.

Table 3.4.: List of functionality type in in augmented reality head-mounted displays
and corresponding suitable interaction types.

Functionality
Type

Suitable Interaction
Type

Example
Functionality

Selection (click) Touch, Gesture, Gaze /
Raycast, speech
commands, natural
speech

Highlight, identifying
focused object

Confirmation
(double-click)

Touch, Gesture, Gaze /
Raycast, speech
commands, natural
speech

System control
(UI/Menu)

Navigation Gesture, speech
commands, natural
speech

Pan, scroll, zoom in/out

Object
Manipulation

Gesture, speech
commands (very
limited), natural speech
(challenging)

Scale, rotate, deform,
move

Object
Management

Gesture, speech
commands, natural
speech

Grouping, stacking,
delete, duplicate
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3.2.3. Designing Outputs: Managing Cognitive Load Through Feedback

The choice of output modalities or feedback plays a critical role in determining
user cognitive load and the overall usability of a system. These modalities
directly influence how effectively users can perceive, interpret, and act upon
the information provided by the system. AR systems utilize a variety of output
modalities to engage users across multiple sensory channels, thereby enhancing
immersion, interaction, and usability. These modalities can be categorized as
follows:

1. Visual Output: This is the most common modality in AR and includes:

• Head-mounted displays (HMDs) and smart glasses

• 2D and 3D overlays on the physical environment

• Spatial mapping and object anchoring

• Visual highlights, color cues, and animations

2. Auditory Output: Sound is used to convey information, direct atten-
tion, and enrich context through:

• Spatialized audio (3D sound positioning)

• Verbal instructions (text-to-speech)

• Audio alerts and notifications

• Ambient or environmental sound effects

3. Haptic Output: Tactile feedback enhances physical interaction and
can include:

• Wearable devices (e.g., gloves, suits, wristbands)

• Force feedback (e.g., joysticks, styluses)

• Vibration cues from mobile devices or AR controllers

4. Olfactory Output (less common): Scent emitters simulate environ-
mental smells for immersive training or therapeutic applications.

5. Thermal Output (experimental): Devices that simulate temperature
changes to enhance sensory realism and feedback.

6. Tactile/Air-based Output: Systems that generate touch-like sensa-
tions using air jets or ultrasonic waves, useful for contact-free or sterile
environments.

While the selection of output modalities is often constrained by the technical
capabilities of the device in use, it is equally important to consider the specific
needs of the user as well as the environmental context in which the system
operates.

In educational environments, for instance, the integration of multiple sen-
sory outputs (e.g., visual and auditory cues) can facilitate deeper engagement

49



3. Designing AR for Human Performance: Prerequisites of Viable AR

and improve knowledge retention through multisensory learning. Conversely,
in high-stakes or precision-critical scenarios such as surgery, excessive sensory
input may overwhelm or distract the user, potentially compromising safety and
performance. In such cases, minimal and targeted output modalities, such as
discrete auditory alerts or focused visual overlays, are often more effective.
Moreover, certain output modalities may be impractical or even impossible

to implement in specific environments. For example, while haptic feedback can
enhance spatial awareness and tactile interaction in many applications, it may
be unsuitable in sterile or surgical settings due to hygiene and sterilization
requirements. These constraints necessitate careful evaluation of both the
benefits and the feasibility of each modality in context-specific use cases.
Ultimately, the design of output modalities should be guided by a balanced

consideration of technological feasibility, user cognitive capacity, and environ-
mental limitations to ensure optimal usability and user experience. Table 3.5
lists a series of questions along with their associated implications, intended
to aid in identifying appropriate output modalities based on user needs and
environmental constraints.
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Table 3.5.: Framework for Selecting Output Modalities in AR Systems

Modality
Area

Question Implications

General What is the user’s goal in this AR experience? Aligns modality with task needs (e.g., visual for inspection,
audio for navigation).

What information is critical vs. supplementary? Use robust modalities for critical info; less intrusive ones
(e.g., haptics) for supplementary data.

Is real-time interaction or response required? Low-latency modalities (e.g., visual, haptic) are preferable
for real-time feedback.

What is the cognitive load of the user at this
point in the task?

Avoid overloading; distribute information across
underutilized senses.

Visual Will the user’s visual attention already be
heavily engaged?

Avoid additional visual input; consider audio or haptic
alternatives.

Can visual cues be clearly distinguished in the
current environment?

If not, reinforce or replace with other modalities.

Is ambient lighting sufficient for overlays? Poor lighting requires modality adaptation (e.g.,
high-contrast visuals or audio alerts).

Will visual clutter overwhelm or distract the
user?

Use minimal, context-aware overlays to prevent
information overload.

Auditory Is the environment noisy or quiet? In noisy areas, audio may be ineffective; use visual/haptic
reinforcement.

Will auditory cues interfere with
communication?

Avoid verbal outputs if users are speaking/listening;
consider tones or visual aids.
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Modality
Area

Question Implications

Can spatial audio direct attention? 3D audio can improve spatial awareness without visual
load.

Are headphones or some sort of near-ear speaker
feasible or appropriate?

If not, audio may need to be discreet or replaced with
other modalities.

Haptic Is the user able to wear haptic devices
comfortably?

Discomfort reduces usability; favor lightweight or
alternative feedback.

Are there hygiene or sterility requirements? Haptic devices may be restricted in sterile environments;
consider non-contact feedback.

Will haptics enhance motor skills or awareness? Use for reinforcing touch-based tasks or spatial guidance.

Is latency in haptic feedback acceptable? High-latency haptics can disrupt precision tasks; ensure
responsiveness.

Cognitive
Load & UX

Does the modality reduce or increase mental
effort?

Choose modalities that simplify understanding and reduce
workload.

Can it offload cognitive work from overloaded
senses?

Distribute load through multimodal balance (e.g., audio vs.
visual).

How experienced is the user with this modality? Novices may prefer familiar outputs; experts may handle
more complex inputs.

Environment
& Technical

What are the physical conditions of the
environment?

Select resilient modalities (e.g., visual in quiet areas, audio
in low-light).

What are the hardware limitations? Optimize for device constraints (e.g., battery, resolution,
audio quality).

Is mobility required? Avoid bulky or tethered modalities in mobile scenarios.
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Medical training systems often rely heavily on the continuous presence and
guidance of a qualified trainer to deliver educational content. This includes
instruction on procedural guidelines, proper use of medical equipment, and
crucially, the ability to provide timely feedback and interventions during prac-
tice. While this instructor-led model supports knowledge acquisition and skill
development, it presents notable limitations in terms of cost, time efficiency,
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and scalability. These constraints often result in reduced one-on-one instruc-
tional time for each student.

In the medical domain, where the quality of healthcare education directly
impacts patient outcomes, such limitations represent a significant barrier. The
diversity in learners’ skill levels, learning styles, and confidence further com-
pounds this issue. A standardized, time-limited training approach may fail
to accommodate individual learning needs, potentially leading to insufficient
procedural competence, reduced self-efficacy among healthcare professionals,
and ultimately, compromised patient care.

This chapter investigates the role of augmented reality (AR) in supporting
procedural and motor skill acquisition within the healthcare domain. Using
cardiopulmonary resuscitation (CPR) training as a case study, an essential
component of emergency care, it examines how AR-based systems can enhance
learning outcomes for both healthcare professionals and lay responders.

The content of this Chapter covers the following publication:

Javaheri, Hamraz, et al. “RescuAR: A Self-Directed Augmented Re-
ality System for Cardiopulmonary Resuscitation Training.” Interna-
tional Conference on Pervasive Computing Technologies for Healthcare.
Cham: Springer Nature Switzerland, 2023.

4.1. Background

Cardiopulmonary resuscitation (CPR) plays a crucial role in saving lives dur-
ing cardiac arrest, a medical emergency with high mortality rates. The timely
and effective administration of CPR significantly increases the chances of sur-
vival [97]. Therefore, it is vital to ensure that individuals are well-trained
in this life-saving technique. Traditional CPR training methods, such as
classroom-based instruction and mannequin practice, have been the corner-
stone of CPR education for decades. However, these methods have shown
limitations in terms of skill acquisition, retention, and providing immediate
feedback on performance.

One prominent challenge in traditional CPR training lies in the gap between
knowledge acquisition and practical application. While learners may grasp
the theoretical concepts, transferring that knowledge into effective hands-on
performance can be challenging [31]. Research has shown that individuals
often struggle to translate their theoretical knowledge into practical skills when
faced with high-stress situations, such as cardiac arrest scenarios [150].

Furthermore, the ability to receive real-time feedback on performance during
CPR training is critical for learners to correct errors, refine their technique, and
build confidence. Immediate feedback allows learners to adjust their actions,
ensuring the application of correct chest compression (CC) depth, rate, and
recoil. However, traditional methods of CPR training often lack the means to
provide instantaneous and accurate feedback, leaving learners uncertain about
their proficiency and limiting their ability to improve their skills effectively.
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To address these challenges and bridge the gap in CPR education, the com-
bination of AR technology with sensing modalities emerges as a promising
solution. AR integrates virtual elements into the real-world environment, of-
fering learners an immersive and interactive training experience, while sensing
modalities provide an opportunity for the integration of real-time feedback.
By leveraging computer vision and sensing technologies, these systems can
analyze the learner’s movements and provide immediate feedback on the ac-
curacy and effectiveness of their CPR technique. This real-time feedback en-
ables the learner to make adjustments on the spot, improving the quality and
consistency of their compressions. This approach enhances skill acquisition,
retention, and performance by overlaying instructional guidance and visual
cues onto the learner’s view of a CPR scenario [8, 98, 278].

While existing studies on AR-based CPR training have shown promise in
enhancing training experiences and outcomes [17, 110, 114, 127, 129, 149],
there is still a need for further research to fully explore the effectiveness of AR
in addressing the current limitations of traditional CPR training methods. Al-
though AR has demonstrated potential in providing immersive and interactive
training environments [77, 119, 129, 143, 222, 279], its specific impact on skill
acquisition, retention, and performance during CPR training is an area that
requires more investigation. Understanding the potential benefits and chal-
lenges associated with incorporating AR technology into CPR training can
inform the development of evidence-based guidelines and best practices for its
further integration.

4.2. Methodology

Upon reviewing the existing literature, we identified a gap in the research
regarding the detailed exploration of the application design process for AR-
based CPR training tools, as well as the limited availability of quantitative
data for a comprehensive comparison between these tools and traditional CPR
training methods. Motivated by these gaps in the existing literature, our study
aimed to fill this research void by answering the following research questions:

RQ1: What are the required design features and functionalities for an
AR-based self-directed CPR teaching and training tool?
We answer this research question by conducting an extensive design sur-
vey among healthcare professionals and investigating their professional
opinion on the required features and specifications for such a training
tool.
RQ2: Are the performance results of the designed system comparable
with traditional teaching methods?
Our objective was to address this question by conducting an experi-
mental trial where we compared the CPR performances of participants
who used the designed system to learn and practice the CPR routine
with participants who underwent traditional teaching. We measured
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Design
survey with
experts
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tion 4.3.1)

Design re-
quirements
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design

and imple-
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(Sec-
tion 4.4)

User study
(Sec-

tion 4.5)

Figure 4.1.: The study flow process starting with the specification of design require-
ments based on expert survey findings and later evaluation of the de-
signed system in a user study

their performances before and after teaching sessions in terms of correct
depth, correct frequency, and overall effective CPR (correct depth and
correct frequency) to develop a better understanding of the efficiency of
the designed system.

We employed a mixed-method design consisting of three consecutive steps:
data collection for design requirements, system design and implementation,
and system evaluation (Figure 4.1). Initially, a survey was conducted among
a group of health professionals to gather valuable insights and identify the de-
sign requirements and constraints for an AR-based self-directed CPR teaching
and training tool. The survey aimed to understand the preferences, needs,
and expectations of professionals regarding CPR training, as well as their per-
ceptions of the potential benefits and challenges of using such an interactive
system.

Based on the insights and design requirements identified through the survey,
RescuAR, an AR CPR self-training tool, was conceptualized and designed.
The primary goal of RescuAR was to enable users to learn and improve their
CPR performance skills by providing them with interactive features and real-
time data visualization.

To assess the effectiveness of RescuAR, a user study was conducted involv-
ing nurse students and laypeople. The participants were randomly assigned
to either the experimental group, which utilized RescuAR for CPR training,
or the control group, which underwent traditional teaching methods. The
CPR performances of participants were evaluated before and after the train-
ing sessions, specifically focusing on parameters such as compression depth
and frequency. As various studies demonstrated the importance of hands-only
CPR in bystanders [20, 154], this study’s primary objective was to evaluate
participants’ CPR performances specifically regarding hands-only CC, and any
effect related to breath technique was neglected.
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4.3. Design Requirements for Self-directed AR-based CPR
Teaching and Training Tool

To inform the design of our interactive CPR teaching and training tool, we
conducted a survey among experienced healthcare professionals. All profes-
sionals were familiarized with the AR device capabilities that will be used for
the study prior to conducting the survey. The purpose of the survey was to
identify the key requirements (RQ1) for developing an AR-based self-directed
learning system that could effectively support CPR education. By gathering
insights from these professionals, we aimed to create a tool that addresses the
specific needs and challenges of learners in the context of CPR training.

4.3.1. Design Survey

The survey employed a combination of open-ended and multiple-choice ques-
tions. To provide a more structured approach, the questions were categorized
into five categories: User needs and requirements, user interface and design,
instructional content, interaction and feedback, and miscellaneous.

While the questions under the user needs and requirements category focused
on the participants’ opinions on the features and functionalities that are con-
sidered essential for an AR-based CPR training app, the user interface and
design questions focused more on the appearance and aesthetic aspects of the
app.

In the instructional content section, several questions were asked to gather
insights regarding the content, flow, and delivery mode of the teaching ma-
terials. Participants were asked to provide feedback on the clarity and com-
prehensiveness of the instructional content, as well as their preferences for the
organization and sequence of the material. Additionally, participants were
asked about their preferred delivery modes, such as text, images, videos, or
interactive elements. Furthermore, more detailed questions focused on finding
the most effective teaching methods for acquiring correct CPR skills, such as
correct CC depth and frequency, along with suggestions for optimization.

Under the interaction and feedback section, participants were asked to ex-
press their preferences for input methods, such as voice commands, button
interactions, and gestures. Additionally, participants were asked to indicate
their preferred methods of real-time feedback from the app, whether visual,
audio, or haptic.

Lastly, the miscellaneous section encompassed more general questions, al-
lowing participants to share their opinions on the gamification aspects of the
AR-based CPR training app. Additionally, participants were given the oppor-
tunity to provide any overall suggestions or feedback they deemed relevant to
the development of the app.

By capturing diverse perspectives from healthcare professionals, the survey
played a crucial role in informing the design and development of an effective
AR-based CPR training app.
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Table 4.1.: The participants’ characteristic distributions. IQR: interquartile range

Characteristics

Age (years), Median (IQR) 39, (32-48)

Female 2

Male 9

Non-Binary 0

Experience in healthcare (years), Median (IRQ) 20 (14-23)

Tried or Familiar with AR (yes) 6 (54%)

4.3.2. Participants

A survey was conducted among 11 healthcare professionals. The participants’
demographic characteristics, including their professional backgrounds and rel-
evant experience, are summarized in Table 4.1.

4.3.3. Survey Findings

The open-ended questions in the survey were analyzed using qualitative data
analysis methods to evaluate the responses and gain deeper insights into par-
ticipants’ perspectives. The analysis process involved systematically reviewing
the open-ended responses, coding them for key themes and patterns, and or-
ganizing the data into meaningful categories. Through this approach, we were
able to identify common themes, explore variations in participants’ experi-
ences and opinions, and gain a comprehensive understanding of the topics
under investigation. The qualitative analysis provided valuable qualitative
data that complemented the quantitative findings, allowing for a richer and
more nuanced interpretation of the survey results. These results highlighted
the essential design elements and interaction methods that were considered
crucial for an effective CPR training application based on the professionals’
expertise and daily experiences in the healthcare field.

Instructional Content, Routine, and Design Elements

The survey respondents provided valuable insights and reached a consensus on
several key aspects of the CPR training application design. They emphasized
the importance of incorporating a combination of audio, scripted text, and a
virtual human teacher within the app to effectively deliver theoretical materi-
als and provide personalized guidance and support. Additionally, participants
strongly favored the use of animated human avatars as a demonstration tool
for CC and breath techniques compared to other methods, such as 2D videos
of real persons performing CPR or audio instructions and verbal cues. The
dynamic and interactive nature of animated avatars was perceived as more
engaging and effective in conveying the correct techniques for CPR training,
as it would enable students to observe the correct action in 3D. In terms of the
teaching routine, participants suggested that it should begin with a theoretical
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representation of the concepts, followed by hands-on practice. They further
recommended that the teaching of compression depth and frequency should be
initially conducted separately before combining them in the training sessions.
Lastly, participants highlighted the significance of enabling repetitive theoret-
ical and practical sessions. They emphasized the importance of incorporating
functionality to navigate through the different stages of the training. This
feature would provide users with the ability to easily access previous and next
steps, facilitating repetitive practice sessions. The opportunity for repetitive
practice allows learners to review and reinforce their CPR skills, ultimately
improving their performance and confidence.

Input and Interaction

Regarding input and interaction, the survey respondents expressed a strong
preference for the integration of interaction methods through physical buttons
or verbal communication via voice commands. Both methods were considered
intuitive and practical for engaging with the app during training sessions. The
respondents emphasized the advantages of voice commands, as they enable
users to perform actions without the need for manual input, allowing them to
focus on performing CPR on the manikin. This hands-free interaction was seen
as a convenient and efficient way to engage with the app. On the other hand,
physical buttons were identified as a suitable option for environments with
high noise levels or crowded settings. Furthermore, participants expressed the
belief that using mid-air hand gestures or touch (using virtual buttons) for
interaction would not be suitable for this task, as they would require users to
have prior knowledge of how to interact with such input methods.

Methods for Frequency and Depth Acquisition

The survey respondents highlighted the crucial role of immediate and real-time
feedback during hands-on training sessions for acquiring the correct frequency
and depth in CPR. Among various types of feedback, the combination of audio
and visual feedback emerged as the most preferred method for both frequency
and depth acquisition.

In terms of frequency acquisition, healthcare professionals recommended the
inclusion of audio elements to facilitate proper timing during CPR. They ex-
pressed the belief that incorporating the iconic “Stayin’ Alive” sound, which
aligns with the required rhythm for CPR, would enhance the training expe-
rience. However, to promote stronger muscle memory and improve precision,
professionals also suggested the inclusion of a metronome sound.

For correct depth acquisition, the respondents emphasized the importance
of incorporating a simple graphical visualization, similar to the devices used
in traditional teaching setups, to provide visual cues on the depth of CC.
Participants pointed out the importance of optimizing the orientation and
location of the visualization within the user’s field of view to ensure clarity
and accuracy during CPR training. They recommended that the depth display
be positioned near the manikin’s chest within the user’s field of view, in a fixed
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Figure 4.2.: A sketch demonstrating the conceptual design of RescuAR.

position to maintain proper posture during performance. However, considering
that CPR is a highly physical activity and individuals may have different
preferences, participants suggested that it would be beneficial if the position of
the depth display could also be adjustable by the user based on their personal
preference. This customization feature would allow users to optimize their
viewing experience and ensure optimal training engagement.

4.4. RescuAR System Design and Implementation

Based on survey findings, a concept design was sketched (Figure 4.2), and
following that an AR-based system prototype was developed with the aim of
creating an immersive multi-sensory CPR teaching and training tool, incorpo-
rating audio, visual, and tactile elements, to enhance the learning experience
and real-time feedback to foster a comprehensive understanding of the CPR
technique.
The application was designed and developed using the Unity 3D game engine

[258]. Microsoft HoloLens [179] was used as a wearable AR device to run the
application.
The system consisted of two main parts: the RescuAR application and a

standard CPR manikin [146] covered with custom pressure sensors. The Res-
cuAR application utilized real-time data streams from the CPR manikin to
provide feedback on compression rate, depth, and recoil. A local wireless com-
munication scheme facilitated seamless interaction between the manikin and
the application, enabling accurate and immediate feedback on CPR perfor-
mance.

4.4.1. RescuAR Application

The formulation of the CPR training app’s prototype design was based on the
results derived from both quantitative and qualitative data collected through
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the survey. According to the survey participants, a two-phase delivery of
teaching material was found to be appropriate. They recognized that under-
standing the underlying principles and concepts of CPR is crucial in order
to perform the techniques accurately and confidently. Hence, the application
routine was divided into two distinct phases: Theory and practice. During
the initial theory phase, the application focused on imparting the fundamen-
tal principles of CPR. The subsequent practice phase emphasized hands-on
practical training. The flow chart of the application routine is presented in
Figure 4.3.
Given that the primary objective of this study was to evaluate participants’

performance specifically regarding CC, the instructions pertaining to rescue
breaths were exclusively included in the theoretical section and not incor-
porated into the practical training. This deliberate decision allowed for a
more targeted assessment of participants’ proficiency in CC, aligning with the
study’s primary focus.

Theory Phase

During the theoretical phase, users were introduced to the fundamentals of
CPR (airway, breathing, and circulation techniques) based on European re-
suscitation council guidelines [196] through an engaging virtual teaching ex-
perience. A virtual teacher avatar was designed following the survey results
and served as the guide, delivering the essential CPR basics both audibly and
visually. To enhance comprehension, the information was presented not only
through the avatar’s spoken instructions but also as easily understandable
written scripts. This method was deemed to be the most suitable approach
for this application by survey participants. The communication between the
virtual teacher and the participant was facilitated using voice commands. The
virtual teacher provided the voice commands at the end of the conversation
to reduce the need for memorization. For example, the virtual teacher would
say, “If you feel like you need further practice, you can let me know at any
time. Just use the word ’repeat!”
To ensure a clear understanding of proper technique, animated 3D avatars

were employed to visually demonstrate the correct posture and hand position-
ing during CPR (Figure 4.4). By utilizing 3D virtual models and realistic
placement within the room, participants were able to walk around the models
and observe the CPR technique from different angles, providing a more im-
mersive and interactive 3D training experience that cannot be achieved using
2D displays. By combining audio instruction, written scripts, and animated
avatars, the theoretical phase of the training aimed to maximize participant
comprehension and knowledge acquisition.
The application commenced with a calibration phase, which involved scan-

ning the environment and room using the capabilities of the HoloLens and
Mixed Reality Toolkit (MRTK) to obtain a spatial mesh of the environment.
We utilized plane-finding methods to detect suitable surfaces for the place-
ment of virtual teacher avatars and other demonstrative avatars. Colliders
were added to the room mesh to create a more realistic movement area for the
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Theory Frequency practice

Depth practice Frequency and depth practice

Figure 4.3.: The flowchart explaining the routine of the RescuAR CPR tutorial and
training application
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(a)

(b)

Figure 4.4.: Third-person and first-person (in-app) views of the RescuAR applica-
tion. (a) Theoretical phase. (b) Practical phase

teacher avatar.

Practice Phase

The second phase of the application focused on practical training to cultivate
the essential muscle memory required for CPR proficiency. Based on the
feedback from survey participants, separate hands-on practice addressing each
essential criterion of CPR was emphasized as important. As a result, two key
criteria, frequency and depth, were targeted individually and then combined
to ensure comprehensive learning.

To teach the correct frequency of CC, two distinct audio cues were employed.
Initially, the iconic “Stayin’ Alive” song, known for its rhythm matching the
recommended CPR procedure (104 bpm), was utilized to encourage partici-
pants to perform CC in sync with the song’s beats. Subsequently, a metronome
sound with the same frequency (104 bpm) was introduced to enhance learner
focus and synchronization.

Regarding CC depth, a trial-and-error approach was adopted to instill the
appropriate technique. To align with the preferences of professionals who rec-
ognized the benefits of using a design similar to standard commercial devices,
real-time feedback on compression depth was provided through a visual depth
panel resembling CPRmeter devices [175]. This allowed learners to assess their
performance and make adjustments accordingly (Figure 4.4). The application
allowed for the repositioning of the virtual depth feedback panel using the ma-
nipulation gesture of HoloLens. To address the shaking effect that occurred
during CPR performance, we implemented a functionality to fixate the depth
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feedback panel to the corner of the field of view. Participants could enable or
disable this feature using a voice command. To eliminate the need and urge to
look at the teacher avatar during chest compressions, which could be affected
by the shaking effect, the visual rendering of the avatar was disabled during
the practice session and reappeared after the completion of the stage. This
effect was also explained by the teacher to the user to avoid any confusion.
Additionally, a click sound reminiscent of the standard CPR dummy’s internal
clicker (which had been previously removed to avoid confusion) indicated the
moment when the correct depth was achieved.

Upon completion of training for both frequency and depth criteria, a final
session provided an opportunity for learners to combine both elements, aim-
ing to perform CC with the correct frequency and depth in a synchronized
manner. This comprehensive training approach equipped participants with
the necessary skills to deliver effective CC during CPR.

4.4.2. CPR Manikin:

To acquire information such as depth, frequency, and pressurized position of
the CC on the manikin, a single FSR (Force-Sensing Resistor) was used. The
sensor was attached beneath the skin layer of the CPR manikin’s chest plate,
precisely positioned in the center of the chest where the hands should be placed
during correct CPR (Figure 4.5). To facilitate seamless data acquisition and
control, the pressure sensors were directly connected and managed by an Ar-
duino Pro Mini board [12]. The analog signals generated by the embedded
sensors were transformed into digital signals through the Arduino platform.
Subsequently, these digital signals originating from the sensors were transmit-
ted via a serial port to a local computer for further utilization and analysis.

To calculate the depth of chest compressions, we adopted the method pro-
posed by Tsou et al. in their study [256]. This method utilizes Hooke’s law
to calculate the depth based on the pressure applied to the chest spring. We
assumed the spring inside the dummy to be a linear spring due to the same
diameter along its entire length. We converted the FSR readings to Newton
to calculate the spring constant. Before the experiment, we measured the
spring constant using the FSR force value and the spring displacement using
the following formula:

x = F

k

Where F is the force applied to the compression spring (reading from the
pressure sensor converted to Newtons, N), k is the spring constant (Nm), and
x is the displacement of the spring (m).

The accuracy of the employed method for calculating the depth of CC was
verified against a commercial CPRmeter device [175] to ensure the validity of
the measurements.
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Figure 4.5.: Placement of Pressure sensors and controller inside the manikin. F =
Applied force to the spring (N), k = spring constant (N

m
), x = displace-

ment of the spring (m)

4.5. User Study and System Evaluation

To evaluate the effectiveness of our designed RescuAR system, we conducted
a user experiment. The study took place in two different experiment centers,
Southampton University, Southampton, UK, and German Research Center for
Artificial Intelligence (DFKI), Kaiserslautern, Germany. The primary objec-
tive of this experiment was to assess and compare the CPR performance of
participants who used the RescuAR system with those who underwent tradi-
tional CPR training methods (RQ2).

4.5.1. Study Design

The study utilized a randomized controlled trial design to investigate the ef-
fectiveness of different teaching methods for CPR training. Participants were
randomly assigned to either the experimental or the control group.
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Experimental Group

The experimental group received a self-directed CPR teaching and training
session using the RescuAR system (Application and the CPR manikin). The
teaching session began by calibrating the HoloLens for each individual and
starting the application. Each participant completed the teaching and training
session without any time limit.

Control Group

The control group underwent a traditional CPR teaching and training ses-
sion, which involved classroom-based instruction and practice using the CPR
manikin. The same manikin as the experimental group was used in the con-
trol group to avoid any biases. A certified teacher was recruited to provide
essential information on performing CPR based on European Resuscitation
Council guidelines [196]. The session began with a theoretical introduction to
the airway, breathing, and circulation techniques, followed by a demonstra-
tion from the teacher on the correct CPR procedure using the CPR manikin.
Participants were then given the opportunity to practice CPR on the same
manikin under the observation of the teacher. The teacher interrupted and
gave feedback whenever they felt essential. Throughout the session, partic-
ipants were encouraged to ask questions, repeat the training, and perform
additional CC cycles if they desired. No time constraints were applied during
the teaching and training sessions. To minimize bias between the groups, the
training sessions were conducted on an individual basis.

Both groups received instruction on airway, breathing, and circulation tech-
niques. However, during the data recording session, participants were only
asked to perform chest compressions, as the main focus of our study was to
evaluate the quality of chest compressions in terms of depth and frequency
while neglecting the potential effects of the breath technique. No device or
extra feedback method was used during data recording. The performances of
participants were assessed before and after the study to measure their base-
line CPR skills and the improvements achieved through the assigned teaching
method. By comparing the performance improvements between the exper-
imental and control groups, the study aimed to evaluate the impact of the
RescuAR system on enhancing CPR skills.

4.5.2. Study Protocol

This protocol was reviewed and approved by the ethical committee of Southamp-
ton University. All of the participants were informed about being free to par-
ticipate in the research and the nondisclosure of personal information. They
all agreed and signed written informed consent. Upon written consent, the
experiment protocol was performed in five ordered stages: (1) Demographic
survey, (2) baseline CPR recording, (3) randomized group assignment, (4)
teaching and training session, and (5) post-training CPR recording. The
survey collected demographic and characteristic information, including age,
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gender, experience background in CPR, and familiarity with wearable AR de-
vices. After completion of the survey, participants were asked to perform two
cycles of 1-minute hands-only CPR. Participants rested for at least two min-
utes between each cycle. Later, all participants were randomly divided into
two experimental groups to receive teaching and training sessions. After the
teaching session, participants rested for at least 10 minutes to avoid the effect
of tiredness on their performance. Later, they performed another two cycles
of 1-minute hands-only CPR (without the use of any feedback device or extra
help) with at least two minutes rest between each cycle. As various studies
demonstrated the importance of hands-only CPR in bystanders [20, 154], this
study only focused on the evaluation of hands-only CPR performance, and
any effect of performing rescue breath was neglected.

4.5.3. Participants

A total of 44 persons volunteered to participate in this study. Among those,
43 persons’ data were included, and one person’s data were excluded from
the study due to data corruption. After exclusion, the experimental group
consisted of 22 volunteer participants, and the control group contained 21
participants. The participants were nurse students and laypeople who were
randomly assigned to study groups. The nurse students were recruited by
Southampton University, and laypeople were recruited by DFKI. All partici-
pants were required to be aged above 18. Characteristics of participants are
presented in Table 4.2.

Table 4.2.: The participants’ characteristic distributions. IQR: interquartile range;
With prior knowledge, who is CPR certified and/or completed a first aid
course

Characteristics Control Experimental

Age (years), Median (IQR) 22, (20-24) 21, (19-24)

Female 5 (23%) 9 (41%)

Male 16 (77%) 13 (59%)

Non-binary 0 (0%) 0 (0%)

Nurse Student 9 (43%) 9 (41%)

Laypeople 12 (57%) 13 (59%)

With prior knowledge 8 (38%) 11 (50%)

Tried or Familiar with AR (yes) 2 (9%) 1(4%)

4.5.4. Data Collection and Analysis

Over two 1-minute cycles, two CC measurements were recorded before and
after the teaching session using the same sensor-equipped CPR manikin de-
scribed in Section 4.4.2 with a sampling rate of 100 Hz. The effective CPR per-
formances of the participants were analyzed according to the latest evidence-
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based guidelines for resuscitation officially published by the European Resus-
citation Council [208]. These guidelines suggest an effective CPR as follows:

• CC in a frequency of at least 100/min but not exceeding 120/min.

• CC with a depth of at least 5 cm but not exceeding 6 cm

In this study, the percentage of effective CPR performance of a participant
was calculated based on the percentage of the time that the participant com-
plied with all the above-mentioned guidelines at the same time while doing
CPR.
Statistical analysis was performed using IBM SPSS Statistics for Windows,

Version 22.0 [50]. Numerical data were presented as means ± standard de-
viations. To compare the improvement in the two groups before and after
teaching sessions, a paired t-test was used. To compare the outcomes between
two study groups, the chi-square test (for categorical data) and Student’s t-
test (for numerical data) were used. A two-sided p-value less than 0.05 was
considered significant in all analyses.

4.5.5. Results

RescuAR Evaluation

The participants in the experimental group showed significant improvements
in performing correct depth and frequency. While the calculated p-value for
CC depth improvement was 0.003, the p-value for frequency improvement
was below 0.0001. A comparison between both criteria before the experiment
session showed that more participants had issues finding the correct frequency
(39.8% ± 36.9% correct frequency) than the correct depth (58.7% ± 39.8%
correct depth). Even though for most of the participants, both depth and
frequency were improved after the tutorial and training session, the frequency
improvement rate was higher (73.8% ± 28.2%) than the improvement rate in
CC depth (84.3% ± 23.2%).

Moreover, the results showed that the overall effective CPR performance of
the experimental group significantly increased (p < 0.0001) after the teaching
session with RescuAR. While the mean of participants’ performance was 23.3%
± 27.2% before the teaching session, it was improved to 61.3% ± 27.4% after
training with the proposed system.

Experimental Group vs. Control Group

The study analysis showed no significant difference regarding characteristics
distribution between the two groups concerning sex (p = 0.332) and knowledge
backgrounds (p = 0.543) of the participants. Based on the findings, RescuAR
helped to achieve higher effective CPR rates compared to traditional teaching.
Analyzing the final performances of both groups’ participants, it was observed
that, even though both groups had no significant difference in doing effective
CPR before the teaching session ( control = 20.3% ± 25.4%, experimental =
23.3% ± 27.2%, p = 0.594), the experimental group performed significantly
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better than the control group after the teaching session (control = 40.4% ±
28.5, experimental = 61.3% ± 27.4%, p = 0.019) (Figure 4.6).

Moreover, performance degradation only occurred in some of the control
group’s participants, and all participants in the experimental group showed
improvement after the teaching session (Figure 4.7).

Figure 4.6.: The figure demonstrates the statistical analysis of control and ex-
perimental groups - n.s. = no significant difference between indi-
cated groups (p < 0.05) * = Significant difference between indicated
groups (p < 0.05), ** = Significant difference between indicated groups
(p < 0.01)

4.6. Discussion

The results of our study provide compelling evidence of the effectiveness of
RescuAR in self-directed CPR teaching and training. The significant improve-
ments observed in both compression depth and frequency among participants
in the experimental group demonstrate the positive impact of RescuAR on
CPR skills. Moreover, the experimental group exhibited significantly greater
improvements in effective CPR performance compared to the control group,
underscoring the comprehensive benefits of RescuAR’s AR-based approach.
These findings suggest that traditional CPR teaching methods may have limi-
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Figure 4.7.: Participant’s performance lines before and after teaching sessions

tations in adequately addressing crucial aspects of skill acquisition and reten-
tion.

Acquiring physical skills like CPR relies on developing accurate muscle mem-
ory, and timely intervention is crucial to prevent the formation of incorrect
habits. However, accurately assessing learner performance is challenging for
teachers without measurement devices. Even with measurement systems, the
timing and manner of intervention can impact learner performance. Previ-
ous research has explored the use of measurement systems to provide insights
for teachers, but their effectiveness is influenced by various factors, including
intervention timing and the method used [98, 278].

Our system showed that using real-time feedback modalities integrated into
the teaching routine could help to overcome this challenge. These findings
align with previous research highlighting the benefits of audio-visual feedback
in CPR education [98, 140]. Furthermore, our approach for real-time detection
and visualization of CC depth and frequency helped to seamlessly integrate the
real-time feedback into the training routine, overcoming the limitations caused
by using commercial CPR feedback devices, such as hand injuries due to the
placement of the device, or instability of using smart devices for measurement
during CC [8, 111].

70



4.6. Discussion

Moreover, successful teaching requires sufficient dedicated time to achieve
specific skills or abilities. However, in a traditional setting, time constraints
and variations in individual capabilities make it challenging to provide ade-
quate attention to each student. In a crowded classroom setup, many students
may hesitate to ask questions or request repetitions during training sessions.
This can hinder their learning experience and limit their understanding of the
subject matter. A self-directed approach — as implemented in Res-
cuAR — promotes active participation, encourages question asking,
and allows students to engage with the material at their own pace.

Additionally, instructors themselves differ in their approaches and abilities
to teach and evaluate effectively [132]. Consequently, evaluations or presenta-
tions dependent on human teachers may lack objectivity and standardization.
To address these challenges, previous studies have attempted to unify teaching
routines and enhance training sessions using various technologies. Some stud-
ies focused on teaching CPR principles through videos [29, 203, 268]. While
unifying teaching is essential, learners’ active engagement also plays a signifi-
cant role in improving outcomes [232]. For instance, de Sena et al. found that
although video-based teaching improved CPR skills, participants preferred
more interactive and engaging self-training over passive video-based instruc-
tion [232]. Our study demonstrates that merging approaches can provide an
efficient alternative for CPR education. By utilizing a virtual teacher with
programmed curricula, we standardized teaching routines without
diminishing learners’ interest, promoting verbal communication be-
tween teacher and student.
In line with the findings of Balian et al. [17], our study further substantiates

the potential of AR in CPR training. By incorporating a control group and
measuring baseline performance, we provide additional evidence to support
the effectiveness of AR for CPR training. This strengthens the understanding
of the benefits and possibilities that AR technology offers in enhancing CPR
education through various designs and implementations.
Although Leary [149] did not find a statistically significant difference be-

tween CPRReality training and a standard audio-visual feedback manikin,
our study demonstrates significant improvements in CPR performance within
the experimental group, suggesting the advantages of our AR-based approach
in enhancing CPR quality compared to traditional methods.

4.6.1. Limitations

While our system design and study results provide valuable insights, it is es-
sential to acknowledge their limitations. Certain technical issues, such as loss
of environment mapping, occasional teacher avatar misplacement, and limited
field of view, were identified during the experiment, indicating the need for
further optimization. Additionally, the study’s controlled environment and
participants’ awareness of evaluation may have influenced their performance,
necessitating further validation of the app’s real-world applicability in diverse
settings with participants unaware of being evaluated. Furthermore, further
research is needed to assess the long-term durability and retention of the im-
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proved CPR performance observed in our study. Lastly, our study primarily
focused on compression depth and frequency as key performance indicators;
future studies could consider incorporating a more comprehensive assessment,
including other critical elements such as hand placement, posture, and breath
technique.

4.7. Conclusion

In conclusion, our study provides compelling evidence of the effectiveness of
RescuAR, an AR-based CPR teaching and training app, in improving com-
pression depth, frequency, and overall CPR performance. The insights gained
from our study inform the development of guidelines and best practices for
incorporating AR technology in CPR training programs. Policymakers, ed-
ucators, and healthcare professionals can use this information to establish
standards and recommendations for the implementation and utilization of
AR-based training tools. This includes considerations such as the design of
instructional content and feedback mechanisms, and the integration of AR
training into existing curriculum frameworks. While this study primarily fo-
cused on the fundamental teaching of CPR, our future work will delve into
exploring the integration of more realistic and immersive simulation scenarios.
By incorporating advanced training systems, we aim to investigate ways of
providing learners with a comprehensive and realistic training experience that
prepares them for a wider range of CPR situations and challenges. By doing
so we aim to contribute to expanding the field of research on medical training
and inform the development of more effective CPR training programs that
enhance learner performance, confidence, and ultimately save more lives.
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AR technology holds significant promise not only in skill acquisition but
also as a supportive and assistive tool in clinical practice. One of the most
impactful applications of AR lies in providing visual guidance during cogni-
tively challenging and demanding tasks. To this end, this chapter explores the
use of AR as a cognitive support system during complex and high-stakes sur-
gical procedures. By shifting the focus from educational settings to the more
challenging, complex, sensitive, and time-critical environment of surgery, this
work aims to deepen our understanding of the capabilities and limitations of
current AR technologies and how they might be effectively integrated into
clinical workflows.

This chapter presents the design, development, and system evaluation of
ARAS, an AR assistance system for pancreatic tumor resection, one of the
most complex and high-risk surgical procedures. The evaluations were con-
ducted beyond the laboratory setting during a clinical trial involving 20 pa-
tients. Pancreatic surgery was specifically chosen due to the significant gap in
the literature, largely driven by the extreme challenges associated with apply-
ing AR systems in this context. The real-world impact of ARAS, including
surgical performance and patient outcomes, will be discussed in Chapter 6.

The content of this chapter covers the following one journal and three con-
ference publications:

1. Javaheri, Hamraz, Omid Ghamarnejad, Ragnar Bade, Paul
Lukowicz, Jakob Karolus, and Gregor Alexander Stavrou. “Be-
yond the visible: preliminary evaluation of the first wearable aug-
mented reality assistance system for pancreatic surgery.” Interna-
tional Journal of Computer Assisted Radiology and Surgery 20,
no. 1 (2025): 117-129.

2. Javaheri, Hamraz, Omid Ghamarnejad, Paul Lukowicz, Gregor
Alexander Stavrou, and Jakob Karolus. “Design and Clinical Eval-
uation of ARAS: An Augmented Reality Assistance System for
Open Pancreatic Surgery.” In 2024 IEEE International Sympo-
sium on Mixed and Augmented Reality (ISMAR), pp. 376-385.
IEEE, 2024.

3. Javaheri, Hamraz, Omid Ghamarnejad, Paul Lukowicz, Gregor A.
Stavrou, and Jakob Karolus. “From Concept to Clinic: Multi-
disciplinary Design, Development, and Clinical Validation of Aug-
mented Reality-Assisted Open Pancreatic Surgery.” In Proceed-
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ings of the 2025 CHI Conference on Human Factors in Computing
Systems, pp. 1-24. 2025.

4. Javaheri, Hamraz, Omid Ghamarnejad, Paul Lukowicz, Gregor
Alexander Stavrou, and Jakob Karolus. “ARAS: LLM-Supported
Augmented Reality Assistance System for Pancreatic Surgery.” In
Companion of the 2024 on ACM International Joint Conference
on Pervasive and Ubiquitous Computing, pp. 176-180. 2024.

This work was awarded with “Best Demo Award” during ISWC/UbiComp’24
conference in Melbourne, Australia, where the full system and its capability
was demonstrated as a demo paper.

5.1. Background

In theory, AR enables spatial visualization and interaction with life-sized 3D
models, potentially allowing in-situ visualization of a patient’s anatomical
structures to aid surgical procedures. The primary advantage of AR lies in its
ability to help surgeons locate vital structures, define dissection boundaries,
and assist in surgical removal while minimizing the risk of damaging non-
visible vessels, particularly in procedures like abdominal surgery that require
precise dissection to avoid harm to surrounding tissues and vital vessels [81].

However, the efforts to develop AR-based surgical navigation and assis-
tance systems for open abdominal surgery have been limited due to significant
challenges and constraints. These include registration issues related to or-
gan shifting and deformations [62, 195, 197], as well as environmental and
performance constraints such as time pressure, sanitation requirements, high
demands for system accuracy and robustness, and tracking difficulties caused
by occlusion and lighting. These constraints often exceed the capabilities of
lab-tested prototypes.

Only a few studies have been conducted in ecologically valid environments
and tested in vivo during open surgery [25, 81]. Moreover, previous attempts
at AR surgical assistance in abdominal surgery have largely been confined to
tablet-based, handheld, or monitor-based solutions. While these approaches
have provided valuable insights, they often fail to fully leverage the potential
of modern wearable AR technology [168, 195, 200, 252], as they require sur-
geons to shift their focus away from the operating field to view information
on separate displays, thereby disrupting the workflow [262].

In this work, we aim to address this gap by focusing on one of the most crit-
ical abdominal surgeries, tumor removal pancreatic surgery (PS) which stands
out as an ideal candidate for AR-based navigation systems among abdominal
surgeries for two key reasons. First, the high complexity of PS arises from
the pancreas’s unique location and its close proximity to major blood vessels,
which makes the dissection process particularly challenging and risky [81].
This underscores the importance of navigational assistance. In this context,
wearable AR can provide precise visualization of patient-specific 3D recon-
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structed structures anchored to the patient’s body, enabling safer dissection.
By overlaying relevant information directly onto the surgical field in real-time,
wearable AR technology can enhance situational awareness and improve the
identification and localization of vital anatomical structures during surgery,
helping to avoid accidental damage. Second, unlike other abdominal organs,
which face registration issues related to organ shifting and deformations [62,
195, 197], the pancreas experiences minimal shifts and deformations through-
out the surgical procedure due to its position at the back of the abdomen
behind the peritoneum1 [81]. This stability alleviates some of the constraints
for open surgery and additionally makes it an ideal candidate to benefit from
preoperatively captured data sources used for intraoperative navigation via
in-situ visualization. Despite this advantage, there is still a notable gap in the
literature regarding comprehensive interdisciplinary research on AR-based as-
sistance and navigation systems in this domain [81, 280].

5.2. Methodology

Throughout this study, we employed a user-centered research methodology,
involving end-users in design, development, and evaluation stages of ARAS.
This process included the pre-design, design and development, lab testing,
and refinement phases, followed by a preliminary clinical evaluation and an
iterative cycle of clinical trials, further refinements, and additional testing as
needed (Figure 5.1). This was done in close interdisciplinary collaboration
between surgeons and the research team. To guide our design, development,
and evaluation process, we addressed the following research questions:

Research Questions (RQs):

1. What are the areas to improve with AR in the surgical
domain throughout the perioperative process of pancre-
atic surgery, from surgeons’ perspectives?

Objective: To identify, categorize, and evaluate the poten-
tial applications of AR technology in pancreatic surgery from
the perspective of practicing surgeons, with a specific focus
on its utility across the perioperative continuum, including
preoperative planning, intraoperative guidance, and postop-
erative analysis to inform the development of clinically rele-
vant and user-centered AR systems.

Method In-depth interviews with experienced and novice
surgeons from the field.

2. How can we design an AR assistance system (ARAS) that
seamlessly integrates into surgical workflows and aids in
localizing vital structures in open PS?

1The tissue that lines the abdominal wall and covers most of the organs in the abdomen.
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a) User Requirements: What are surgeons’ specific needs
and preferences regarding the AR system’s interface and func-
tionality during open PS?

Objective: To gather insights from surgeons to inform the
design of ARAS, ensuring it meets their practical require-
ments and enhances their ability to perform the surgery.

Method: Custom questionnaire on the importance of each
surgical phase, interviews with surgeons, along with demo-
graphics of participating surgeons.

b) Technical Feasibility: What are the technical require-
ments and challenges for integrating anatomical data into an
AR system used in open PS?

Objective: To identify constraints as well as feasible data,
registration, and tracking methods for achieving in-situ aug-
mented data visualization, ensuring that the AR system inte-
grates seamlessly into the operating room and maintains the
overall workflow without causing disruptions.

Method: Observations during surgical procedures and pre-
liminary experiments on different viable approaches for reg-
istration and tracking.

3. What is the intraoperative performance of ARAS in regis-
tering patient-specific 3D anatomical models during open
PS?

a) Accuracy: What is the intraoperative registration accuracy
for the virtual anatomical models?

Objective: To determine how closely these 3D models recon-
structed from preoperative data align with actual anatomical
structures of the patient during the surgery.

Method: Postoperative questionnaire on registration accu-
racy completed by surgeons, focusing on specific structure
groups including arteries, veins, and tumors.

b) Robustness: How well do the registered 3D models main-
tain their accuracy throughout different phases of the surgical
procedure and across different types of open PSs?

Objective: To evaluate the impacts of anatomical deforma-
tion and surgical manipulations on the accuracy of the model
registration.

Method: Postoperative questionnaire on registration accu-
racy of specific structure groups during each phase of surgery,
including preresection, resection, and postresection across
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different types of pancreatic tumor removal surgeries, includ-
ing distal pancreatectomy, pancreaticoduodenectomy, and to-
tal pancreatectomy.

4. How do surgeons perceive the usefulness of ARAS in
enhancing anatomical localization during open PS?

Objective: To evaluate the surgeons’ user experiences when
working with ARAS for anatomical localization during open
PS, including their perceptions of its effectiveness, its ease of
use, as well as the overall impact on their surgical decision-
making and workflow.

Method: Intraoperative observations, postoperative inter-
views, post-trial UMUX-Lite questionnaire.
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Figure 5.1.: Procedure chart showing different stages of the study from pre-design till the end of clinical trials and associated data collection in
each phase.

79



5. Decision-Making and Cognitive Support During High-Risk Procedures

5.2.1. Ethics

The study protocol received approval from the Ethics Committee of the Med-
ical Association of Saarland under the registration number: 159/23. The pro-
tocol of our study was registered at ClinicalTrials.gov under the registration
number: NCT06208579.

5.2.2. Materials

We utilized the Unity 3D game engine [258] for design and development of
all software components of ARAS that were used in this study. We designed
ARAS compatible with HoloLens 2 [180] and used this device as a wearable and
head-mounted AR display throughout the study. The decision to use HoloLens
2 was motivated by our study results on better suitability of MH2 and see-
through headset for critical and precision required tasks (see Chapter 3) and
also mainly due to ethical, and safety considerations as it is CE-certified and
was shown to have been successfully used in the medical domain before [121,
123, 160, 225]. Furthermore, 3D markers (Section 5.3.2) were designed in
Bambu Studio [145] and subsequently 3D printed using the Bambu Lab P1S
[144] for use in this study.

5.2.3. Data Collection

In the pre-design stage, we collected data using a custom pre-design question-
naire on factors such as criticality, time pressure, likelihood of complications,
and the necessity of an assistance tool at each stage of open PS (preresection2,
resection3, and postresection4). We also conducted in-depth semi-structured
interviews with surgeons. Additionally, we collected the demographics of the
participating surgeons.

During the design and development stage, we performed preliminary exper-
iments targeting various functionalities of the system and conducted testing
sessions with surgeons in a lab environment. Each testing session concluded
with interviews to identify the required refinements. Each refinement session
was followed by another testing session to validate the implemented system
changes.

2The preresection phase encompasses the initial phase of the surgery spanning from the first
big incision performed in the patient’s abdominal area until the start of the resection
phase. This phase involves preparing the blood vessels by carefully removing tissues
attached to them, identifying target blood vessels either infiltrated by the tumor or
essential to the procedure, and establishing strategies to minimize damage to surrounding
healthy blood vessels and tissues before the resection begins.

3The resection phase covers the stages involving excision of the tumor and surrounding
tissue, including the careful removal of any affected organs or blood vessels, while pre-
serving as much healthy tissue as possible and ensuring clear margins to reduce the risk
of tumor recurrence.

4Postresection phase covers the stages after resection until wound closure involving the
closure of incisions, monitoring for complications such as bleeding and finally closing the
patient’s abdomen area.
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After confirming that no further refinements were needed in the lab setting,
a preliminary clinical evaluation phase was conducted. This phase involved
testing the proposed approach and system in five patient cases. It was essential
for validating the system’s reliability and uncovering unforeseen challenges
that could only emerge during real surgical procedures, challenges that could
not be fully simulated in a laboratory environment. Following each surgery,
in-depth interviews were conducted, leading to iterative system refinements
and the implementation of new approaches based on the issues and insights
identified during this phase.
Finally, after ensuring that no further refinement was needed, clinical tri-

als commenced. During the clinical trials, patients’ demographics and con-
sent were collected. Additional data, including surgical time, system usage
time, demographics of the participating surgeons, intraoperative observations,
postoperative questionnaire responses on system registration accuracy, and
postoperative in-depth semi-structured interviews, were also gathered.
At the end of all clinical trials, surgeons who participated in at least three

surgery sessions and used ARAS for a minimum of 180 minutes (to avoid first-
time user bias) were asked to complete a UMUX-Lite questionnaire [157]. This
complemented the collected interviews, serving as a rapid and reliable tool for
assessing new healthcare technologies [28].

5.2.4. Participants

10 surgeons (average surgical experience = 14 y, SD = 6.6 y) completed our
custom pre-design questionnaire, and four surgeons (average surgical experi-
ence = 16.25 y, SD = 8.41 y) were interviewed during the pre-design stage. The
same team of four surgeons participated in preliminary clinical evaluations.
During the clinical trials (Section 5.4), each surgical session was conducted

by a team of four surgeons. In total, seven different surgeons (average surgical
experience = 16 y, SD = 8.14 y) participated in the clinical trials specializing in
Hepatobancreatobiliary 5 and Visceral 6 surgeries. Among these surgeons, four
(average surgical experience = 14 y, SD = 6.82 y) used ARAS for more than
180 minutes during clinical trials and participated in at least three surgery ses-
sions. These surgeons completed the UMUX-Lite questionnaire. The details
of the surgeons’ profiles, their roles in clinical trials, and their participation in
various phases of data collection are provided in Table 5.1.

5Hepatopancreatobiliary surgery consists of the general surgical treatment for benign and
malignant diseases of the liver, pancreas, gallbladder, and bile ducts.

6Visceral surgery, also known as abdominal surgery, refers to surgery of the abdominal
cavity and abdominal wall, endocrine glands and soft tissue.
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Table 5.1.: Profiles of participating surgeons throughout the study, their roles in clinical trials, and collected data; PDQ: pre-design question-
naire, PDI: pre-design interviews, PTI: post-testing interview, PORAQ: postoperative registration accuracy questionnaire, POI:
postoperative interview, PTULQ: post clinical trials UMUX-Lite questionnaire.

ID Surgical field
Surgical experience Surgical roles in Collected data

(years) clinical trials PDQ PDI PTI PORAQ POI PTULQ

S1 Hepatopancreatobiliary 23 Lead, second lead ✓ ✓ ✓ ✓ ✓ ✓

S2 Hepatopancreatobiliary 25 Second lead ✓ ✓ ✓

S3 Hepatopancreatobiliary 13 Lead, second lead ✓ ✓ ✓ ✓ ✓ ✓

S4 Hepatopancreatobiliary 16 Lead, second lead ✓ ✓ ✓ ✓

S5 Visceral 25 Second lead ✓ ✓ ✓ ✓

S6 Visceral 4 Assistant ✓ ✓ ✓ ✓ ✓ ✓

S7 Visceral 6 Assistant ✓ ✓ ✓

S8 Visceral 9 None ✓

S9 Visceral 17 None ✓

S10 Visceral 18 None ✓

S11 Visceral 9 None ✓

8
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5.2.5. Data Analysis

We used the R programming language [217] for data visualization and statis-
tical analysis of our quantitative data, including the pre-design questionnaire,
registration accuracy, UMUX-Lite, and operation-related metrics such as sur-
gical time and system usage time.

All interviews throughout this project were transcribed verbatim. Given
the volume of the data, we followed the pragmatic approach to qualitative
analysis as recommended by Blandford et al. [26]. Initially, two researchers
analyzed 25% of the data. Following this, we created a preliminary coding
framework through iterative discussions using ATlast.ti [14]. The remainder
of the interview data was then divided equally among the two researchers for
coding. In a concluding discussion, the coding framework was further refined,
and the final main themes were identified.

For observational data, the research team used observation sheets to record
observational data. For the empirical analysis of the observations made during
the various sessions, the affinity diagram method was applied [49]. Initially,
all key observations were written on sticky notes. These notes were then orga-
nized by similar comments or thematic connections. Each note was reviewed,
and through a consensus process, they were matched with related notes. This
grouping continued until all the notes were categorized into appropriate clus-
ters. Finally, relevant headings were assigned to these grouped notes, and
discussions were conducted to explore the relationships between these head-
ings.

5.3. ARAS System Design

We initiated the design process of ARAS by collecting a custom question-
naire from 10 surgeons (surgical experience = 14y, SD = 6.64) and conduct-
ing in-depth semi-structured interviews with four surgeons from the Hepato-
Pancreato-Biliary and visceral surgery domain, as detailed in Table 5.1.

During the pre-design in-depth interviews, we discussed the design, limi-
tations, and requirements of an AR-based assistance tool that could be used
throughout the surgical therapy pipeline in pancreatic surgery, investigating
the areas that could be improved with AR assistance.

The pre-design questionnaire, however, focused primarily on the intraopera-
tive phase and gathered surgeons’ subjective opinions regarding the criticality,
time pressure, likelihood of complications, and the necessity of an assistance
tool for each phase of the operation. This helped us better understand the
significance of each surgical phase and guided our attention toward the areas
that surgeons identified as the most challenging.

Based on preliminary interviews conducted during the pre-design phase, two
major areas were identified where the integration of AR could significantly
benefit surgeons: the preoperative and intraoperative phases of surgery. AR
was considered highly valuable for enhancing surgical planning and decision-
making prior to surgery, and it was also seen as a powerful tool for intraoper-
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5. Decision-Making and Cognitive Support During High-Risk Procedures

Figure 5.2.: Overview of ARAS planning mode features and implemented interac-
tion modalities.

ative navigation.

In response to these findings, the ARAS main software was designed with
two dedicated modes to support these distinct phases of pancreatic surgery.
The preoperative mode facilitated detailed surgical planning, while the in-
traoperative mode served as a real-time navigation system to assist surgeons
during the procedure. Additionally, a companion desktop application was
designed to securely transfer patient data to the ARAS main application.

5.3.1. Preoperative Planning Mode

We designed ARAS-Planning to assist surgeons during the surgical planning
session. In our design, we focused on implementing the features and func-
tionalities essential for the surgical planning session, while also taking into
consideration the users’ needs and the limitations regarding interface and in-
teraction methods.

Features and Functionalities

The system was designed to benefit surgeons in two primary ways. First, it
provided comprehensive data visualization by integrating all relevant patient
information, including medical history, CT slices, and a life-sized yet scal-
able 3D reconstruction of the patient’s anatomy. This helped enhance spatial
awareness and supported effective surgical planning. Second, it featured a re-
section simulation tool that allowed surgeons to perform virtual resections on
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Figure 5.3.: Data visualization features implemented in ARAS-Planning

the 3D model and receive quantitative feedback, such as the estimated volume
of remaining organ tissue. The surgeons could access all of these function-
alities using a virtual menu attached to one of their hands. Together, these
functionalities aimed to deliver a comprehensive planning tool for surgeons
ahead of the intraoperative phase. An overview of system functionalities and
features of ARAS planning mode is presented in Figure 5.2.

Data Visualization: One of the fundamental requirements specified by sur-
geons during the in-depth interviews was the capability to visualize the pa-
tient’s vascular system and tumor in a 3D model of real-life size, and also the
ability to further observe them in detail. This is crucial as sometimes making
the connection between 2D CT images and the patient’s anatomy can be chal-
lenging, especially for junior surgeons. Accordingly, we developed a feature
that enables surgeons to visualize the patient’s anatomical structures in 3D,
alongside different slices of the CT images in the same view (Figure 5.3). Fur-
thermore, we have introduced features that allow for the manipulation of the
3D model in 3D coordinates and the ability to scroll through the CT images
as needed.

Resection Simulation: We have designed a resection simulation within ARAS-
planning that allows surgeons to perform resections on the 3D reconstructed
model prior to surgery, aiding them in developing a surgical plan. For this,
we developed a dynamic mesh cutting approach with a scalable cutting plane.
Surgeons could either use a manually scalable rectangular plane or use a dy-
namically scaling cutting plane attached to a virtual scalpel (see Figure 5.2).
Surgeons can use either of these cutting planes to cut the target 3D structure
at the desired point and angle, with the resection occurring upon 3 seconds of
collision between the plane and the target structure (Figure 5.4).
To prevent accidental cuts to nearby 3D structures using a scalpel, we em-

ployed an adaptive scaling method. A non-visible cutting plane was initially
attached to the tip of the virtual scalpel. Our method dynamically adjusts
the width of this cutting plane in Unity based on the cross-sectional diameter
of a 3D object to cut. Using HoloLens 2 eye tracking, first, a ray is cast from

85



5. Decision-Making and Cognitive Support During High-Risk Procedures

Figure 5.4.: Resection simulation implemented in ARAS-Planning

Figure 5.5.: Dynamic resection plane scaling with the radius of the gazed object at
the collision point
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5.3. ARAS System Design

the user’s eye in the direction of their gaze. This raycast allows the system to
identify both the object being observed. This raycast returns the list of hit
meshes. The system constructs a temporary plane at the first hit location to
the user (considering only the nearest gazed object), facing in the same direc-
tion as the scalpel. It then calculates where the surface mesh triangles of the
object to cut (e.g., 3D model of a vessel) intersect with this temporary plane
by checking each edge of a triangle to see if it crosses the cutting plane. If it
does, the point of intersection is computed via linear interpolation and stored.
Then those intersection points are projected into a 2D plane-aligned space,
and the maximum distance between them represents the local cross-sectional
diameter. This diameter is used to scale the cutting plane’s width (attached
to the scalpel), ensuring it matches the size of the object being examined
(Figure 5.5). The c# code of the algorithm is given in Listing 5.1.

1 public Transform cuttingPlane;

2 public float gazeMaxDistance = 10.0f;

3

4 private IMixedRealityEyeGazeProvider eyeGazeProvider;

5

6 void Start ()

7 {

8 eyeGazeProvider = CoreServices.InputSystem ?.

EyeGazeProvider;

9 if (eyeGazeProvider == null)

10 {

11 Debug.LogError(‘‘Eye Gaze Provider not available.’’);

12 }

13 }

14

15 void Update ()

16 {

17 if (eyeGazeProvider == null || !eyeGazeProvider.

IsEyeGazeValid)

18 return;

19

20 Ray gazeRay = new Ray(eyeGazeProvider.GazeOrigin ,

eyeGazeProvider.GazeDirection);

21 if (Physics.Raycast(gazeRay , out RaycastHit hit ,

gazeMaxDistance))

22 {

23 MeshCollider meshCollider = hit.collider as

MeshCollider;

24 Mesh mesh = meshCollider ?. sharedMesh;

25 if (mesh == null) return;

26

27

28 Vector3 [] worldVertices = mesh.vertices

29 .Select(v => meshCollider.transform.

TransformPoint(v))

30 .ToArray ();

31

32 Plane cuttingPlaneWorld = new Plane(

33 cuttingPlane.forward ,

34 hit.point

35 );

87



5. Decision-Making and Cognitive Support During High-Risk Procedures

36

37

38 List <Vector3 > intersectionPoints = new List <Vector3

>();

39 int[] triangles = mesh.triangles;

40

41 for (int i = 0; i < triangles.Length; i += 3)

42 {

43 Vector3 v0 = worldVertices[triangles[i]];

44 Vector3 v1 = worldVertices[triangles[i + 1]];

45 Vector3 v2 = worldVertices[triangles[i + 2]];

46

47 IntersectTriangleWithPlane(cuttingPlaneWorld , v0,

v1, v2, intersectionPoints);

48 }

49

50 if (intersectionPoints.Count >= 2)

51 {

52

53 Vector3 planeNormal = cuttingPlaneWorld.normal;

54 Vector3 planeRight = Vector3.Cross(planeNormal ,

Vector3.up).normalized;

55 if (planeRight.magnitude < 0.01f) planeRight =

Vector3.Cross(planeNormal , Vector3.forward).

normalized;

56 Vector3 planeUp = Vector3.Cross(planeNormal ,

planeRight);

57

58 List <Vector2 > projectedPoints =

intersectionPoints

59 .Select(p => new Vector2(Vector3.Dot(p - hit.

point , planeRight), Vector3.Dot(p - hit.

point , planeUp)))

60 .ToList ();

61

62 float maxDiameter = 0f;

63 for (int i = 0; i < projectedPoints.Count; i++)

64 {

65 for (int j = i + 1; j < projectedPoints.Count

; j++)

66 {

67 float dist = Vector2.Distance(

projectedPoints[i], projectedPoints[j

]);

68 if (dist > maxDiameter)

69 maxDiameter = dist;

70 }

71 }

72

73 (localScale.x assumed to be width axis)

74 Vector3 newScale = cuttingPlane.localScale;

75 newScale.x = maxDiameter;

76 cuttingPlane.localScale = newScale;

77 }

78 }

79 }

80
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81 void IntersectTriangleWithPlane(Plane plane , Vector3 v0,

Vector3 v1 , Vector3 v2 , List <Vector3 > result)

82 {

83 Vector3 [] verts = new Vector3 [] { v0 , v1 , v2 };

84 float[] distances = verts.Select(v => plane.

GetDistanceToPoint(v)).ToArray ();

85

86 for (int i = 0; i < 3; i++)

87 {

88 int j = (i + 1) % 3;

89

90 float d1 = distances[i];

91 float d2 = distances[j];

92

93 if ((d1 > 0 && d2 < 0) || (d1 < 0 && d2 > 0))

94 {

95 float t = d1 / (d1 - d2);

96 Vector3 point = Vector3.Lerp(verts[i], verts[j],

t);

97 result.Add(point);

98 }

99 }

100 }

Listing 5.1: Cutting Plane Scaler Algorithm

A cut is made if the virtual cutting plane maintains contact with the target
object to cut for at least 3 seconds, dividing the target 3D object mesh into
two separate pieces at the collision point while maintaining the same material
for the cut mesh plane surface.

For our mesh splitting simulating resections, we employed a mesh segmen-
tation approach based on a flood fill algorithm to separate the affected mesh
into distinct, connected components following a virtual cut. After performing
the mesh slicing operation (3 seconds of contact between the cutting plane and
object to cut), we used the topological relationships between triangle vertices
to identify clusters of connected geometry. This was achieved by constructing
a graph where each unique vertex stores references to its neighboring vertices,
derived from the triangle connectivity. A flood fill traversal was then applied
to label all connected vertices with a common cluster index. These clusters
were subsequently used to generate individual mesh segments, allowing the
simulation to accurately represent separate anatomical regions post-resection.
The flow chart of segmentatiion algoirthm is given in Figure 5.6.
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Start

Transform Plane

Loop Triangles

Intersect? Assign Side

Slice Triangle

Split and Store Edges

More Triangles?

Group by Side

Build Meshes

Cap Surface

Apply Materials

Add Physics

Create Objects

End

No

Yes

No

Figure 5.6.: Flowchart of the mesh slicing algorithm, including triangle classifica-
tion, edge capping, and mesh reconstruction.
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The code snippet presented in Listing 5.2 shows how the mesh is scanned
triangle-by-triangle to build a vertex neighbor graph, where each vertex knows
its directly connected neighbors. This forms the basis for identifying topolog-
ical clusters.

1 foreach (KeyValuePair <Vector3 , VertexInfo > entry in

uniqueVertices)

2 {

3 List <int > occassions = entry.Value.Occasions_Vertex;

4 List <Vector3 > neighbors = entry.Value.Neighbors;

5 for (int j = 0; j < occassions.Count; j++)

6 {

7 int index = occassions[j];

8 int r = index % 3;

9 Vector3 b, c;

10

11 switch (r)

12 {

13 case 0:

14 b = vertices[index + 1];

15 c = vertices[index + 2];

16 break;

17 case 1:

18 b = vertices[index - 1];

19 c = vertices[index + 1];

20 break;

21 case 2:

22 b = vertices[index - 2];

23 c = vertices[index - 1];

24 break;

25 }

26 if (! neighbors.Contains(b)) neighbors.Add(b);

27 if (! neighbors.Contains(c)) neighbors.Add(c);

28 }

29 }

Listing 5.2: Vertex Adjacency Construction

The core flood fill loop expands from one unvisited vertex to its neighbors,
recursively marking all connected vertices as part of the same cluster (List-
ing 5.3).

1 List <Vector3 > unvisited = uniqueVertices.Keys.ToList ();

2 List <Vector3 > visited = new List <Vector3 >();

3 List <Vector3 > discoveryQueue = new List <Vector3 >();

4

5 void AddUnvisitedNeighbors(Vector3 vertex)

6 {

7 List <Vector3 > neighbors = uniqueVertices[vertex ]. Neighbors;

8 foreach (var neighbor in neighbors)

9 {

10 if (! visited.Contains(neighbor) && !discoveryQueue.

Contains(neighbor))

11 discoveryQueue.Add(neighbor);

12 }

13 }

14
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15 Vector3 currentVertex;

16 int group = 0;

17

18 while (unvisited.Count > 0)

19 {

20 discoveryQueue.Add(unvisited [0]);

21

22 while (discoveryQueue.Count > 0)

23 {

24 currentVertex = discoveryQueue [0];

25 discoveryQueue.RemoveAt (0);

26 unvisited.Remove(currentVertex);

27 visited.Add(currentVertex);

28 AddUnvisitedNeighbors(currentVertex);

29

30 var info = uniqueVertices[currentVertex ];

31 for (int i = 0; i < info.Occasions_Vertex.Count; i++)

32 {

33 cluster[info.Occasions_Vertex[i]] = group;

34 subMesh[info.Occasions_Vertex[i]] = info.

Occasions_Submesh[i];

35 }

36 }

37

38 group ++;

39 visited.Clear();

40 discoveryQueue.Clear ();

41 }

Listing 5.3: Flood fill to group connected vertices into clusters

Once the clusters are identified, this loop builds a separate mesh for each
cluster by grouping triangles that share the same cluster ID. These become
the new resection segments (Listing 5.4).

1 for (int i = 0; i < triangles.Count; i += 3)

2 {

3 int[] tri = new int [3] {

4 triangles[i],

5 triangles[i + 1],

6 triangles[i + 2]

7 };

8

9 int cluster = dynamicMesh.Cluster[tri [0]];

10 int submesh = dynamicMesh.SubMesh[tri [0]];

11

12 dynamicMeshes[cluster ]. AddTriangle(tri , submesh , dynamicMesh)

;

13 }

Listing 5.4: Separating triangles into per-cluster mesh segments

Upon creation of two mesh segments, the user could toggle behavior between
automatic deletion of one of the resected parts or manually remove the part
that is no longer needed. The automatic deletion algorithm relied on two rules
to find the structure to delete.
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1. If one of the newly created resection parts has no longer any collision
points with the remaining of the 3D objects (other vessels or anatomical
structures), that means it is completely disconnected, so it could be
removed.

2. If there are more than 1 disconnected structure, it would calculate the
center of the majority of the 3D structure and remove the part that
remains furthest from the center.

However, users have the option to disable this automatic deletion and man-
ually remove the resected parts by grabbing and disposing of them in a virtual
trash.

User Interface and Interaction Methods

Since preoperative planning involves fewer constraints than intraoperative pro-
cedures in terms of environmental and user-dependent limitations, various in-
teraction modalities were employed. We utilized hand tracking, eye tracking,
and speech commands to facilitate interaction with the system. A virtual
menu, attached to the palm of the user’s hand via hand tracking, displays
the main functionalities of the app, including CT images, patient history, 3D
structure visualization, and resection simulation Figure 5.2. Users can inter-
act with this hand menu by pressing virtual buttons with a finger or using
speech commands designated for each button. Furthermore, we introduced a
secondary virtual menu, accessible from the hand menu, which provides a list
of interactable buttons for each reconstructed 3D structure. This allows users
to enable or disable the visualization of each 3D structure.

Furthermore, we also assigned one or more unique keywords to each anatom-
ical structure, facilitating the enabling or disabling of their visualization using
speech commands (Table 5.2). In implementing these speech commands, we
utilized the Windows speech recognition service (using IMixedRealityDicta-
tionSystem service) [271] and Microsoft Mixed Reality Toolkit, MRTK2 [116],
to define specific keywords for triggering desired functionalities. These key-
words were carefully selected in collaboration with surgeons from the field,
ensuring relevance and ease of recall.

A total of 31 unique keywords were assigned to trigger the system function-
alities (Table 5.2). Designed as medical terms commonly used in daily practice
or intuitive words, each keyword corresponded either to the Latin or English
names of anatomical structures available in the 3D model (Figure 5.9) or as in-
tuitive words routinely used in a clinical environment or daily life. Recognizing
the challenges of keyword recognition and aiming to enhance flexibility, some
functions could be executed using multiple keywords or synonyms. For in-
stance, the keyword “cancer” could be used interchangeably with the keyword
“tumor” to enable or disable tumor visualization (Table 5.2). Additionally,
all the keywords used for 3D visualization could be used in a combination of
ON/OFF to either enable or disable some segments’ visualization, or without
these extensions as a toggle behavior between on and off mode. In addition
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to speech commands specific to each 3D structure and menu buttons, we im-
plemented control speech commands such as ’go up/down’ and ’stop’ to scroll
through CT images. This feature addresses the challenges of hand interac-
tion with objects out of reach, which can be difficult for those unaccustomed
to interacting with wearable AR devices. To provide visual feedback to the
user confirming the successful recognition of the spoken keyword, we used
the MRTK tooltip component to be shown upon the detection of a speech
command.
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Table 5.2.: Implemented voice keywords and their functionalities

Type Voice Keywords Functionality

Patient information
Patient history / diagnosis / medication Activates/Deactivates patient history panel

CT / CT Image / Tomography / Activates/Deactivates CT Visualizer

Computed Tomography / CT scans

3D visualization

arteries/veins Activates/Deactivates rendering of all arteries/veins

Sternum

Activates/Deactivates rendering of the associated structure

Celiac trunk

GDA

Mesenteric artery

Splenic artery

Gastric artery

Hepatic artery / liver artery

Portal vein

Vena cava

Splenic vein

Mesenteric vein

Tumor / lesion / cancer

Variation Activates/Deactivates rendering of unusual anatomical structures

Control commands

Go up/down Activates the automatic scrolling up/down of the CT slices

Stop Stops the automatic scrolling of CT slices

Capture photo / hologram capture a photo using HoloLens mounted camera with/without holograms95
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5.3.2. Intraoperative Assistance Mode

The development of the intraoperative mode of ARAS was initially guided by
insights from pre-design questionnaires and interviews. The developed system,
however, was iteratively refined using data collected during testing and clinical
trial sessions.

The questionnaire on different phases of operation suggested that, while all
stages of the operation are considered highly critical, the initial two stages
of the operation (before tumor removal and resection phase) require more
attention in terms of the need for an assistance tool as it has higher time
pressure and the chance of intraoperative complication (Figure 5.7). Hence,
while our system aimed to provide assistance throughout the operation, it
prioritized the implementation of approaches targeting the initial two stages
of the surgery, preresection and resection phases, which were characterized
by the greatest need for AR assistance, as well as higher time pressure and
criticality.

The ARAS intraoperative contained files on the patient’s medical history
and recent CT slices (taken within the last two weeks), as well as 3D models of
the patient’s vascular system and tumor. These 3D models are reconstructed
from the CT scan slices by surgeons using the MeVis Liver Suites software [178]
and were transferred to ARAS using a developed companion application. An
overview of features and interaction modalities of ARAS intraoperative mode
is given in Figure 5.8.

The final design of the ARAS software included two distinct feature sets
to support surgeons throughout the surgical session: in-situ visualization and
supportive data visualization. Due to differences in accuracy requirements, ro-
bustness, and the spatial and user-related constraints associated with each fea-
ture, they were designed with distinct interaction capabilities and approaches.
For easy setup, after software initiation, the in-situ visualization mode would
be automatically activated.

In-situ Visualization

The primary feature of the ARAS software was to provide navigational support
specifically during the preresection and resection phases of surgery, following
results of a pre-design questionnaire (Figure 5.7).

To achieve navigational in-situ visualization, we used a similar approach as
previous works [252] and used patient-specific 3D reconstructed models of the
vital vascular system and tumor, which are crucial for PS. For each patient,
12 segments were reconstructed from CT images. These segments included six
arteries (celiac trunk, gastroduodenal artery, mesenteric artery, splenic artery,
gastric artery, and hepatic artery), four veins (portal vein, vena cava, splenic
vein, and superior and inferior veins), as well as the tumor and sternum. These
arteries and veins, along with their location around the pancreas, are depicted
in Figure 5.9. The 3D reconstruction process was performed by surgeons as
part of their clinical routine for surgical planning, thus adding no additional
workload for them.
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Figure 5.7.: Surgeons’ subjective rating on criticality, time pressure, chance of intra-
operative complication, and the necessity of having an assistance tool
during each distinct surgical phase.

Figure 5.8.: Overview of ARAS Intraoperative mode features and implemented in-
teraction modalities.
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Figure 5.9.: Anatomical drawing of the vital veins and arteries that 3D recon-
structed as segments and their positions around the pancreas.

These reconstructed 3D models of patient were used to provide in-situ nav-
igational guidance by overlaying them onto the patient’s abdominal area. In
Table 5.3, a snapshot captured by the HoloLens 2 is shown, in which the in-
situ visualization of a patient’s anatomical structures is presented, registered,
and tracked using a marker during a surgical procedure. The characteristics
of the features and the interaction modalities used for in-situ visualization are
also provided in the same table.

Dual-Layer Marker-based Registration and Tracking To ensure an accurate
overlay of the virtual patient-specific 3D model, we opted for a marker-based
tracking approach similar to previous works [151, 252], using RGB cameras
on the HoloLens headset and Vuforia SDK [213]. This choice addressed the
challenges of constantly changing scenery and performance considerations. To
achieve robust feature tracking and maintain accuracy, continuous tracking of
traceable features was essential.
Many state-of-the-art registration methods lead to several issues, including

disruptions during the surgical procedure, such as those caused by manual
registration, point-based registration, and surface registration requiring initial
alignment or additional need for hardware like a 3D scanner [164].
While alternative approaches relying on anatomical features [186] or various

sensing modalities such as ultrasound [226] and depth sensors [238, 269, 273]
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Table 5.3.: The characteristics of in-situ visualization and the feature set provided
by the ARAS software.

In-situ Visualization

Data type 3D reconstructed vascular system and tumor

Placement method Marker-based

Features

Segment-based visualization

Enable/disable marker tracking

Automatic re-orientation of 3D model on marker detection

Freeze 3D model position and orientation

Interaction method Keyword based voice control

99



5. Decision-Making and Cognitive Support During High-Risk Procedures

may be effective for minimally invasive surgeries or surgeries involving non-
deformable organs [242], our preliminary experimentation with such methods
showed they often encounter difficulties with accurately registering the previ-
ously reconstructed 3D model onto organs due to organ deformation and the
dynamic operation field, which includes the presence of the surgeon’s hands,
blood, lap sponges, and tools used during open abdominal surgery.

In contrast, marker-based tracking using RGB cameras offered several ad-
vantages. The artificial and predefined features of the markers remain un-
changed and traceable throughout the procedure. This method allowed for
indirect registration of the 3D models of the vascular system by placing mark-
ers outside the operating field. Furthermore, it enabled reliable tracking in a
highly variable and restricted environment using unchanging artificial features,
without the need for additional devices or computational power.

We performed a preliminary evaluation on the robustness and feasibility of
different marker types and materials for the surgical environment. We have
considered light intensity (lx/m2) and the sterilization process as two main
affecting factors during the marker design process to be used in a surgical
environment. While the extreme change in light intensity throughout the
operation might affect the reflection and traceability of the marker, the steril-
ization process might cause a loss in the integrity of the marker features. We
have considered paper print and 3D print as two viable solutions to print the
marker. While paper-printed and 3D printed markers both could be placed
in a sterile plastic cover, only 3D printed markers could undergo a steriliza-
tion process. We tested PLA, ABS, and PETG filament types to print the
3D marker and evaluated the integrity of the marker features after a stan-
dard steam sterilization process. In line with Dautzenberg ’s work [57], we
have found out that PLA demonstrated fewer morphological deviations after
sterilization, therefore preserving the integrity of marker features the most.

We used Vuforia [213] marker tracking with an enabled extended tracking
method to track the marker. We designed a 7cm x 7cm image target with
the highest traceability rating (5 out of 5) from Vuforia as our marker. We
printed our designed marker both on paper and also 3D printed this marker
using 3 different approaches (Figure 5.10). We used three combinations of
mat white PLA background and mat black PLA features, fluorescent white
PLA background and mat black feature, and mat black PLA background and
fluorescent white PLA features for our 3D printed marker. We evaluated the
traceability of each of these markers using the HoloLens 2 camera in a surgi-
cal operation room using surgical lights under 13 different light illuminances
over ten cycles, each one minute. We placed a marker on a surgery table and
measured the illuminance where the marker was placed. We chose a range of
50 lx (lux) (dimmed room) and a maximum of 120 klx (highest illuminance
on surgical light) as our illuminance range. All 3D printed markers performed
better than the plastic-covered paper-printed marker, especially under acti-
vated surgical lights. 3D printed marker with a fluorescent white background
and black mat features demonstrated the highest robustness to different light
conditions (Figure 5.10). Considering the sterilization and robustness to dif-
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Figure 5.10.: Tracking percentage of different marker types under different illumi-
nance conditions using Vuforia and HoloLens 2 camera. The blue
region shows the illuminance interval achieved with different intensity
levels of surgical light.

ferent light conditions, we hence used the designed marker with fluorescent
white PLA background and matte black feature as our marker throughout our
study.

For the selection of registration point and marker placement, we adopted
a different approach to previous work demonstrated by Tang et al. [252],
which involved direct placement of the marker on the target organ. Through
pre-design investigations and detailed post-testing interviews with surgeons,
we identified the optimal strategy for marker placement. This process led
us to adopt an indirect approach, positioning the marker outside the opera-
tional field for improved effectiveness. While directly attaching markers to the
target organ, such as the pancreas, or vascular system, could yield precise 3D
model registration [252], it would require manual placement and removal of the
marker in order to continue the surgical procedure. Therefore, we considered
using a stable anchor point that remains fixed during surgery and maintains
a consistent positional and rotational relationship with the target structures.
Our research suggested that the xiphoid process of the sternum, located at the
center of the chest just below the lower part of the sternum (Figure 5.11), was
a promising anchor due to its stability throughout PS and also enabling active
marker tracking to compensate for the patient’s respiratory motion. Given
the minimal mobilization of organs during this type of surgery, the positional
and rotational relationships between the xiphoid process and the vital struc-
tures involved in PS are consistently maintained. Consequently, we chose the
xiphoid process of the sternum as our anchor point for marker attachment.

For each patient, we measured the distance from the end of the xiphoid
process to the jugular notch, as well as the distance from the xiphoid process
to the patient’s skin layer with millimeter accuracy using CT images through
the MeVis software [178]. The distance to the jugular notch was used to ensure
accurate marker placement, while the distance to the skin layer helped adjust
the virtual object’s position relative to the marker’s surface. The marker was
placed flat on the xiphoid process while ensuring the correct distance and
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angle to the jugular notch so that the end of the marker would be aligned
with the end of the xiphoid process (Figure 5.11 (A)). The sternum marker
was continuously tracked, and the model position was updated accordingly
(compensating patient’s respiratory motion).
However, relying solely on tracking the sternum for model registration pre-

sented certain limitations, which were identified in our preliminary system
evaluation, particularly when surgeons occasionally needed to mobilize the rib
cage to create more space for the operation. In such scenarios, the previously
measured position and orientation of the 3D model relative to the registration
point on the sternum became invalid, leading to a loss of registration accu-
racy. To address this issue, we investigated a second reliable anchor point
(dual-layer approach) to update the relative position of the 3D model to the
sternum marker. Due to its stable orientation relative to other vascular struc-
tures and its location within the inferior abdominal muscles and tissues, we
found that the inferior vena cava could be used as our secondary registra-
tion anchor for cases where the sternum is shifted or mobilized to update the
changed relative position of the 3D model to the sternum marker. Unlike the
sternum, which can be identified from the top layer of the skin tissue, the vena
cava is located in the deeper layers of the abdomen as depicted in Figure 5.11
(B). Therefore, this anchor point can only be used after the mobilization of
the head of the pancreas during the later stages of the preresection vascular
preparation, as it is otherwise hidden behind the pancreas and small intestine.
To choose a precise location for this anchor point that could be identified

by surgeons, we selected the position where the left renal vein branch appears
(Figure 5.11 (B)). Similar to the sternum marker, we calculated the position
and orientation of all reconstructed 3D segments relative to this second regis-
tration point using CT images.
Since placing any marker in this delicate position was not feasible and the

marker feature would not be traceable within the abdominal cavity, we de-
signed a specific legged marker with rounded tips (to avoid damaging the
vein) and fixed leg length that could be used to indicate this precise point
without the need to placing the marker (the part that contains traceable fea-
tures) directly on the vena cava (Figure 5.11 (B)). The surgeons used this
marker to point out the registration anchor point at the branching point of
the left renal vein from the vena cava, aligning the virtual model with its real
structure, then used a keyword to update the model’s position and orientation
relative to the sternum marker before removing the marker. Upon detection of
the vena cava marker, the 3D model would automatically reorient itself using
previously stored data from CT images. If the user updates the position and
orientation of the 3D model, the initial orientation of the sternum marker is
overwritten. To reset the default orientation of the 3D model to the sternum
marker, an explicit user request is required. After updating the new orienta-
tion and position relative to the sternum marker using the vena cava marker,
the sternum marker is used for tracking again and continuously updating the
model position (compensating for the patient’s respiratory motion).
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Figure 5.11.: Drawing depicting dual-layer marker placement on the sternum and vena cava. (A) The marker placement aligned with the end
xiphoid process of the sternum. (B) The marker placement at later stages of the surgery, after vascular preparation and gaining
access to the vena cava and registration point at the left renal vein branch.
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Figure 5.12.: Drawing depicting the environmental constraints within an operation
room and the placement of the medical staff around the table. The
surgeons are numbered based on their role in the surgery, with number
1 being the first lead surgeon, 2 the second leading surgeon, and 3,4
assistant surgeons.

Interaction Method We chose a fully voice-controlled approach for working
with the in-situ virtual 3D model. This decision was driven by environmental
and user constraints. The spatial limitations around the operating table made
mid-air hand gestures impractical, as there was limited space for reaching or
extending (Figure 5.12). Additionally, hand tracking near the surgery table
faced challenges due to the patient’s exposed abdomen and other surgeons’
hands. Hence, to prevent accidental input, we disabled any interaction with
the 3D model using hand gestures.

Furthermore, surgeons frequently wear loupe (magnifying) glasses during
surgery for a magnified view of the operation site. The shape and bulkiness of
these glasses, along with their positioning on the surgeons’ faces, made it diffi-
cult to obtain reliable eye-tracking data. Given the stringent hygiene require-
ments, using external mice or keyboards was also impractical. Consequently,
our system design relied entirely on voice control and speech commands.

Our considerations regarding the intuitiveness of the interaction method led
us to choose specific voice control keywords that include the exact names of the
reconstructed segments (Figure 5.9) identical to those used in ARAS preopera-
tive planning for interaction with 3D visualization (Table 5.2). This approach
allowed surgeons to interact with certain segments of the 3D model through-
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out the surgery, such as enabling or disabling the segment-based visualization
using only voice control without facing memorization issues. Additional to
those keywords used in preoperative mode, we implemented 3 more control
commands that enable interaction with marker tracking (Table 5.4).

Table 5.4.: Additional implemented voice keywords for intraoperative ARAS and
their functionalities

Type Voice Keywords Functionality

Control commands

Freeze Freezes the 3D model position
and orientation and disabling
the marker tracking

Marker tracking Enables marker tracking

Reset Resets the app including the
3D model position and orienta-
tion relative to sternum marker

Supportive Data Visualization

A secondary feature of the ARAS intraoperative mode was to enable patient
data visualization that could be controlled by surgeons without interfering
with sterilization rules. Typically, this requires remote control by a third
person in the operating room due to sterilization constraints, which reduces
time efficiency when accessing the desired patient data or specific DICOM7

slice. The same patient data as preoperative planning mode were included in
the intraoperative mode. These data included the patient’s diagnostic history
and DICOM images, which are routinely used to plan the surgical procedure
and can also play a significant role in decision-making during the operation.
Therefore, both types of data were made available to the surgeons as visualiz-
able features within the ARAS intraoperative mode. The patient’s diagnostic
history was presented as a scrollable text panel, and the three different phases
of DICOM images captured before the surgical procedure were displayed in a
scrollable DICOM viewer panel as detailed in Table 5.5.

Interaction Method Our investigation into finding the optimal interaction
method for supportive data visualization revealed that it was less constrained
compared to in-situ visualization, as virtual object placement was not as sen-
sitive and could be positioned outside the operating field. We used the same
approach as for the in-situ visualization to initialize data visualization with
speech commands and employed a combination of mid-air hand gestures and
speech commands to further interact with these objects. Due to equipment
such as loupe glasses worn by the surgeons, we could not use eye-tracking data
for gaze purposes; therefore, we opted for hand gaze instead of eye gaze.

7DICOM is a technical standard for the digital storage and transmission of medical images
and related information.
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Table 5.5.: The characteristics of in-situ visualization and the feature set provided
by the ARAS software.

Supportive Data Visualization

Data type
DICOM images

Patient history

Placement method
Automatic initial placement at closest (> 1m) non- colliding gazed position

Manual repositioning

Features
Scrollable 3x DICOM visualizer

Scrollable patient history panel

Interaction method
Mid-air hand gestures

Keyword-based voice control

Surgeons could initiate patient history or DICOM images by using medical
terminology associated with these data. The identical commands from ARAS
preoperative planning were chosen (Table 5.2) for interacting with supportive
data visualization. For instance, for the visualization of patient history, we
used synonyms such as “diagnosis”, “medication”, and “patient history”. For
the DICOM viewer, we used related medical terminologies such as “Tomog-
raphy”, “CT”, “Computed Tomography”, and “CT scans”. These keywords
were chosen based on input from the participating surgeons to ensure their
relevance to their clinical routine (Table 5.2).

After the detection of relevant voice keywords, the interactable objects were
placed at the closest (> 1m) non-colliding position in the direction of the
user’s head gaze. If the placement of the objects was not suitable, surgeons
could move or scale the virtual objects according to their preferences (see an
example snapshot in Figure 5.13) using hand gaze and pinch gestures, speech
commands, or a combination of both. For scrolling through DICOM slices and
the patient history panel, we also employed speech commands to navigate and
pause scrolling. Additionally, we included scroll buttons that could be used
to scroll through the slices or the patient history panel using hand gaze and
pinch gestures.

5.3.3. Companion Application

To automate and simplify the process of updating files for each patient by sur-
geons, we developed a local file transfer system using a Wi-Fi network. This
system securely transmits anonymized patient data to the ARAS main soft-
ware, as illustrated in Figure 5.14. The transmitted files include the patient’s
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Figure 5.13.: A snapshot showing manual placement of scaled CT slices near the
operation field done by the surgeon during the operation for a closer
and continuous observation.

history, recent CT slices (captured in less than two weeks), and 3D models
of the patient’s vascular system and tumor, which are reconstructed from the
CT scan slices using MeVis Liver Suites software [178].
The process of reconstructing patient-specific 3D objects is undertaken by

surgeons, leveraging their expertise to identify structures from CT images. For
each patient, the user (the surgeon) uses our custom desktop file transfer ap-
plication to select patient files from a personal computer. Upon file selection
confirmation, these files are encrypted, converted into a Unity asset bundle,
and stored in a predefined directory. Additionally, the file transfer application
establishes a local HTTP server over a Wi-Fi network. After the Unity asset
bundle, containing the patient files, is stored, the surgeon can request an up-
load (for new files) or an update (for previously shared files) to make these
files available for use and visualization in the ARAS software. On request, the
server accesses the Unity asset bundle in the local directory and signals an
update. The ARAS software, monitoring for this signal, automatically down-
loads and decrypts the updated patient files upon detection. This streamlined
method facilitates real-time updates of patient files without the need to re-
build the software application for each case, thereby easing the integration of
the application into clinical routines.
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5.4. Clinical Trials

5.4. Clinical Trials

Our system evaluation was conducted in two distinct phases. In the initial
phase, the system was extensively tested by surgeons within a laboratory envi-
ronment. Once it was confirmed that no further modifications were required,
a clinical trial was initiated to validate our approach and system design in
an ecologically valid setting. Clinical trials involved the preoperative use and
intraoperative evaluation of ARAS in patients with underlying (borderline) re-
sectable pancreatic tumors who required various types of pancreatic resection.
It took place at Saarbrücken Klinikum hospital, a certified hepatopancreato-
biliary center.
During the first five surgeries, the system underwent iterative refinement as

real-world challenges emerged, issues that could not be fully simulated in the
lab. One notable issue was the system’s initial reliance on a single registration
anchor point (the xiphoid process of the sternum). In occasional cases, sur-
geons required additional space in the patient’s abdominal area, necessitating
manipulation of the rib cage. This movement compromised the accuracy of
the registration point and resulted in methodological failure.
In response, we introduced a secondary registration anchor (the vena cava)

to ensure robustness and usability of the system even when the rib cage was
manipulated. This iterative refinement phase was a critical step in resolving
methodological limitations and ensuring the system’s reliability and usability
in real-world surgical scenarios.
Throughout the clinical trial, surgeons bore full responsibility for the safe use

of the system during patient procedures, strictly adhering to ethical standards
and ensuring patient safety at all times.
By the conclusion of the fifth surgery, the system had reached a stable state,

and no further refinements or modifications were necessary.
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5.4. Clinical Trials

5.4.1. Procedure

Patient inclusion in clinical trials began only after obtaining informed consent
from each participant (Figure 5.1 clinical trials, patient inclusion phase). The
process involved two steps: preoperative preparation and intraoperative eval-
uation of ARAS (Figure 5.15). During the preoperative phase, in addition to
the standard clinical routine, a surgeon transferred anonymized patient data to
the ARAS software after performing 3D reconstructions of the patient’s vital
structures from CT images (Figure 5.15, preoperative phase). Later, surgical
planning was done using the ARAS planning mode.

Four surgeons participated in each surgery session. During surgery, at least
two surgeons used the ARAS system continuously, while other surgeons used
it briefly at each stage of the surgery, with the option to extend their use if
desired. Due to the extreme expertise and specialization required to perform
such surgical intervention, the surgeons were assigned based on the surgery
plan and the hospital schedule.

As depicted in Figure 5.15, the intraoperative surgery session began with a
surgeon identifying the anchor point for the marker on the patient’s sternum
and attaching the 3D marker. The surgeon located the xiphoid process of the
sternum and the jugular notch by hand, as these anatomical landmarks are
easily identifiable through the skin. A line was then drawn from the jugular
notch to the xiphoid process using a surgical marker, and the registration
point for the marker was marked at the xiphoid process. To confirm the
accuracy of this point, the distance from the marker to the jugular notch
was measured with a ruler and compared to the measurements from the CT
images. The marker was then positioned flat, aligned at a 90-degree angle
to the drawn line, and attached so that the end of the marker aligned with
the end of the xiphoid process (Figure 5.11). Finally, a transparent surgical
tape was applied to secure the marker in place without obscuring its features
(Figure 5.15, intraoperative phase). This process took on average less than
3 minutes. Towards the end of preresection phase after mobilization of the
pancreas head and vascular preparation, surgeons had the option to use the
second marker - vena cava marker (Figure 5.11 (B)) - if the sternum was
mobilized due to the surgical procedure.

At the beginning and end of each phase of the surgery (preresection, resec-
tion, and postresection) all four surgeons verified the accuracy of the tracking
and the registration of structures which are not fully visible during various
phases of surgery including arteries, veins, and the tumor (only in the first
two phases before and during tumor removal) using an ultrasound probe (Fig-
ure 5.15 intraoperative accuracy check) and by palpating the arterial pulse 8

Ultrasound was selected due to its routine use in surgical procedures, thereby
preventing any extra workload or significant delays in the operation. This
choice also allowed surgeons to make informed decisions regarding reliance on

8Palpating the arterial pulse refers to the process of using one’s fingers to feel the arte-
rial pulse, which is the rhythmic expansion and contraction of an artery as blood is
pumped through it by the heart. This is a common clinical practice used to assess the
cardiovascular system.
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AR visualization for guidance, while simultaneously evaluating the registration
accuracy.
Surgeons could decide to discontinue using the system under the following

circumstances: if its continued use compromised the progression of the surgery
or the patient’s safety, adversely affected the surgeons’ health, comfort, or
performance, if the method lost accuracy, if technical issues occurred, or if the
system’s assistance was no longer necessary.
Immediately after the surgical procedure, all four participating surgeons

completed a custom questionnaire consisting of ten 5-point Likert scale ques-
tions (Table 5.6) assessing the accuracy of registration for each virtual struc-
ture type (arteries, veins, and tumor) during each phase of the surgery (pre-
resection, resection, and postresection). Additionally, an observer researcher
actively participated in all surgical sessions, recording the surgical procedure
and ARAS usage durations, taking notes, and observing the surgeons’ inter-
actions with the system, as well as identifying any issues or challenges they
encountered while using the system. After each surgical session, the same
observer researcher conducted interviews with the surgeons who used ARAS
continuously throughout the surgery.
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Table 5.6.: 5-point Likert questionnaire on registration accuracy across surgery phases

Question Very Poor Poor Average Good Excellent

Preopertive Planning Phase

1. Usability of ARAS in surgery planning ◻ ◻ ◻ ◻ ◻
2. Applicability of preoperative plan with ARAS to intraoperative session ◻ ◻ ◻ ◻ ◻

Intraoperative Preresection Phase

3. Registration accuracy of virtual tumor location ◻ ◻ ◻ ◻ ◻
4. Registration accuracy of virtual arterial location ◻ ◻ ◻ ◻ ◻
5. Registration accuracy of virtual venous location ◻ ◻ ◻ ◻ ◻

Intraoperative Resection Phase

6. Registration accuracy of virtual tumor location ◻ ◻ ◻ ◻ ◻
7. Registration accuracy of virtual arterial location ◻ ◻ ◻ ◻ ◻
8. Registration accuracy of virtual venous location ◻ ◻ ◻ ◻ ◻

Intraoperative Postresection Phase

9. Registration accuracy of virtual arterial location ◻ ◻ ◻ ◻ ◻
10. Registration accuracy of virtual venous location ◻ ◻ ◻ ◻ ◻
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5.4.2. Accuracy Check

All surgeons who participated in the system’s evaluation during clinical trials
were fully informed and aware of the experimental nature of the method and
the device used. Subjective measures (RQ2 method) were chosen due to the
lack of a reliable objective method for calculating registration errors between
non-visible internal structures and their visualization in 3D coordinates on a
head-mounted display during surgical procedures.

While objective methods, such as fiducial registration error (FRE), which
measures the registration error by calculating the distance between a fidu-
cial and its corresponding point after registration [172], are well-established in
image-guided surgery [164] due to their simplicity and speed in estimating tar-
get registration error (TRE) for non-visible structures [56], their application in
head-mounted displays for surgical contexts remains underexplored. Further-
more, previous studies have shown that TRE is not always correlated with
FRE [56, 83], and FRE is considered an unreliable indicator of registration
accuracy [84]. Therefore, in the context of measuring 3D registration error for
specific non-fiducial segments visualized in an AR head-mounted display, FRE
is an unreliable predictor of TRE. Although landmarks not visible to the naked
eye can be identified using imaging devices such as ultrasound, measuring the
3D registration error between a head-mounted display and medical images for
such landmarks is prone to error. Thus, any metric accuracy report based
on 3D calculations from landmarks identified in medical images would also be
unreliable. Given that the participating surgeons (Table 5.1) were experts in
their field (average surgical experience = 16 y, SD = 8.14 y), their subjective
evaluations are considered more reliable and informative in this context due
to their expertise and understanding of clinical requirements.

5.4.3. Patients and Types of Operations

The surgeons (Table 5.1) evaluated the ARAS system for open PS across three
different types of operations, involving 20 patients (Table 5.7): the pancreati-
coduodenectomy 9, total pancreatectomy10, and distal pancreatectomy11 In
both the pancreaticoduodenectomy procedure and total pancreatectomy, full
mobilization of the pancreatic head is required, whereas in distal pancreate-
ctomy, organ mobilization is minimal during the surgical procedure. One of
the significant challenges of using AR and preoperative data during surgery

9The Whipple procedure, also called pancreaticoduodenectomy, is an operation to remove
the head of the pancreas.

10A total pancreatectomy is a surgical procedure where the entire pancreas is removed, often
along with other nearby organs or tissues. These can include the duodenum (part of the
small intestine), the gallbladder, parts of the bile duct, the spleen, and sometimes part
of the stomach.

11A distal pancreatectomy is a surgical procedure where the tail and sometimes part of the
body of the pancreas are removed, while the head of the pancreas is left intact. In many
cases, the spleen is also removed during the procedure because of its close proximity to
the pancreas. Unlike the pancreaticoduodenectomy procedure, a distal pancreatectomy
focuses on the left side (distal portion) of the pancreas.
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Table 5.7.: Demographics and clinical data of patient cases during the clinical trials.
We report the biological sex of the patients.

Age Sex Performed surgical procedure

48 Female Distal pancreatectomy

82 Female Distal pancreatectomy

73 Female Distal pancreatectomy

59 Male Pancreaticoduodenectomy

69 Female Pancreaticoduodenectomy

80 Female Pancreaticoduodenectomy

68 Male Pancreaticoduodenectomy

76 Female Pancreaticoduodenectomy

65 Female Pancreaticoduodenectomy

62 Male Pancreaticoduodenectomy

76 Male Total pancreatectomy

62 Male Distal pancreatectomy

73 Female Pancreaticoduodenectomy

59 Male Total pancreatectomy

77 Male Pancreaticoduodenectomy

68 Female Pancreaticoduodenectomy

70 Male Pancreaticoduodenectomy

55 Male Pancreaticoduodenectomy

66 Female Pancreaticoduodenectomy

48 Female Pancreaticoduodenectomy

is maintaining registration accuracy despite the intraoperative mobilization
of organs. By including these varied cases, we were able to comprehensively
evaluate the system under different conditions.

All patients were fully informed about the study, and were included in the
study only after a thorough explanation of the study and the collection of
informed consent. Patients were informed about the potential risks, benefits,
and alternatives to participating in the study, ensuring that their participation
was voluntary and based on a clear understanding of the procedure.

5.5. Results

This section presents the outcomes of system evaluation during the clinical
trials and the overall study results. It begins by detailing the quantitative
findings (Section 5.5.2 and Section 5.5.3) and qualitative insights (Section 5.5.4
and Section 5.5.5) from the clinical trials.
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5.5.1. ARAS Planning

The ARAS planning mode was highly appreciated by all surgeons, receiving
an average score of 5 (SD = 0) on both scales in the questionnaire. The ability
to visualize and manipulate the patient’s 3D model and perform planning in
3D rather than 2D was considered highly beneficial in all cases.

Interestingly, in two cases, ARAS planning led to a different surgical plan
than what would have been decided based solely on CT images. Patient 2
and Patient 3, 82- and 73-year-old female patients, respectively, were diag-
nosed with cystic tumors in the body of the pancreas, both exhibiting features
suggestive of malignancy. As a result, surgical resection of the lesions was
deemed necessary. Preoperative planning was performed using CT images
and a reconstructed 3D model of ARAS. Upon reviewing the CT images,
spleen-preserving distal pancreatectomy was initially planned for patient 2.
However, the reconstructed 3D model revealed a highly tortuous course of
the splenic artery along with the proximity of the tumor to the splenic vein.
Consequently, the ARAS assessment indicated that spleen preservation would
be challenging. For patient 3, ARAS-guided planning led to the decision to
perform an extended distal pancreatosplenectomy.

5.5.2. ARAS Intraoperative: Surgical Procedure and ARAS Usage

The surgeries lasted an average of 245.9 (SD = 49.23) minutes. Out of this,
38.5% of the time was spent on the preresection (vascular preparation) phase,
9.6% on the resection phase, and 51.90% on the postresection phase. The
longest continuous duration of ARAS usage across all sessions was on average
122.9 (SD = 35.65) minutes for an average 50.37% (SD = 11.31) of the total
surgery time. No complications associated with ARAS occurred during and
after the operations. In all sessions, surgeons reported discontinuing the use of
the ARAS for four main reasons: (1) the vital structures were already exposed
and no longer needed AR support (77.08%); (2) discomfort due to the device’s
high temperature, sweat, and neck pain (16.67%); reduced model accuracy
due to surgical manipulations (4.17%); and battery-related issues (2.08%).
Notably, none of the surgeons reported discontinuing the use of the ARAS
due to patient safety concerns.

5.5.3. ARAS Intraoperative: Registration Accuracy and Usability

The questionnaire results on intraoperative registration accuracy (Table 5.6)
of the virtual models (incl. arteries, veins, and tumor) yielded overall average
scores of 4.6 (SD = 0.56), 4.0 (SD = 1.02), and 3.60 (SD = 0.78) on a 5-point
Likert scale for preresection, resection, and postresection phases, respectively.
Figure 5.16 depicts these results categorized by operation phase and structure.

The UMUX-Lite score of ARAS using a 7-point Likert scale was 6.50 (SD = 0.35),
and the corresponding SUS score, predicted using a regression equation based
on the two UMUX-Lite items [156], was 82.48. According to the rating scale
by Bangor et al. [18], this places ARAS in the “good” (close to “excellent”)
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Figure 5.16.: Registration accuracy of patient-specific virtual models during each
phase of the operation using a 5-point Likert scale. Error bars indicate
standard error.

category for system usability.

5.5.4. Postoperative Interviews

Through our thematic analysis of the postoperative interviews (Section 5.2.5),
we developed five main themes:

Clinical Accuracy and Usability A major point frequently emphasized by
surgeons was ARAS’s accuracy in providing visualizations and guidance, par-
ticularly in overlaying crucial structures and offering visual assistance during
surgery. Surgeons notably valued the system’s capacity to help them pre-
cisely locate and identify critical structures during intricate dissections. This
sentiment was expressed by a second lead surgeon as follows:

“There was a moment when we didn’t know where the most im-
portant artery is. The chief surgeon pointed to the location where
the artery was visualized in HoloLens. And then we dissected along
that point, and we saw that the artery was exactly there! It was
truly amazing!” (S5)

Additionally, participants reflected on the usability of the voice user in-
terface for interacting with the 3D model, reporting occasional performance
degradation due to the system’s need for precise keyword articulation, warrant-
ing more robust voice control methods less affected by environmental noise.
One assistant surgeon encapsulated this issue with the following sentiment:
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“speech commands worked fine, but the issue with the speech
commands is sometimes when people are talking around the ta-
ble, you have to say the word a couple of times until the system
detects it.” (S6)

Aid in Decision-Making Another emphasized topic during the interviews was
how the in-situ navigation provided by ARAS significantly aided surgeons in
decision-making during critical moments of the operation. Two lead surgeons
highlighted this:

“When we were dissecting along the SMA (superior mesenteric
artery), we were not sure where it really was, or we couldn’t really
find it. So that was extremely helpful to really be sure that it’s
there.” (S4)

“It was one very critical situation in the operation. We could
have ruined the whole case. But I had a view before in ARAS, and
I had an idea where the SMA was. It was quite dangerous at that
moment. But we saved everything. So I like it a lot. I think it’s a
great help, especially in these situations.” (S1)

Educational Efficacy and Training Enhancement Moreover, surgeons con-
sistently emphasized that ARAS not only aided in decision-making during
surgeries but also proved to be an invaluable tool for enhancing the education
and training of junior surgeons, especially for complex procedures. The as-
sistant surgeon, who had less experience than the lead surgeons, reflected on
this:

“When I participated in this type of operation for the first couple
of times, I never understood what the chief surgeon was doing, be-
cause I didn’t know where he was going in, I didn’t know which ves-
sels he wanted to focus on. You also see that sometimes even senior
surgeons misrecognize the vessels during the operation. Even when
you are experienced, it’s very difficult to understand the anatomy
of the patient during surgery. With this system (ARAS), I think
I understood this operation better and could clearly see where the
vessels are.” (S6)

Technical Reliability and Possible Improvements The combined use of the
xiphoid process of the sternum and an occasional anchor point on the vena
cava was generally regarded as a reliable method, especially during the initial
and most critical stages of surgery. However, in more advanced stages, such as
after tumor removal or during the pancreaticoduodenectomy procedure after
mobilizing the pancreatic head (resection phase), the accuracy of some 3D
models was compromised, as it was also reflected in accuracy measurements
(Figure 5.16). This indicates a potential need for real-time data integration to
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maintain model accuracy throughout the surgery. However, it was also noted
that at these later stages, surgeons typically require less navigational assistance
since the critical structures are already exposed and visible, as highlighted by
a surgeon.

“After we mobilized everything in the head of the pancreas, the
virtual tumor position was not correct anymore. (...) But that
was not important for us at that stage, as we could already see the
tumor, and it would be removed with half of the pancreas anyway.”
(S3)

Ergonomics Finally, surgeons addressed the system’s ergonomics, noting
that they experienced no issues with the comfort or overall usability of the
HoloLens 2 during surgery. No surgeons reported any side effects associ-
ated with head-mounted wearables, such as motion sickness, pain, or nau-
sea.However, for some of those who also used magnifying glasses occasionally
faced discomfort and problems with the AR view when combining the magni-
fying glasses with the HoloLens. A lead surgeon commented on this:

“The device is okay. There’s no problem with wearing it. You
can wear it for a while without disturbance. But for me, the one
problem is the loupe glass. It’s quite in the way and causes quite a
difference in AR view.” (S1)

Furthermore, some surgeons reported occasional discomfort, such as exten-
sive sweating and neck pain, while wearing the HoloLens 2 for an extended
time. An assistant surgeon addressed this issue, stating:

“The device got too hot during the operation, I just couldn’t wear
it anymore as I started to sweat a lot.” (S7)

5.5.5. Intraoperative Observations

After thematic analysis of the observational data (Section 5.2.5), we developed
three main themes.

Interaction Challenges Throughout the clinical trials, we noticed a gradual
reduction in the difficulties associated with using the device and system, in-
dicating an adaptation period and a learning curve. This is likely due to the
unfamiliarity of the technology and interaction methods, such as mid-air hand
gestures and voice control, particularly in the medical field.

Given the high stress levels and cognitive demands on surgeons during
surgery, any unnecessary interaction or additional functionality led to con-
fusion, especially as the number of features increased. This was particularly
evident when more detailed voice control options were introduced to manage
marker tracking modes and data visualization panels.
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These observations underscore the need to further adapt interaction meth-
ods for use in high-stress, time-sensitive environments. Additionally, some
surgeons occasionally struggled with keyword-based voice control, requiring
multiple attempts due to incorrect word recognition, often caused by oper-
ating room noise and user accents. Therefore, methods for the integration
of a more natural communication system that allows for intuitive interaction
beyond keyword-based voice control should be explored.

Emergence of User Roles The presence of multiple ARAS users during
surgery led to the development of distinct roles among them. It was noted
that the assistant who continuously used ARAS often took on the role of nav-
igator, actively monitoring the operation through the AR glasses and alerting
other surgeons about hidden or hard-to-see structures. Meanwhile, the lead
surgeons focused on the real environment of the surgery and referred to the
virtual overlay as needed. This observation not only underscores the natural
evolution of user roles but also suggests a key consideration for future system
design and development, where different modes could be tailored based on
users’ roles and profiles in the surgical process.

User Acceptance Throughout the trials, a notable increase in user trust and
acceptance of ARAS was observed, particularly among surgeons who initially
interacted with the system only briefly for accuracy checks. At the outset,
these surgeons preferred not to use ARAS for extended periods, favoring an
unobstructed view and full attention on the surgical procedure. However, as
the trials progressed and the system’s usability became evident, they demon-
strated a greater willingness to use ARAS for longer durations. This shift
in behavior highlights a growing trust and acceptance of the technology over
time. The users’ initial skepticism can be overcome as they become more
familiar with and reassured by the system’s performance. This underscores
the importance of demonstrating the practical benefits and reliability of new
technologies through comprehensive training, clear communication about the
system’s capabilities and limitations, and ongoing support to gain user accep-
tance.

5.6. Discussion

Our discussion provides a holistic view of the presented work, while addressing
specific results from the clinical evaluation, highlighting challenges encoun-
tered, and outlining implications for future research.

5.6.1. Design Implications for Interaction with AR-based Systems in
Open Surgery

Our study highlights the crucial role of a “less is more” approach in time-
critical surgical settings, particularly in enhancing the perceived ease of use
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and effectiveness of AR navigation systems. The findings underscore the im-
portance of delivering only the most relevant and essential information to sur-
geons at the moment it is needed. This aligns with established HCI principles,
such as the concept of details on demand ([235]). We recommend that future
designers prioritize minimalistic data visualization that presents only
essential information by default, while allowing access to more de-
tailed data as needed. This approach helps prevent cognitive overload and
promotes clarity in high-pressure clinical environments.

Consistent with previous research on various interaction modalities [106,
124, 176], our investigation revealed that the benefits of touchless inter-
action methods for the surgical domain are circumstantial rather
than absolute. When designing for such a critical field, developers must
carefully consider domain-specific constraints. for each system feature. For
example, the interaction method should be determined based on factors like
the proximity of the object, the sensitivity of the data, and the user’s capa-
bilities in specific situations. In this context, introducing system restrictions
such as separating interaction methods for near and far objects, or restricting
the use of input modalities like voice, hand, or gaze, could help prevent unin-
tended interactions, especially when displaying highly sensitive data such as
navigational 3D overlays.

Data sources or input modalities that perform unreliably due to
interference with the user’s equipment should be avoided. In our
study, we found that relying on speech commands and hand tracking through
the HoloLens cameras and microphones, combined with specific feature-based
restrictions, provided an optimal interaction approach. Unlike in laparoscopic
surgeries, where eye gaze could be employed for various tasks [212], our pre-
liminary experiments identified limitations with the HoloLens 2’s embedded
eye tracker. The interference from bulky loupe glasses, commonly used in
open surgeries to enhance the visualization of delicate structures, reduced eye
tracking reliability. As a result, we chose to exclude eye tracking data to avoid
unintentional interactions. Future research could explore seamless integration
of magnified views within see-through AR devices, enabling reliable use in
open surgery to mimic the functionality of loupe glasses.

Lastly, our observation revealed that multiple ARAS users naturally devel-
oped distinct roles during surgery. Assistant surgeons using ARAS often acted
as navigators, monitoring the operation through the AR display and alerting
lead surgeons to hidden structures, while the lead surgeons focused on the
surgery itself. This suggests that future surgical AR systems should
consider role-based functionality, with tailored modes for different users,
such as a “navigator” mode for assistants and an “overview” mode for lead
surgeons, to enhance system efficiency and usability. Further research on such
features that shape engagement and team collaboration while using AR devices
in the surgical environment should be conducted for a better understanding
of the system design’s impact on communication dynamics, decision-making
efficiency, and overall surgical outcomes.
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5.6.2. Feasibility and Accuracy of ARAS Intraoperative

ARAS is a feasible solution for continuous and accurate in-situ visualization of
patient anatomy during open PS without interfering with the procedure. The
questionnaire results and interviews confirmed the high registra-
tion accuracy achieved by our dual-layer marker-based registration
approach during the phases with the greatest need for ARAS: the
preresection and resection phases (Figure 5.7).

In line with work by Onda et al. [199], our study revealed that the 3D
models were accurately registered during the initial phases of the surgery but
declined as the procedure progressed. This effect is particularly noticeable in
tumor registration due to relational deformations occurring during surgery as
a result of surgical manipulations. Unlike vessels, which are typically anchored
to the abdominal cavity behind the pancreas, hence remaining stable, tumors
are often attached directly to the pancreas and move along with it during the
preresection phase. While the registration accuracy remains high for vessels,
the registration of the tumor declines as more manipulations are performed
during the surgery.

These relational deformations are primarily caused by surgical manipula-
tions and disrupt the spatial relationships between structures compared to
their preoperative state. This explains the decline in accuracy, particularly
after the resection phase (Figure 5.16). As such, our approach of leveraging
preoperative data for intraoperative surgical navigation is limited by
surgical shifts and structural alterations in the target structures. Its
accuracy relies on the constant spatial relationship between all 3D segments
throughout the surgery. Unfortunately, this limitation cannot be addressed
unless each target segment is tracked individually, which is not feasible, as
most vital structures remain hidden until the resection phase. While defor-
mation estimation approaches [94] might reduce registration errors caused by
relational deformations, they are still prone to errors caused by surgical alter-
ations, as they rely on deforming the preoperative data.

Likewise, continuous intraoperative usage of real-time data sources
such as ultrasound, MRI, or CT to update the data remains chal-
lenging for open surgery. These data acquisitions are often manual and
time-consuming. Unlike methods used in laparoscopic surgeries [226], benefit-
ing from real-time data from an ultrasound probe attached to the laparoscopic
camera, the practicality of such an approach for open surgery is rather lim-
ited due to the manual manipulation required to hold the ultrasound probe
throughout the surgery. Likewise, other real-time data sources, such as MRI
or CT, delay the surgical procedure and cause unnecessary radiation exposure.
In critical fields like tumor removal surgeries, any delay in the surgical proce-
dure may cause complications and worsen patient outcomes [43], limiting the
usage of medical imaging as a real-time data source.

In pursuit of avoiding delays in the surgical procedure, we also defined the
total surgery time as one of our evaluation metrics, in addition to registration
accuracy. The average surgery time with ARAS remained within pre-
viously reported surgical ranges for the same type of procedure [54, 207,
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284], demonstrating its feasibility for intraoperative use without introducing
any delays to the surgical process.

Consistent with previous studies demonstrating the effectiveness of in-situ
AR navigation for PS using display-based AR [168, 195, 252], our research
also validated and further improved this approach by utilizing a wearable
head-mounted AR device in clinical trials with a larger sample size. Our
hands-free solution overcame the limitations of hand-held devices
by enabling continuous use throughout the surgery.

Throughout 20 surgeries, we validated our system usability and accuracy
across three different surgical procedures. In line with the findings of Marzano
et al. [168], we proved the feasibility of our approach for surgical
procedures characterized by increased intraoperative mobilization
due to surgical manipulations, such as pancreaticoduodenectomy, and also for
other types of PSs (Table 5.7). Our study results showed no significant dif-
ference in the reported registration accuracy for different types of operations,
demonstrating ARAS’s usability across different PSs.

5.6.3. Ethical Considerations

Ethical adherence in this field is critical for maintaining trust in medical re-
search and innovation. By following ethical guidelines, researchers and practi-
tioners demonstrate their commitment to conducting research that prioritizes
patient safety and well-being over the pursuit of technological advancement.

In this study, the adherence to ethical guidelines was our primary concern
throughout all phases of the study. We ensured that the introduction of the AR
system did not compromise the safety of patients or surgeons, nor the integrity
of the surgical process. We made sure of full human decision-making in surgical
procedures, and that the AR system never replaced the surgeon’s judgment.
Surgeons maintained full control over the system, ensuring complete adherence
to the Fundamental Principles of Ethics [260].

Our key takeaways from this study regarding ethical considerations for fu-
ture studies are as follows: The system should only serve as a supple-
mentary tool to assist the surgeon, augmenting rather than replac-
ing their expertise, by providing enhanced visualization and information
to support decision-making. The surgeon must retain ultimate authority in
decision-making, ensuring patient safety and adapting to the nuances of each
individual case. Human intuition and experience should be valued as the final
safeguard.

5.7. Conclusion

In this chapter, we detailed the successful design and implementation of ARAS,
an AR assistance system for PS. Our research expanded the understanding of
AR technology’s application in the surgical field, moving beyond lab settings
through clinical trials with patients. Accuracy measurements and postopera-
tive surgeon interviews confirmed the successful implementation of our system,
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especially during the crucial preparation and resection phases, where AR nav-
igation assistance was most
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As surgical procedures grow increasingly complex, the cognitive demands
placed on surgeons, ranging from spatial reasoning and attention management
to rapid decision-making, can directly influence clinical performance and pa-
tient outcomes. Assistive technologies such as AR and navigation systems are
often introduced with the goal of easing these cognitive and motor burdens.
While most studies focus on their immediate benefits, such as improved visu-
alization or workflow efficiency, less is understood about how these upstream
supports translate into downstream clinical value.

This chapter investigates the extended impact of assistive tools beyond the
point of use. It explores how cognitive relief during surgery may lead to im-
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proved surgical precision, reduced intraoperative errors, and ultimately better
patient outcomes. By examining this link between human performance aug-
mentation and clinical effectiveness, the chapter aims to contribute to a more
holistic understanding of what makes assistive technologies truly valuable in
high-stakes medical environments.

The content of this chapter covers the following journal publication:

1. Javaheri, Hamraz, Omid Ghamarnejad, Rizky Widyaningsih, Rag-
nar Bade, Paul Lukowicz, Jakob Karolus, and Gregor Alexan-
der Stavrou. “Enhancing Perioperative Outcomes of Pancreatic
Surgery with Wearable Augmented Reality Assistance System: A
Matched-Pair Analysis.” Annals of Surgery Open 5, no. 4 (2024):
e516.

This work was awarded the “Best Scientific Work” award by the Saarland
Committee of Surgeons Conference in 2024, where it was first presented.

6.1. Background

This section provides background information and an overview of key medical
terminology and guidelines relevant to this study and referenced throughout
the chapter.

6.1.1. Overview of Pancreatic Surgery Types

Pancreatic surgery is selected based on the tumor’s location, size, and relation
to adjacent vessels and organs. The procedures vary in complexity and extent,
ranging from local tumor excision to total removal of the pancreas. The table
below summarizes the most common types of pancreatic surgeries used in
clinical practice.

6.1.2. Terminology and Classifications

This section introduces essential clinical terms and classification systems used
throughout this chapter. These concepts are key to understanding how surgical
outcomes are assessed in pancreatic operations, particularly when evaluating
the impact of ARAS on surgical performance.

Resection Margin Status (R-status)

In surgical oncology, the term “resection margin” refers to the edge of the
tissue that has been removed. Its status indicates whether the tumor was
completely removed.

• R0: No cancer cells are found at the resection margin. This indicates a
complete (curative) resection.
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Table 6.1.: Common Types of Pancreatic Surgery

Surgery Type Main Indication Part of Pancreas Removed

Whipple (Pancreatico-
duodenectomy)

Tumors in the head of the pan-
creas

Head

PPPD (Pylorus-
preserving Pancre-
aticoduodenectomy)

Head tumors, preserving stom-
ach function

Head (pylorus preserved)

Distal Pancreatectomy Tumors in the body or tail Body and/or tail (often with
spleen)

Total Pancreatectomy Diffuse disease or multicentric
tumors

Entire pancreas (plus surround-
ing organs)

Central Pancreatec-
tomy

Small, benign tumors in the
neck/body

Central part (neck/body)

Enucleation Small, benign or neuroendocrine
tumors

Tumor only, surrounding tissue
preserved

Appleby Procedure Locally advanced tumors with
arterial involvement

Tail + celiac axis (arterial resec-
tion)

DPPHR (Duodenum-
preserving Pancreatic
Head Resection)

Benign lesions in the head Head (preserving duodenum and
bile duct)

• R1: Microscopic cancer cells are present at the margin, suggesting in-
complete removal.

• R2: Visible (macroscopic) tumor remains. This is generally considered
a palliative, not curative, procedure.

In this study, we distinguish between R0 and R1 resections. Achieving an
R0 resection is a primary goal in pancreatic surgery because it is associated
with improved long-term survival.

ISGPS Definitions for Postoperative Complications

The International Study Group of Pancreatic Surgery (ISGPS) provides widely
accepted definitions for three common and critical complications following
pancreatic surgery:

1. Postoperative Pancreatic Fistula (POPF) A pancreatic fistula occurs
when pancreatic fluid leaks from the surgical site. The ISGPS categorizes this
condition as:

• Biochemical leak: Elevated enzyme levels in drainage fluid, without
clinical consequences.

• Grade B: Requires medical treatment or interventional drainage.

• Grade C: Severe, often requiring reoperation or intensive care, with
significant risk of mortality.
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2. Delayed Gastric Emptying (DGE) This refers to the stomach’s inability
to empty its contents in a timely manner after surgery.

• Grade A: Minimal symptoms, usually resolves without intervention.

• Grade B: Requires temporary reinsertion of a feeding tube or dietary
restrictions.

• Grade C: Severe delay, often requiring prolonged hospitalization or ad-
ditional treatment.

3. Postpancreatectomy Hemorrhage (PPH) This is bleeding that occurs
after pancreatic surgery.

• Grade A: Mild bleeding with no clinical impact.

• Grade B: Requires blood transfusion or radiologic intervention.

• Grade C: Life-threatening bleeding requiring emergency surgery or in-
tensive care.

Clavien–Dindo Classification of Surgical Complications

This classification system is used to grade the severity of all types of postop-
erative complications:

• Grade I: Minor deviation from the normal course, no intervention re-
quired.

• Grade II: Requires pharmacological treatment (e.g., antibiotics, trans-
fusions).

• Grade IIIa: Requires surgical or radiological intervention without gen-
eral anesthesia.

• Grade IIIb: Requires intervention under general anesthesia.

• Grade IV: Life-threatening complications requiring ICU care.

• Grade V: Death.

In this study, we used the following classification:

• Minor complications: Grades I to IIIa.

• Major complications: Grade IIIb and above.

Borderline Resectable Pancreatic Cancer

This term refers to tumors that involve nearby blood vessels (such as the
superior mesenteric vein or artery) but may still be operable with advanced
surgical techniques. These cases often require neoadjuvant chemotherapy
(chemotherapy given before surgery) to improve the chance of a complete
resection.
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Appleby Procedure

A radical surgical technique is used when the tumor invades major arteries.
It involves removing the distal pancreas along with the celiac axis (a major
arterial branch) and is typically reserved for patients with advanced, but po-
tentially resectable, pancreatic body tumors. This procedure requires detailed
vascular planning and high surgical precision, making it a prime use case for
ARAS.

6.2. Methodology

To assess the clinical and surgical outcomes of our AR Assistance System
(ARAS), we conducted a comparative study following the completion of its
clinical trial. This study aimed to evaluate the effectiveness of ARAS by
comparing the surgical outcomes of patients who underwent pancreatic surgery
with ARAS to those who underwent surgery without it.

The clinical trial was a single-center, prospective study initiated in Septem-
ber 2023. It enrolled 20 consecutive adult patients (aged over 18) diagnosed
with (borderline) resectable pancreatic tumors and scheduled for elective open
pancreatic resection. Upon the trial’s completion, these prospective cases were
compared to a retrospective cohort.

The retrospective data were sourced from a prospectively maintained database
and included 180 consecutive patients who underwent pancreatic resection be-
tween January 2018 and September 2024. Exclusion criteria included patients
who had undergone pancreatic enucleation, duodenum-preserving pancreatic
head resection, urgent surgery, previous open upper gastrointestinal proce-
dures, or laparoscopic pancreatic resections. After applying these criteria, 105
patients remained eligible for analysis.

To minimize selection bias and ensure comparability between groups, we
performed a matched-pair analysis. The 20 patients who underwent ARAS-
assisted surgery were matched in a 1:3 ratio with 60 patients who received
standard surgical care. Matching variables were selected based on factors
known to influence intraoperative outcomes, such as operative time and intra-
operative blood loss. These variables included sex, age (±5 years), body mass
index (BMI, ±5 kg/m²), American Society of Anesthesiologists (ASA) classi-
fication, tumor type, and type of surgery (standard vs. extended pancreatic
resection).

All procedures were conducted by the same experienced surgical team, and
the study adhered to the principles outlined in the latest revision of the Dec-
laration of Helsinki [13].

6.2.1. Measures and Collected Data

The primary aim of this study was to examine the effect of ARAS on intraop-
erative outcomes, including operation time (from incision to wound closure),
excessive intraoperative bleeding, and red blood cell (RBC) transfusion. Ex-
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cessive intraoperative bleeding was defined as blood loss exceeding 1,000 ml
during the surgery.

The collected data included preoperative measures and also intra- and post-
operative data. The preoperative data included patient demographics and
clinical characteristics, were recorded, including age, sex, BMI, ASA classifi-
cation, surgical indication, and any neoadjuvant chemotherapy received. Data
collected during surgery included the type of procedure performed, any ex-
tended organ resections (such as colon, liver, stomach, adrenal gland, kidney,
or small bowel), vascular resections (arterial or venous), and resection margin
status (R-status). Following surgery, the length of stays in both the intensive
care unit (ICU) and the hospital were documented. Postoperative pancreatic
fistula 18, delayed gastric emptying 19, and postpancreatectomy hemorrhage
(PPH) 20 were diagnosed and graded according to the criteria established by
the International Study Group of Pancreatic Surgery (ISGPS). Postoperative
complications were evaluated and categorized using the Clavien-Dindo classi-
fication 21. Minor complications included Grade I, II, and IIIa, while major
complications were those classified as Grade IIIb or higher. Mortality was
defined as any death occurring within 30 days postoperatively.

6.2.2. Patients and Demographics

A total of 80 patients were included in this study. Baseline demographic and
clinical characteristics are summarized in Table 6.2. The average age of the
patients was 67.4 ± 9.8 years, with 55.0% being female. Pancreatic adenocarci-
noma was the predominant indication for pancreatic resection, accounting for
75.0% (n = 60) of cases. There were no significant differences in demographic
variables, including age, sex, BMI, ASA class, and surgical indication, between
patients who underwent pancreatic resection with or without ARAS. Notably,
20.0% (n = 4) of patients in the ARAS group were diagnosed with borderline
resectable pancreatic cancer and received neoadjuvant chemotherapy, com-
pared to 6.7% (n = 4) in the control group (p = 0.085). Two of these ARAS
patients were diagnosed with pancreatic body cancer that had infiltrated the
celiac axis and common hepatic artery. After receiving neoadjuvant therapy,
they underwent an extended distal pancreatosplenectomy combined with en
bloc celiac axis resection (Appleby procedure, Table 2).

6.2.3. Statistical Analysis

Statistical analysis was conducted using IBM SPSS Statistics for Windows,
Version 29.0 (IBM Corp., Released 2022, Armonk, NY). Continuous data
were expressed as means ± standard deviations, while categorical data were re-
ported as frequencies and proportions. The comparison of continuous variables
was performed using Student’s t-test, and categorical variables were analyzed
using the chi-square test or Fisher’s exact test. A two-sided p-value of < 0.05
was considered statistically significant for all analyses.
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Table 6.2.: Demographic and Preoperative Clinical Data

Total ARAS Control

Variables (n = 80) (n = 20) (n = 60) p

Age (years) 67.4 ± 9.8 66.8 ± 9.7 67.7 ± 9.9 0.779

Sex 0.999

Female/male 44/36 11/9 33/27

BMI (kg/m2) 25.4 ± 3.1 25.7 ± 2.9 25.4 ± 3.5 0.622

ASA class 0.999

<Class 3 12 (15.0%) 3 (15.0%) 9 (15.0%)

≥ Class 3 68 (85.0%) 17 (85.0%) 51 (85.0%)

Indication for surgery 0.999

Benign 8 (10.0%) 2 (10.0%) 6 (10.0%)

Neuroendocrine tumor 12 (15.0%) 3(15%) 9(15%)

Pancreatic adenocarcinoma 60 (75.0%) 15 (75.0%) 45 (75.0%)

Neoadjuvant chemotherapy 8 (10.0%) 4 (20.0%) 4 (6.7%) 0.085

6.3. Results

6.3.1. Intraoperative Outcome

The majority of patients (70.0%) underwent pylorus-preserving pancreatico-
duodenectomy (PPPD). The mean operation time was 285.3 ± 72.7 minutes
(Table 2). Extended organ resection was performed in 40% of patients in both
groups. Although not statistically significant, a higher percentage of patients
in the ARAS group required vascular resection compared to the control group
(40.0% vs. 23.3%, p = 0.107). None of the patients in the control group
had arterial resection, whereas 15.0% (n = 3) of patients in the ARAS group
underwent this procedure due to tumor infiltration (p= 0.002). Nevertheless,
the operation time was significantly shorter in the ARAS group compared to
the control group (245.9 ± 50.6 minutes vs. 298.5 ± 74.5 minutes, p = 0.004).
While not statistically significant, it is clinically notable that the ARAS group
had lower rates of excessive intraoperative bleeding (5.0% vs. 21.7%, p =
0.089) and the need for intraoperative RBC transfusion (0.0% vs. 13.3%, p
= 0.085). Additionally, the ARAS group required significantly fewer RBC
transfusions during surgery (0.0 ± 0.0 units vs. 0.5 ± 1.4 units, p = 0.014).
None of the patients in the ARAS group had a positive resection margin (R1),
whereas 20.0% of patients in the control group were diagnosed with an R1
resection margin (p = 0.045).
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Table 6.3.: Intraoperative Data

. Bold value indicates all significant values with a two-sided P value less than
0.05. *Only patients with malignant tumors were ana-

lyzed (n = 72). PPPD indicates pylorus-preserving pancreaticoduodenectomy.

Total ARAS Control

Variables (n = 80) (n = 20) (n = 60) p

Type of surgery 0.944

PPPD 56 (70.0%) 14 (70.0 %)

Distal pancreatectomy 12 (15.0%) 3 (15.0%) 9 (15.0%)

Total pancreatectomy 10 (12.5%) 1 (5.0%) 9 (15.0%)

Appleby procedure 2 (2.5%) 2 (10.0%) 0 (0.0%)

Extended organ resection 32 (40.0%) 8 (40.0%) 24 (40.0%) 0.999

Vascular resection 21 (26.3%) 8 (40.0%) 13 (21.7%) 0.107

Arterial 3 (3.8%) 3 (15%) 0 (0.0%) 0.002

Venous 19 (23.8%) 6 (30.0%) 13 (21.7%) 0.448

Excessive intraoperative bleeding (≥1000 mL) 14 (17.5%) 1 (5.0%) 13 (21.7%) 0.089

Intraoperative RBC transfusion

Patient 8 (10.0%) 0 (0.0%) 8 (13.3%) 0.085

Unit 0.4 ± 1.3 0.0 ± 0.0 0.5 ± 1.4 0.014

Operation time (min) 285.3 ± 72.7 245.9 ± 50.6 298.5 ± 74.5 0.004

Positive resection Margin (R1)* 11 (15.3%) 0 (0.0%) 11 (20.0%) 0.045

6.3.2. Postoperative Outcome

As shown in Table 3, the ARAS group had a significantly shorter hospital stay,
averaging four days less than the control group (13.8 ± 6.6 days vs. 17.9 ± 8.2
days, p = 0.046). There were no statistically significant differences between
the groups in the rates of postoperative pancreatic fistula (p = 0.620) and
delayed gastric emptying (p = 0.696). PPH occurred in 11.3% of patients (n
= 9), with only 3.8% classified as grade C PPH. The rate of PPH was lower
in the ARAS group (5.0% vs. 13.3%, p = 0.307), and none of the ARAS
patients experienced grade B/C PPH. Major morbidity occurred in 17.5% of
patients (n = 14), with a lower incidence in the ARAS group compared to
the control group (10.0% vs. 20.0%, p = 0.308). The 30-day mortality rate
was 6.3% (n = 5), with no significant difference between the groups (p =
0.790). Only one patient in the ARAS group died; this patient had an ar-
terial anomaly, including an accessory right hepatic artery originating from
the superior mesenteric artery, and underwent extended organ resection and
portal vein reconstruction. The ARAS technique provided excellent vascular
identification, resulting in a 292-minute operation time and 400 ml of blood
loss during surgery. Unfortunately, the patient developed severe postoper-
ative pneumonia and respiratory insufficiency and died eight days after the
operation.
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Table 6.4.: Postoperative Data. Bold value indicates all significant values with a
two-sided p value less than 0.05. *Based on the ISGPS definition, 10
patients who underwent total pancreatectomy were excluded from this
analysis. †Based on the ISGPS definition. ‡≥ Gade IIIb based on the
Clavien-Dindo classification.

Total ARAS Control

Variables (n = 80) (n = 20) (n = 60) p

CU stay (days) 3.4 ± 1.3 2.6 ± 5.2 3.7 ± 5.1 0.415

Hospitalization (days) 16.9 ± 8.0 13.8 ± 6.6 17.9 ± 8.2 0.046

Postoperative 11 (15.7%) 2 (10.6%) 9 (17.6%) 0.739

pancreatic fistula*

Biochemical leak 4 (5.7%) 1 (5.3%) 3 (5.9%) 0.449

Grade B 4 (5.7%) 1 (5.3%) 3 (5.9%)

Grade C 3 (4.3%) 0 (0.0%) 3 (5.9%)

Delayed gastric emptying† 10 (12.5%) 2 (10.0%) 8 (13.3%) 0.696

Grade A 7 (8.8%) 1 (5.0%) 6 (10.0%) 0.756

Grade B 3 (3.8%) 1 (5.0%) 2 (3.3%)

Postpancreatectomy hemorrhage† 9 (11.3%) 1 (5.0%) 8 (13.3%) 0.307

Grade A 2 (2.5%) 1 (5.0%) 1 (1.7%) 0.374

Grade B 4 (5.0%) 0 (0.0%) 4 (6.7%)

Grade C 3 (3.8%) 0 (0.0%) 3 (5.0%)

Major morbidity‡ 14 (17.5%) 2 (10.0%) 12 (20.0%) 0.308

30-day mortality5 (6.3%) 1 (5.0%) 4 (6.7%) 0.790

6.4. Discussion

In recent years, the introduction of more efficient neoadjuvant chemotherapeu-
tic regimens for patients with borderline resectable pancreatic cancer has in-
creased the hope that a greater number of patients may become eligible for po-
tentially curative resections [79, 102]. However, many of these patients present
with arterial involvement, necessitating radical pancreatic surgery, which is as-
sociated with a high risk of intraoperative complications [103, 181, 274]. Such
complex procedures require a surgeon with substantial expertise in hepatopan-
creatobiliary surgery [204]. Despite this expertise, translating preoperative 2D
CT imaging to the intraoperative setting remains a significant challenge. To
enhance intraoperative vascular identification and improve surgical outcomes,
we introduced ARAS, which has shown notable accuracy and effectiveness in
ensuring precision and safety during vascular preparation and dissection (see
Chapter 5). In this study, patients in the ARAS group experienced signifi-
cantly shorter operation times compared to the control group, with an average
reduction of approximately 50 minutes, a difference of notable clinical impor-
tance. It is important to highlight that the proportion of borderline resectable
patients in the ARAS group was three times higher than in the control group,
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and the rate of vascular resections was twice as high in the ARAS group.
These factors have been shown to be associated with poorer perioperative and
oncological outcomes [131, 181]. Nevertheless, although not statistically sig-
nificant, the ARAS group experienced a lower rate of excessive intraoperative
bleeding (5.0% vs. 21.7%). Additionally, none of the patients in the ARAS
group required intraoperative RBC transfusions. These presented patients’
outcomes lie within the range of previously published literature. Moreover,
none of the patients in the ARAS group were diagnosed with a positive re-
section margin (R1). One of the most critical challenges in radical pancreatic
surgery is the complete removal of the tumor and peripancreatic tissue while
preserving the surrounding blood vessels [243]. Achieving this requires the to-
tal mesopancreas excision and precise preparation and skeletonization of vital
peripancreatic vascular structures, such as the superior mesenteric vein and the
right edge of the superior mesenteric artery, which is essential for a complete
resection. Previous studies have demonstrated improved oncological outcomes
in patients undergoing such radical procedures [42, 126, 243]. However, these
procedures are typically associated with a higher incidence of intraoperative
complications. ARAS, as a wearable AR-based navigation system, allows for
the immediate registration of 3D models and accurate identification of vascu-
lar structures. It can also be continuously employed throughout the operation
(especially the resection phase) if needed. We believe that utilizing these fea-
tures of ARAS led to safer and more effective tumor removal, particularly from
the critical area surrounding the right edge of the superior mesenteric artery,
and thereby improved resection margin outcomes with a lower incidence of
perioperative complications. Furthermore, PPH is the most serious complica-
tion following pancreatic resection. Although PPH is a rare complication in
high-volume centers, mortality rates for patients with PPH have been reported
to be as high as 88% [23]. Although not statistically significant, patients in
the ARAS group experienced approximately threefold fewer instances of PPH
compared to the control group. Only one patient in the ARAS group developed
grade A PPH, who did not require any additional intervention. Additionally,
the rate of major morbidity was twice as low in the ARAS group. As a result
of these improved outcomes, the duration of hospital stay was significantly
shorter in the ARAS group. Despite these promising results, there are certain
limitations applied. Firstly, the sample size was small, and the study was
not conducted as a randomized controlled trial. To minimize potential biases,
we designed and conducted the ARAS study prospectively and performed a
matched-pair analysis for data comparison.

Taken together, these clinical outcomes provide compelling evidence that
ARAS offers meaningful benefits beyond the controlled environment of tech-
nical evaluation. The observed improvements in operative time, blood loss,
transfusion rates, and resection margins, despite a higher proportion of com-
plex cases, demonstrate the system’s practical utility in high-stakes surgical
settings. Most importantly, these findings validate the translational value of
our engineering approach. By enhancing surgical precision and safety, ARAS
has the potential to significantly improve patient outcomes in real-world clin-

134



6.4. Discussion

ical practice.
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As AR systems become increasingly integrated into high-stakes environments
like healthcare, their effectiveness depends not only on what they display but
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also on how and when that information is presented. Without intelligent filter-
ing and contextual awareness, even well-designed visual aids can contribute to
cognitive overload, ultimately distracting rather than supporting users during
critical tasks.

As outlined in Chapter 3, the selection of appropriate interaction modal-
ities is a key determinant of user performance and system usability in XR
applications for the medical domain. This becomes particularly crucial in
surgical contexts, where spatial constraints, user-specific limitations, and el-
evated cognitive demands intersect, posing significant challenges to effective
human–system interaction.

This chapter investigates the feasibility of integrating Large Language Mod-
els (LLMs) to enhance the usability and intelligence of AR-based surgical
navigation systems. It demonstrates how LLMs can not only reduce users’
cognitive load and improve task efficiency but also streamline system develop-
ment by enabling dynamic orchestration of modular functionalities to support
more context-aware and adaptive behavior.

The content of this chapter covers the following publication:

1. Javaheri, Hamraz, Omid Ghamarnejad, Paul Lukowicz, Gregor
Alexander Stavrou, and Jakob Karolus. “LLMs Enable Context-
Aware Augmented Reality in Surgical Navigation.” DIS25, De-
signing Interactive Systems Conference, 5-9 July 2025, Funchal,
Madeira.

This work was awarded with “Honorable Mention Award” during DIS’25
conference in Funchal, Portugal where it was first presented.

7.1. Background

Wearable AR has become a technology with vast potential for surgical naviga-
tion systems, promising enhanced precision and real-time guidance for medical
professionals. Despite its promising capabilities, the effective integration of
AR in critical domains, such as open surgery, has faced delays and notable
challenges compared to other professional fields [71, 81]. One of the challenges
associated with this integration delay is the current limitations in usable in-
teraction methods to control the system [47, 93, 225] that could be easily used
and adapted to critical domains [52].

The interaction techniques used in wearable AR technologies might vary
depending on the task and used modalities [108]. While many interaction
modalities could be used for a range of tasks in non-critical medical domains,
such as training and simulations[5, 135], the options for hygienic and sterilized
surgical environments remain very restricted. Among different interaction and
control modalities, hand, voice, and foot input became possible options for
interactions in the surgical environment as they do not require any direct
contact with foreign objects [106]. Despite the usability of these interaction
methods, the environmental limitations during the surgical theater might not
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always allow practical usage of all these input modalities [176, 266]. Moreover,
the limited number of different gestures that could be performed using only
hand or foot inputs might restrict the system features [108] when compared
to voice.

Among alternative interaction methods, voice-controlled assistants using
speech commands stand out as a viable option, offering a hands-free and
potentially intuitive means of interacting with AR systems during surgical
procedures [27, 106, 108, 176]. While impressive in their ability to respond
to speech commands, often lack contextual understanding and adaptability
[95]. Furthermore, relying solely on speech commands presents its own set of
challenges, including the need to implement distinct keywords for each cus-
tom functionality, consequently increasing the complexity of the application
for users [176]. In domains where simplicity, efficiency, and ease of use are
mandatory, such as in critical surgical settings, introducing additional work-
loads or time-consuming processes may compromise the technology’s adoption
and effectiveness.

On the other hand, the employment of voice input beyond using only speech
commands and more as a natural interaction to control and communicate with
the system gathered extensive attention in the research. While the majority of
applications focused on using voice in combination with other input modalities
[118, 152, 192], the recent speech recognition algorithms and natural language
processing provided mediums to use voice-based interaction as the sole input
modality [253]. With the latest development of smart assistant systems and
natural communication schemes through speech, voice input became popular,
especially where other input modalities could not be used [112]. With the
outbreak of LLM, new possibilities have emerged to use natural communica-
tion schemes for interaction with assistant systems. Mahmood et al. [165]
presented a LLM-powered conversational voice assistant that could be used
in different areas. The combination of speech input and LLMs could also be
used to achieve smarter assistant systems to control the system and perform
certain system functionalities, as it was demonstrated by Dong et al. [63].

Despite recent improvements in interaction methods for AR applications
[192], and in voice-controlled assistant systems[70], a gap still exists in the
feasibility of using these techniques for critical domains, such as surgical nav-
igation systems [52, 225]. The unique challenges presented in such vital do-
mains have not yet received sufficient attention.

7.2. Methodology

In this work, we focused on finding an optimal interaction method for ARAS
(Chapter 5) specifically designed for open pancreatic surgery, addressing the
challenges associated with the impracticality of common input modalities in
confined surgical spaces. This led us to explore and evaluate voice control
(VC) methods for a more practical and efficient user experience in this surgical
context. To guide our research, we addressed the following research questions
over five consecutive phases as depicted in Figure 7.1.
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Pre-design

Demographics, 
observations, 
interviews 

Design and 
development of 

VCUI

Preliminary experiments

User study 
(simulated):                    

Speech commands 
vs. LLM

Demographics, 
NASA-RTLX, SUS, 
interviews

Refinements
Case study                

(clinical evaluation):               
Speech commands vs. 

LLM

Interviews

Figure 7.1.: Chart showing different phases of our work from pre-design till the case
study involving a clinical trial and associated data collection for each
phase.

Research Questions (RQs):

1. What are the user and field-specific requirements in terms of in-
teraction methods for an AR-based surgical navigation system?

Objective: To gather insights from surgeons to inform the design
of the user interface and interaction with the AR system, ensuring
it meets their practical requirements and enhances their ability to
perform the surgery.

Method: Observations, interviews with surgeons, along with de-
mographics of participating surgeons.

2. How feasible is an LLM-based VUI for a surgical AR system, and
how does it impact the user’s cognitive load? How does this ap-
proach compare to previously tested VC methods, such as speech
commands?

Objective: To gather insights from surgeons about the usability,
cognitive workload, and their assessment of the LLM-based VUI
method and compare it to the previously employed approaches.

Method: User study with surgeons in a simulated scenario involv-
ing surgically relevant system interaction tasks. Data collection
using NASA RTLX [105], and system usability scale (SUS) [30],
and post-study interviews with surgeons, along with demographics
of participating surgeons.

3. How feasible is the LLM-based VUI in the users’ end setup dur-
ing surgery compared to speech commands? What are the users’
(surgeons’) reflections?

Objective: To gather insights from field surgeons about the us-
ability of each VUI in an ecologically valid setup that involves
highly stressful situations.
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Method: Case study involving the employment of both VUIs,
each in a pancreatic surgery session, and conducting postoperative
interviews with surgeons about the interaction method used to
control the surgical AR system.

We began our investigation by exploring the user and domain-specific re-
quirements for a VUI for ARAS by interviewing experts from the field. Con-
sequently, we developed two non-conversational VUIs. Following the previous
works on clinically tested voice interaction methods, our first VUI utilizes
speech recognition and speech commands [60, 229] and serves as our baseline.
The second VUI incorporates speech recognition, an LLM, and natural com-
munication schemes to control the system. Internally, both VUIs have access
to the same set of system functions of ARAS. In our first user study, we ex-
plored the usability of each VUI in a simulated environment and compared
their performance in terms of added workload on surgeons while performing
surgically relevant tasks, their usability, and conducted semi-structured inter-
views with participating surgeons. Finally, after proving the usability of both
methods, we tested both VUIs in an ecologically valid environment during a
clinical trial and conducted interviews with surgeons.

In this work, we solely focused on evaluating our proposed LLM-based VUI
for ARAS in a time-critical domain, specifically in pancreatic surgery, and
compared our approach to a conventional VUI using speech commands. The
system design and evaluation are covered in Chapter 5.

7.3. Design and Development of LLM-Based System
Interaction

Motivated by the interview outcomes from ARAS clinical trials and identified
environmental and technical challenges, we further investigated the ways of
optimizing the system interaction. We developed a new approach using LLM
and a natural communication scheme and compared it with our previously
tested VC methods for ARAS using speech commands. These speech com-
mands included a total of 34 unique keywords that were assigned to trigger
the system functionalities. The detailed on system design are given in Sec-
tion 5.3. The list of used speech commands and their functionalities is also
previously provided in Table 5.2 and Table 5.4.

Our new approach using LLMs included a system framework to automati-
cally execute system functions upon user query stated via natural speech and
speech recognition using the same Windows speech recognition service as the
speech commands method [116]. We implemented a GPT communicator layer
for Unity in C# to facilitate external API calls to chat-GPT from Unity and
used GPT-3.5-turbo model to process the user request and return the system
functions. Our LLM-based VUI framework consisted of four main components:
a dynamic initial prompt generator, a dictation service, a response handler,
and a GPT 3.5 model (Figure 7.2).
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Figure 7.2.: Overview of LLM-based VC framework. The system begins with load-
ing patient files and function descriptions to generate an initial prompt.
The system functions are then called in response to the user’s query via
speech.
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We developed an adaptive prompt generator to dynamically create initial
prompts specific to each patient, aiming to provide patient-specific contextual
information while defining the task for the LLM.

We used the patient’s specific 3D model meshes to calculate the proximity
and relational distance of each 3D object in the model, such as vessels and
tumors, to other structures. We further provided the system with the pa-
tient diagnosis and surgical resection guidelines, along with a list of system
functions, and heuristic examples (Figure 7.2).

To mitigate hallucinations by LLMs, as demonstrated in other related stud-
ies [91, 153, 276], we implemented an auto-repeat function that resends the
initial prompt to the chat. Our preliminary experiments revealed that the ac-
curacy of LLM outputs decreases as more user inputs are added, causing the
model to lose the context of the initial prompt, which contains critical patient-
specific information and the main task. This leads to increased hallucination
in the generated responses.

To counter this effect, we developed a mechanism that periodically reminds
the LLM of the task and relevant information by resending the initial prompt
after each user input. Once the user’s request is processed, this reminder
prompt is automatically sent to the chat, ensuring that the model retains the
original context without the user noticing.

As a safeguard for hallucinations that resulted in non-accurate response from
LLM, we have implemented a reset function that would be used to correct the
initial prompt and reset the chat. Like other system functionalities, the LLM
could call upon this function based on the context of the user query. Users were
informed about this functionality and instructed that if the system executed
an incorrect or unexpected action, they could notify the LLM and specify the
correct response for that situation. Apart from this reset function, no extra
function or direct annotation to the study tasks (Section 7.4.1) was included
in the initial prompt to avoid potential performance bias for the sake of the
study.

As the GPT model only receives data in text format, we generated a JSON
file containing all this information, along with the requested task to return the
appropriate system functions and variables based on the given sentence. The
JSON format used for the initial prompt is given in Listing 7.1.

1

2 Initial_prompt = {

3 ‘‘description ’’: ‘‘Depending on given sentences, Return

4 only appropriate method or methods from the executable

5 methods list without explanation.’’,

6 ‘‘executableMethods ’’: [

7 ‘‘function_A(variables)’’, ..., ‘‘function_X(variables

)’’],

8 ‘‘organTypes ’’: [

9 ‘‘Organ_A ’’, ..., ‘‘Organ_X ’’],

10 ‘‘OrganCategories ’’: [

11 ‘‘Category_A ’’, ..., ‘‘Category_X ’’],

12 ‘‘distanceData ’’: [
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13 ‘‘ Organ_A ’’: { ‘‘ Organ_A ’’: xx, ..., ‘‘ Organ_x ’’:

xx},

14 ...,

15 ‘‘ Organ_x ’’: {‘‘ Organ_A ’’: xx, ..., ‘‘ Organ_x ’’: xx

}],

16 ‘‘guidelines ’’: [

17 ‘‘rule_A ’’:‘‘ description of rule_A,

18 ...,’’

19 ‘‘ rule_x ’’:‘‘ description of rule_x ’’ ],

20 ‘‘sentencesAndResultsExamples ’’: [

21 { ‘‘sentence ’’: ‘‘Show me all of the arteries ’’,

22 ‘‘result ’’: ‘‘function_{xx} (variable_xx)’’

23 },

24 ...,

25 { ‘‘sentence ’’: ‘‘Show me the infiltrated vessels ’’,

26 ‘‘result ’’: {‘‘function_{yy} (variable_y1,

variable_y2)’’,

27 ..., ‘‘function_{yy} (variable_y1, variable_y2)’’

}}]

28 }

Listing 7.1: Jason format used for sending initial prompt to GPT model.

After successful initialization, the user could send a request to the appli-
cation through a voice query using a natural communication scheme. The
dictation is activated using a single speech command called “Assistant” to
avoid false queries. After activation of the dictation system, the system starts
listening to the user’s query. During preliminary testing, we observed that
most of the requests from users to the LLM last around ten seconds. There-
fore, we set the default listening time to ten seconds. However, if the ten
seconds are exceeded and the user is still speaking, the system would wait
for two seconds of silence before sending the query to the LLM. This way,
we made sure that the system would at least listen to the user query for ten
seconds while also allowing for longer queries. The transcribed user query
would then be formatted to JSON and sent to the GPT model via the GPT
communicator. Upon receiving the response from GPT, the response is first
validated, and if there is no error in the received format or a request to reset
the chat by LLM due to the user’s correction, then associated system functions
are executed and presented to the user.

If there is a call to reset among the received functions from LLM, then the
system stores the user interaction example along with the correction that the
user provided to LLM. The active chat would be terminated, another initial
prompt would be generated using the recently added user example, and a new
chat would be initiated.

In addition, similar to tooltips used in the speech commands approach, we
designed a virtual panel (Figure 7.3) to provide a real-time transcription of
the user’s voice input and to provide visual feedback about the recognition
of the user’s query. This decision was made to show the user the recognized
request and give the user a chance to correct it if it was detected incorrectly.
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Figure 7.3.: A captured image from the AR surgical assistance system using LLM-
based VUI. The manikin and transcription panel were used in the first
study to simulate the visualization of the overlayed patient-specific 3D
model during the surgical session.

7.4. User Study 1: Evaluation During Simulated Surgical
Scenarios

We employed a mixed-method evaluation approach, integrating both qualita-
tive and quantitative data analyses, to comprehensively assess the feasibility
of our proposed LLM-based VUI and draw comparisons with the VUI method
utilizing speech commands. In this study, we compared and evaluated both
methods in a simulated lab environment, focusing on our two research ques-
tions (RQ2). We conducted a within-subject study, where all participants
experienced both VUI (LLM and speech commands) for two different patient
cases. To avoid potential bias, the order of the VUI and the patient case was
counterbalanced.

7.4.1. Study Design

Aligned with ARAS’s primary function, the study tasks focused on adjust-
ing the visualization of 3D model segmentations to guide various phases of
surgery. This approach aimed to test the VUIs within their relevant context
in a controlled, simulated environment.

Even though the tested system’s functionality was limited, this task de-
sign aimed to focus more on interaction with the system as a result of cogni-
tively challenging tasks, which would be the normal case during the pancreatic
surgery. The decision to trigger different system functions to visualize various
combinations of structures depended on several factors, such as the relation-
ship between structures and the tumor, patient history, surgical guidelines, and
the current stage of the surgery. Any unnecessary virtual objects or structures
visible in the AR view could confuse the surgeon or unnecessarily occlude the
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view. It is worth noting that while it is possible to implement separate func-
tions for certain predefined guidelines, often the decision of which structure
combination to visualize is not definite, hard to implement, requires processing
power on the operating device, and highly varies depending on each patient
case and the stage of the operation.

Given the multifaceted nature of pancreatic surgery, which is divided into
consecutive sessions for the preparation and resection of the vascular system
and pancreas organ infiltrated with the tumor, we tailored the tasks to align
with the interaction with the system during these distinct stages of each in-
traoperative session.

The task designs and their execution order were advised by experienced
surgeons to simulate the progression of pancreatic surgery and the associated
workload on surgeons. This approach aimed to replicate the decision-making
process, considering the varying cognitive difficulty levels involved in identify-
ing vital structures at different stages of the surgery.

The first two tasks targeted the commonly used first surgical approaches;
therefore, the names of the structures to be visualized were given in the task
description. Tasks 3 and 4 are performed in occasional situations based on the
progress of the operation; however, due to the fix procedure performed in these
tasks, the names of the essential structures to be visualized were also given in
the task description. Tasks 5 and 6 were designed to address later stages of the
operation, where the surgeon is required to make complex decisions on which
structures need to be observed to guide a critical phase of the operation, such
as the tumor resection phase. Therefore, in these last two tasks, the names
of the structures to be visualized were neither given in the task description
nor were annotated in the system, as the decision on which structure to be
visualized is subjective to the surgeon and might vary. While task 5 focuses on
visualization of the structures that are affected by the tumor, task 6 focuses on
visualization of the structures that need to be removed along with the tumor,
which is not always limited to those structures affected by the tumor. The
task descriptions were as follows:

Tasks:

1. Kocher maneuver: During this task, participants were asked
to only enable the visualization for the following structures: the
tumor, inferior vena cava, and portal vein [263].

2. Preparation of the hepatoduodenal ligament: During this
task, participants were asked to enable visualization for the fol-
lowing structures: portal vein, hepatic artery, and gastroduodenal
artery [263].

3. Uncinate-first approach: During this task, participants were
asked to enable visualization for the following structures: tumor,
portal vein, and superior mesenteric artery [263].
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4. Artery-first approach: During this task, participants were
asked to enable visualization for the following structures: hepatic
artery, gastroduodenal artery, celiac trunk, and superior mesen-
teric artery [263].

5. Tumor infiltration: Participants were asked to only enable
only those structures that are infiltrated by the tumor. They were
free to look at the CT images to decide or observe the 3D model,
as it would be the case for the real surgery.

6. Complex surgical decision: During this task, the participants
were asked to evaluate and make decisions about which structures
should be resected (surgically cut or removed along with the tumor
to secure patient safety) during the pancreatic resection and only
enable the visualization of those structures.

During this study, we used a medical manikin to simulate the surgical sce-
nario where the AR assistance system (Figure 7.3). We used the reconstructed
3D models of two real patients with complex pancreas tumor localization with
vascular involvement to efficiently address all the above-mentioned tasks. Both
study groups included both patient cases. The participants were asked to stand
around the table where the manikin was placed and position themselves as the
lead surgeon (Figure 5.12, surgeon number 1), as the main decisions during the
surgery and the above-mentioned tasks are usually performed and are decided
by the lead surgeon.

7.4.2. Measures and Data Analysis

We used quantitative and qualitative measures to evaluate different VUIs.
TCT (measured in seconds) was recorded for each performed task. We also
recorded the attempt count for the successful completion of each task.
We used the SUS [30] and NASA-RTLX [105] questionnaires to evaluate

system usability and perceived cognitive workload after the completion of all
tasks using each VC method. We concluded with a semi-structured interview
with each participant to gather qualitative insights about their experiences
with each method.
To analyze the quantitative data, we formulate the following hypotheses:

Hypotheses (Hs):

1. The LLM-based VC leads to lower task completion times.

2. The LLM-based VC leads to lower cognitive load as measured by
NASA-RTLX.

3. The LLM-based VC has better usability as measured by SUS.

After confirming the normality of the data, we thus conducted a one-tailed
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paired t-test to confirm or reject our hypotheses. For H3, we conducted a one-
tailed Wilcoxon signed rank test instead, since data normality was violated.
All interviews were transcribed verbatim. Given the volume of the data,

we followed the pragmatic approach to qualitative analysis as recommended
by Blandford et al. [26]. Initially, two researchers analyzed 25% portion of
the data. Following this, we created a preliminary coding framework through
iterative discussions. The remainder of the interview data was then divided
equally among the two researchers for coding. In a concluding discussion, we
refined the coding framework further and identified overarching themes.

7.4.3. Procedure

The study procedure started with participants completing demographic ques-
tionnaires to provide essential background information. To mitigate order
bias and potential learning effects, all participants engaged with both studied
VUIs in a counterbalanced order with a different case for each VUI. Prior
to task execution, participants were familiarized with the AR system and its
functionalities using each VUI. Data recording was initiated after participants
confirmed their ability to successfully interact with the system. Each par-
ticipant systematically performed all experiment tasks for two sessions, each
session using a different VUI and a different patient case. Task progression was
subject to verbal confirmation from the participant regarding the accurate vi-
sualization of structures. Upon completion of the six tasks in each session, par-
ticipants were prompted to fill out paper-printed questionnaires asking them
to specifically answer the questions considering the experienced VUI but not
the patient case. After completing both sessions, a brief semi-structured inter-
view was conducted to gather insights about participants’ opinions regarding
each VUI. The whole study took approximately 40 minutes per participant.
The study received the approval of the [removed for review] ethical committee
board, ensuring that all aspects of the research adhered to established ethical
guidelines.

7.4.4. Participants

Our study included nine volunteer experienced surgeons with a mean age of
42.44 (SD = 7.49) and 14.33 (SD = 7.35) years of average surgical experience.
We compared the participant number with the participant number required
for a usability evaluation. The number of participants in this study falls above
the acceptable range of 4 ± 1 [37, 113], considering their high expertise in the
field. The detailed characteristics of the participants are given in Table 7.1.

7.4.5. Results

Quantitative Measures: TCT, NASA-RTLX, SUS

The participants completed all six tasks using both methods: LLM, with a
mean attempt count of 1.074 (SD = 0.328), and speech commands, with a
mean attempt count of 1.370 (SD = 0.784) for successful completion. As
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Table 7.1.: Participant Characteristics (N=9). Likert scale values range from 1 to
5, with 1 being the least and 5 being the most frequent or proficient. SD
= Standard deviation

Characteristic Mean SD

Age (years) 42.44 7.49

Surgical Experience (years) 14.33 7.35

How many times used AR (1-5 Likert Scale) 3.00 1.50

How many times used LLM (1-5 Likert Scale) 2.78 1.20

English Proficiency (1-5 Likert Scale) 3.89 0.60

shown in Figure 7.4, individual one-tailed paired t-tests revealed that the
LLM-based VC method yielded a significantly lower TCT for all tasks: Task
1 (t(8) = −3.04, p < .01), Task 2 (t(8) = −2.33, p < .05), Task 3 (t(8) = −2.60,
p < .05), Task 4 (t(8) = −2.56, p < .05), Task 5 (t(8) = −4.34, p < .01), and Task
6 (t(8) = −4.16, p < .01). This result confirms H1.

The overall NASA-RTLX score was significantly lower for the LLM-based
approach (t(8) = −2.24, p < .05), confirming H2. Specifically, it scored signifi-
cantly lower for the subscales mental demand (t(8) = −2.71, p < .05), physical
demand (t(8) = −2.35, p < .05), and effort (t(8) = −2.36, p < .05). We found no
significantly lower score for LLM-based VUI for the other subscales, temporal
demand, performance, and frustration. A visualization of this result can be
found in Figure 7.5.
Using Bangor et al. [18] rating scale, the LLM-based VUI was classified as

“excellent” with a SUS score of 87.78, and VUI using speech command was
classified as “good” with and 79.17 SUS score. Despite the better performance
of LLM, it did not yield a statistically significant higher SUS score. Thus, H3
could not be confirmed.

Interview Findings

Our analysis identified three main themes: User preferences and experience,
context of use, and limitations and future improvements
User Preferences and Experience: Participants generally expressed a

strong preference for the LLM VUI over traditional speech commands. They
appreciated the flexibility and intuitiveness of the LLM, which allowed for
more natural communication and seemed to reduce stress by accommodating
various phrasings and intents without requiring specific keywords.
One surgeon reflected on the ability to articulate complex queries and receive

accurate, contextually relevant information, which was particularly valued in
high-stakes environments like operating rooms, saying:

“I personally think it’s much less stressful to have such lan-
guage support because I can say whatever I want, however I want
to phrase it, and the system realizes what I want.” (P1)
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Figure 7.4.: Task completion times for each task given the different VC methods
(LLM, Speech commands). LLM yielded significantly lower completion
times for all tasks (marked with * for p < .05 and with ** for p < .01).
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Figure 7.5.: NASA-RTLX score given both interaction methods (LLM, Speech com-
mands). LLM yielded a significantly lower score (marked with *).

Furthermore, they emphasized that not only did the LLM-based VUI provided
a more natural way of communicating with the system, but it also helped them
to reduce the burden of thinking and making decisions about the requirements
of the task by performing context-aware function calls. P2 pointed out this
aspect, stating:

“For example, for tumor infiltrations, you have to first look at the
tumor and which vascular system is infiltrated, then tell each time
what to open or turn on [Speech Commands]. That’s why I think
it was much better with LLM, with a large language model, because
I simply asked and that showed.” (P2)

Context of Use: The interviews revealed that, while both VUIs are
usable, the specific context and situations in which the system is employed
may highlight the unique potential of each method. While the LLM-based
method could be highly beneficial in stressful and time-critical conditions,
the speech command might be a better option for surgeries that do not have
time-criticality. P8 and P9 highlighted this by the following statements:

“It depends on the time I have to use. So, for example, if you say
there’s an emergency, see, then I would prefer the AI [LLM]. In
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Figure 7.6.: Scores for individual NASA-RTLX subscales given both interaction
methods (LLM, Speech commands). LLM yielded significantly lower
scores for physical demand, mental demand, and effort (marked with
*).

obesity surgery, I have time. I have no emergency. So I don’t have
a tumor, and I have more time. In the process of the operation,
you can say remove this, remove that. So step by step [Speech
Commands].” (P9)

“If the patient bleeds, even a few seconds wait is already annoying
(...) nevertheless, even with bleeding I find the second one better
[LLM], because you can say directly what you want to see without
thinking.” (P8)

Limitations and Future Improvements: The interviews revealed the
importance of accurate dictation and robust speech recognition service for both
VUIs. The visual feedback on the real-time transcription of the user query in
the LLM-based method caused extra confusion, showing the potential misjudg-
ment about the system’s capability by the user. As users attempted to correct
misinterpreted words upon observing incorrect transcriptions, the clarity of
their requests diminished, leading to decreased performance in triggering the
relevant functions by the LLM. Conversely, the LLM would typically mitigate
such errors by interpreting them as typographical mistakes, thereby maintain-
ing higher accuracy in understanding and responding to user commands. P4
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pointed out this matter by raising attention to the system’s capability being
affected by misinterpreted words due to the different pronunciations, saying:

“The less I say, it’s supposed to be easier for the system to
understand me, right? I don’t know. I was thinking that when I
say too much, the system doesn’t understand me because I said too
much. With shorter words, you minimize the misunderstanding
when someone pronounces it differently.” (P4)

The surgeons also raised concerns about the default listening time that was
set in the LLM-based approach. P3 suggested adopting an approach where
the initialization and ending of the listening time could be activated by some
keywords to refrain from waiting if the query time is less or longer than the
default listening time, saying:

“For example, you say assistant or something to begin. But can
I also say end of sentence or so that I don’t have to wait those
couple of seconds.” (P3)

Additionally, participants mentioned that the LLM-based VUI required a
clear statement of the request. Despite the ease of use, the interaction would
be even easier over time as one would learn how to clearly phrase their request.
P3 reflected on this saying:

“When I tried the second one [LLM], with the AI, I think it’s
even easier to use if you’ve done it before. Then you have the rou-
tine of what you have to say so that the device understands what
I want, and then it’s easier and quicker. I mean how I should for-
mulate my question so that the system understands me and shows
the result that I want.” (P3)

7.4.6. Implications

Our study comparing LLM-based VUI to a VUI using speech commands has
revealed implications for the integration of such technologies into surgical set-
tings. These implications highlight the potential benefits and necessary refine-
ments for practical application:

Potential superiority of LLM-based approach in critical surgical
moments: The LLM-based approach demonstrated advantages, particularly
when a decision-making situation was involved. It exhibited significantly re-
duced execution times across various tasks. As tasks increased in cognitive
demand, particularly in Task 5 and Task 6, the disparity in execution times
became more pronounced, reflecting the challenge of mental workload and
decision-making when using speech commands. Moreover, assessments of cog-
nitive load indicated a lower mental demand with the LLM-based approach.
This convergence suggests that LLM-based VUI could offer a superior op-
tion in real surgical environments, where timely decisions are required during
constrained time frames.
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Need for system refinements prior to real-surgery evaluation: How-
ever, our findings also illuminate areas necessitating refinement before practi-
cal deployment in surgical settings. The real-time transcription panel intro-
duced confusion as users attempted to rectify misinterpreted words, compro-
mising the clarity of the sentence context. Additionally, while LLM-based VUI
facilitated quicker task completion, further enhancements in dictation service
are essential to mitigate any remaining delays and optimize task execution
times.

7.5. Case Study: Evaluation During Actual Surgery

Following the proven usability of both VUI systems in our initial user study
(Section 7.4), this study aimed to further evaluate these VUIs in a real sur-
gical setup, addressing our third research question (RQ3). This phase sought
to confirm our findings under actual surgical conditions, which can differ sig-
nificantly from laboratory environments due to factors such as higher stress
levels and time constraints. Building upon our findings from our first user
study (Section 7.4.5), we first performed refinements (Figure 7.1, Refinement)
to our approach and later evaluated each VUI during a pancreatic tumor re-
moval surgery (Figure 7.7).

We performed the following refinements to our LLM-based VUI: The tran-
scription panel providing real-time feedback to visualize the transcription of
the voice query panel was removed, as it was observed to cause more con-
fusion. Users attempting to correct what they perceived as misinterpreted
words during their query can diminish the efficiency of the LLM method, as
the context of the sentence may become unclear. Instead, we used conversa-
tional audio feedback similar to those commercially available conversational
assistants, such as Siri 1. We used sound saying “OK” to indicate receiving the
user query, and “Please state your request differently” when the LLM response
did not yield any of the defined system functions. Furthermore, we adapted
the listening time after activation of the dictation service. The user request
would automatically send to the LLM model after one and a half seconds of
silence without waiting for any further default time.

After performing refinements, we deployed our previously developed AR
Assistance system designed to visualize the 3D model of the patient during
the surgery, with the capability of both VUIs.

7.5.1. Study Design

To evaluate our LLM-based VUI and compare its outcomes, such as TCT and
cognitive load, with the speech command during actual surgery, we exclusively
employed qualitative measures and conducted post-operation interviews. This
decision was driven by the inherent variability in each patient case, which
might inevitably affect cognitive load measurements due to the unique nature

1Siri is Apple’s voice-activated virtual assistant, available on iOS devices such as iPhones
and iPads.
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Figure 7.7.: Pancreatic Surgery session. The right picture shows a snippet from the
application view captured from a surgeon’s device. GDA: Gastroduo-
denal Artery, PV: Portal Vein, CHA: Common Hepatic Artery

of each surgical procedure. Similarly, task execution time would be influenced
by the specifics of the surgery being performed. Consequently, a direct com-
parison between the two methods across different surgeries would not yield
meaningful results. Thus, we chose to gather insights through interviews and
observations, with an observer researcher participating in the surgery sessions,
making notes and observations about user interaction with the system. This
approach allowed us to assess the impacts of each VUI, enabling us to collect
qualitative data that could inform future improvements and implementations.

7.5.2. Procedure

To validate our approach in an ecologically valid environment, we conducted
clinical trials involving the intraoperative evaluation in patients with under-
lying (borderline) resectable pancreatic tumors who required various types of
pancreatic resection. The trials took place at [removed for anonymized review],
certified to perform pancreatic tumor resection surgeries.

The study protocol received approval from the Ethics Committee of the
Medical Association of Saarland under registration number: (registration num-
ber: 159/23).

The protocol of our study was also registered at ClinicalTrials.gov under
the registration number: NCT06208579.

Patients provided informed consent prior to surgery. All participating sur-
geons were fully briefed on the experimental nature of the method and the
device used. They voluntarily agreed to use the system during the surgeries,
assuming full responsibility for its operation and the outcomes. The surgeons
were also informed that they could discontinue the use of the system at any
point if necessary, without obligation.

To avoid first-time use bias, two of the surgeons (P1, P2) who participated
in study 1 participated in this study. Each surgery began with two surgeons
equipped with our designed wearable assistance system with both VC method
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capabilities. In each session, surgeons were asked to use only one of the VC
methods. However, they always had the choice to use the other method if
it was essential for the course of the surgery. We conducted interviews with
surgeons after each surgery session about their experience with each VUI.

7.5.3. Results

No technical difficulties regarding the VUIs were observed during both ses-
sions, and both surgeons used the system with the assigned VUI throughout
the surgery.
Interviews with two surgeons who experimented with both VUI across two

surgical procedures proved the feasibility of our LLM-based VUI in a real
surgical environment in line with findings from our first study.
The LLM’s capability to discern user context and analyze patient data fa-

cilitated the surgeons in adjusting the visualization of patient 3D models ac-
cording to the tumor’s proximity more efficiently, specifically in the initial
preparation phase of the operation. This benefit was encapsulated by a par-
ticipating surgeon, who remarked:

“Today’s patient had an anatomical anomaly, so we had to be
more careful in identifying the vessels during preparation, so we
don’t damage them because they were so close to the tumor. So we
had to change the visualization a lot. At that moment actually the
LLM was a big help because it saved us a lot of time.” (S2)

S1 also reflected on this topic, saying:

“I think the biggest difference between the two [VUIs] was during
the initial phase of the operation, where we usually use the system
more to identify the vessels. But when the vessels are identified
and already visible, we don’t interact with the system much.” (S1)

Unlike the speech command method, which requires precise pronunciation
of predefined keywords, the LLM system maintained a more natural commu-
nication flow. This aspect was profoundly appreciated, as S2 shared:

“speech commands also worked fine, but the issue with the speech
commands is sometimes when people are talking around the table,
you have to say a word 100 times until the system detects it. LLM
is more forgiving if that’s a correct word to use.” (S2)

Additionally, S1 reported on the benefits of using natural communication to
control the system and also sharing information with other staff around the
table. S1 reported:

“When I say a single word, usually other staff surgeons don’t
know what I am doing because they don’t see what I see in the
device. But when I talk to the system the way I talk normally, then
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they know, ok, now I am trying to see where some vessels are when
I say, for example, show me the vessels near the tumor, or like I
want to see the mesenteric artery.” (S1)

S2 also highlighted the benefits of the performed refinements, noting the re-
duced confusion from removing the transcription panel and improved system
response times:

“This time with the LLM system, we didn’t have to wait much for
the system to react, so it was way better and less annoying. Also, I
think removing the panel was a good decision, as I didn’t see what
the system understands so I didn’t worry much about correcting my
request, and the system worked even better.” (S2)

7.6. Discussion

The introduction of AR-based surgical assistance systems has significantly
transformed surgical practices, offering an enhanced level of precision and sup-
port. As these technologies evolve, the choice of interaction method to control
the system becomes a pivotal consideration. Our study introduces a novel VUI
for surgical ARAS using speech recognition and LLM and conducts a compar-
ative analysis with the conventional VUI using speech recognition and speech
commands, focusing on enhancing operational efficiency and user experience
in the critical context of surgery. Importantly, we tested both methods in con-
trolled laboratory settings and real surgical environments, offering a robust
evaluation of their practical application and performance. This dual-context
approach allowed us to gather comprehensive insights into the efficiency, cog-
nitive load, user preferences, limitations, and situational applicability of each
VC method.

7.6.1. Efficiency and Cognitive Load: LLMs versus Speech Commands

The SUS scores, along with the successful implementation of both VC methods
in simulated and real surgical environments, demonstrate their usability and
confirm their applicability in critical medical settings. However, the distinc-
tion in performance, especially in time-sensitive scenarios like the initial phases
of surgical intervention, which is the most mentally demanding phase, under-
scores the criticality of choosing the right control and interaction method.

The use of LLMs significantly outperformed traditional speech commands in
TCT. This efficiency is attributable to the LLMs’ ability to generate context-
aware outputs and execute multiple functions simultaneously to achieve a
certain undefined functionality, a quality unattainable with keyword-specific
speech commands without implementing further keywords to perform this
task. As functionalities expand, the speech command method suffers from
scalability issues, requiring an ever-increasing list of keywords. Conversely,
LLMs streamline this process, enabling parallel function execution based on
user requests without necessitating an extensive set of unique commands.
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A more intriguing aspect of LLMs lies not just in determining which function
to call based on user requests, but also in acting as an intelligent assistant and
generating outputs that normally require a complex decision-making process.
This was particularly evident when LLM successfully generated the correct
output to call certain system functionalities even when the function name or its
specific purpose was not directly mentioned in the user’s query. The capability
of LLMs to generate context-aware outputs using all available information
represents a significant advancement towards truly intelligent user interfaces
and assistance systems.

A detailed analysis of user interaction logs with the LLM revealed its abil-
ity to successfully make decisions in numerous instances where users would
otherwise have had to decide for themselves. This difference in performance
compared to speech commands was particularly evident. Despite the system
functionalities being simple and identical in both cases, the reasons for em-
ploying these functionalities were often complex. With speech commands, the
user (a surgeon) needed to decide and then instruct the system to make spe-
cific changes in visualizations using keywords. In contrast, the LLM-based
system handled the decision-making process.

For example, in task 6, P2 asked the LLM, “Can you show me what should
be resected?” Despite no specific information or annotation regarding the task
description or the structures to be enabled in this context, the LLM correctly
decided to display the tumor and the infiltrated veins and arteries within the
resection margins by invoking multiple system functions simultaneously. This
decision-making process is highly complex, relying on factors such as patient
history, tumor position, and surgical guidelines regarding resection margins.

This feature, demonstrated by the LLM not only reduced task completion
times but also significantly diminished cognitive load. This was also evidenced
by the lower scores in the NASA-RTLX, indicating a more intuitive and less
burdensome interaction for the user, something unachievable with speech com-
mand methods without pre-implementing more complex functions into the
system.

In applications such as surgical navigation systems, where system interac-
tion is part of a decision-making process contingent on the patient case and
scenario, pre-implementing an all-encompassing solution is very challenging.
On the other hand, other specialized voice assistance methods, such as those
using machine learning [95], require training the system with specific user
terminology for different scenarios. Additionally, they come with significant
processing costs that affect the performance of wearable devices. Here, LLMs
can provide significant benefits, offering a more adaptive, context-aware, and
efficient approach to managing complex tasks, even though the system itself
remains simple regarding the functionalities.

By analyzing patient-specific data and examples given in the dynamically
generated initial prompt, LLMs can offer custom recommendations, enhanc-
ing the support system’s utility in high-pressure situations. This capability
to interpret context and call relevant function combinations offers surgeons a
richer, more contextual understanding of the patient’s data, including visu-
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alization of details in the 3D models, an attribution that with conventional
voice assistant systems using speech commands cannot be achieved [95].
Despite the apparent advantages of the LLM method in facilitating quicker,

multi-functional requests, our study also highlighted a perception mismatch
among some participants. They perceived speech command execution as a
faster method for task completion, despite objective evidence showing the
LLM method reduced TCTs. This discrepancy may be linked to the system’s
default listening time (minimum ten seconds or wait for 2 seconds of silence
if longer than ten seconds) following the user query. It suggests the necessity
for an adaptive approach in managing the activation and deactivation of the
system’s listening duration for the LLM-based method to ensure the receipt
of full user queries without a long wait. As a shorter listening period could
prematurely send incomplete queries to the LLM, while a longer period might
unnecessarily delay the system’s response.

7.6.2. Pros and Cons: Balancing Control and Transparency

In our study, we found out that speech commands, with their direct and de-
terministic nature, afford users a clear understanding of cause and effect. This
transparency in interaction fosters a sense of reliability and control, essential
in high-stakes environments like surgery. However, this method’s scalability
and flexibility are constrained by the need to predefine every command, which
can limit the system’s responsiveness to complex or unforeseen requests.
On the other hand, LLMs represent a paradigm shift towards more fluid,

conversational interactions. By understanding and processing natural lan-
guage, these models offer a dynamic and flexible interface that can interpret
a broad spectrum of user requests. However, this sophistication comes with a
degree of opacity. The “black box” nature of LLMs can obscure the pathway
from request to action, potentially undermining user confidence if the system’s
reasoning and decision-making processes are not sufficiently transparent.
Our study revealed that the LLM system could effectively compensate for

errors in the dictation and speech recognition system. Unlike speech com-
mands, which necessitate precise pronunciation, the LLM system can infer
the user’s intent by analyzing the context of the query rather than focusing on
individual words. This capability significantly enhances the system’s flexibility
and user-friendliness.
However, it became evident that providing users with real-time visual feed-

back of transcription could inadvertently lead to misjudgments about the sys-
tem’s capabilities. Users attempting to correct what they perceive as misin-
terpreted words during their query can diminish the LLM method’s efficiency,
as the context of the sentence may become obscured. This observation un-
derscores the critical need for designing user feedback mechanisms that do
not compromise the clarity of communication or the efficiency of the system
control method.
Furthermore, mitigating these challenges necessitates clear communication

about the system’s operational boundaries and capabilities. Users need to
understand not just how to interact with the system, but also the underlying
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principles guiding its responses. This understanding is crucial for formulating
effective requests, especially with LLMs, where the context and specificity
of language can dramatically influence outcomes. Training and educational
programs play a pivotal role in this regard, equipping users with the knowledge
to navigate the system’s complexities and leverage its full potential.

We believe that a hybrid approach, integrating both speech commands and
LLM capabilities, emerges as a promising solution to balance control with
transparency. By allowing users to switch between modes based on the task’s
complexity or urgency, such a system combines the directness of speech com-
mands with the adaptability of LLMs. For routine tasks or when precision is
paramount, predefined speech commands could offer the most efficient path-
way. Conversely, for tasks that require a time-consuming decision-making
process or when additional context is required, the LLM recommendations
could provide a faster solution.

Implementing a hybrid model also entails designing interfaces that intu-
itively signal which mode is in operation, thereby maintaining user awareness
and trust. Visual or auditory cues could indicate the system’s current state,
whether executing a direct command or processing a more complex LLM-based
request. Moreover, offering users the ability to override or specify the control
mode empowers them to use the system’s capabilities according to their im-
mediate needs and preferences. By carefully navigating the trade-offs between
control and transparency, and by fostering an environment of continuous learn-
ing and adaptation, we can develop systems that not only enhance surgical
outcomes but also align with the users’ operational and cognitive needs.

7.6.3. Ethical Considerations

Maintaining ethical standards is crucial for preserving trust in medical research
and innovation. By adhering to ethical guidelines, researchers and practition-
ers demonstrate their commitment to prioritizing patient safety and well-being
over technological advancements.

In this study, we emphasized ethical adherence throughout all stages. We
ensured that the introduction of the AR system did not compromise the safety
of patients or surgeons, nor did it undermine the integrity of the surgical
process.

To achieve this, we initiated the study only after obtaining full approval
from the relevant medical ethics review board. All participants, including
surgeons and patients, were thoroughly informed about the study, with their
participation contingent upon a clear explanation and the collection of in-
formed consent. Patients were made aware of the potential risks, benefits,
and alternatives to ensure their participation was both voluntary and fully
informed.

We also ensured that neither the AR system nor the VC method used re-
placed the surgeon’s judgment, maintaining human decision-making in surgical
procedures, and surgeons retained complete control over the system, consistent
with the Fundamental Principles of Ethics [260].
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Our key takeaways from this study regarding ethical considerations for fu-
ture studies are as follows: The system should function solely as a supple-
mentary tool to assist the surgeon without replacing the surgeon’s expertise.
The surgeon must retain ultimate decision-making authority, ensuring patient
safety and adapting to the unique aspects of each case. Human intuition and
experience should remain the final safeguard in surgical procedures.

7.6.4. Limitations and Future Work

Even though the results of this study are promising steps towards using LLMs
not only as a VUI but also as intelligent assistants in the medical domain,
our findings are limited to the specific functionalities of ARAS we used in
this study. While these functionalities are integral to such applications, a
broader understanding of LLM capabilities requires further research. This
should involve more complex system functionalities and tasks to fully explore
and validate the potential of LLMs in diverse and demanding scenarios. In
our future work, we intend to broaden the scope of our investigation into
the capabilities and opportunities presented by LLMs in surgical assistance
systems beyond our current application as a function caller and VC method.
By leveraging the advanced natural language understanding and processing
capabilities of LLMs, we hope to uncover new ways in which these models can
contribute to the enhancement of surgical outcomes, efficiency, and safety.

7.7. Conclusion

Our comparative study of two VUIs within an AR-based surgical assistance
system highlights the distinct advantages and considerations associated with
speech commands and LLM. We found that the LLM-based VUI offered sig-
nificant improvements in operational efficiency and reduced the cognitive load
of users by allowing for natural, conversational interactions and the ability to
generate context-aware system behavior by executing multiple functions con-
currently. However, the choice between LLMs and speech commands is not
clear-cut, despite a higher preference towards LLMs; user preferences may vary
based on perceived control, transparency, and the context in which the system
is employed. While speech commands provide a sense of direct control and
transparency, LLMs require clear instructions to function optimally, which can
sometimes challenge users. The idea of a hybrid model emerges as a promis-
ing solution, aiming to combine the strengths of both approaches to cater to a
broader range of needs and situations in surgical settings. Looking ahead, we
plan to expand our exploration into the potential of LLMs as conversational
assistants that not only could control the system but could participate more
in the decision-making process, further enhancing the capabilities of surgical
assistance systems. This study lays the groundwork for future advancements
in surgical technology, emphasizing the importance of the involvement of end-
users during design and evaluation and the need for systems that balance
efficiency, cognitive ease, and adaptability to the fast-paced, complex nature
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of surgical environments.
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While the previous chapters concentrated on the technical intricacies of
designing reliable AR systems that improve skill acquisition and provide cog-
nitive support, this chapter takes a step beyond the technicalities. It shifts
focus toward the broader, multifaceted considerations essential for designing
and developing systems within the high-stakes context of the medical domain.
Drawing on our extensive research experience, careful analysis of qualitative
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data gathered from end-users, and insights from the broader fields of Human-
Computer Interaction (HCI), this chapter explores the topic through four dis-
tinct lenses: interdisciplinary collaboration and the imperative of co-Creation,
human-centered design and experience, clinical environment and workflow in-
tegration, clinical environment and workflow integration, and generalizability
and domain-specific constraints. Together, these perspectives aim to offer a
more holistic understanding of what it truly means to create effective and
trustworthy AR solutions in critical healthcare environments.
Parts of this chapter were covered in the following publications:

1. Javaheri, Hamraz, Omid Ghamarnejad, Paul Lukowicz, Gregor A.
Stavrou, and Jakob Karolus. “From Concept to Clinic: Multi-
disciplinary Design, Development, and Clinical Validation of Aug-
mented Reality-Assisted Open Pancreatic Surgery.” In Proceed-
ings of the 2025 CHI Conference on Human Factors in Computing
Systems, pp. 1-24. 2025.

2. Javaheri, Hamraz, Omid Ghamarnejad, Paul Lukowicz, Gregor A.
Stavrou, and Jakob Karolus. “Breaking the Dogma: Misconcep-
tions, Challenges, and Lessons Learned from AI and AR-Assisted
Pancreatic Surgery” Proceedings of CHI ’25 Workshop on Envi-
sioning the Future of Interactive Health.

8.1. Human-Centered Design and Experience

In high-stakes medical contexts, where the cost of error can be severe, the
usability and cognitive compatibility of technology are just as critical as its
technical performance. AR systems have the potential to support clinical
decision-making, enhance training, and reduce human error, but only if they
are designed with a deep understanding of the people who will use them.
Human-centered design (HCD) emphasizes designing with and for users, recog-
nizing their workflows, mental models, stress factors, and practical limitations.
In this section, we explore the importance of understanding user profiles, us-
ability principles, cognitive load, trust dynamics, and the need for continuous
learning support in AR design for the medical domain.

8.1.1. Understanding the User Profile

Designing AR systems for healthcare requires more than general usability
heuristics; it demands a nuanced understanding of specific user profiles. A
surgical resident, an ER nurse, and a radiologist all have vastly different con-
texts, cognitive demands, and expectations. These distinctions influence not
only how users interpret augmented information but also how they respond
under pressure.
HCI literature underscores the importance of situated actions, decisions and

behaviors shaped by the context in which they occur [244]. In clinical settings,
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these actions are time-sensitive, collaborative, cognitively challenging, and of-
ten mediated by institutional routines. Neglecting these contextual details can
lead to AR systems that are technically functional but practically unusable.
One of the main defining factors of user profiles is the cognitive load they

regularly endure. Medical professionals operate under intense cognitive de-
mands. AR systems designed for that introduce excessive visual information,
require multitasking, or demand constant attention-switching risk overwhelm-
ing users rather than aiding them.
Moreover, understanding user profiles must go beyond a broad definition

of their professional roles. Even within the same user category, expectations
and information needs can vary based on experience level, responsibilities,
and moment-to-moment task demands. For instance, what a lead surgeon
considers essential information for a surgical navigation system may differ
substantially from what a junior assistant deems most valuable. This was
clearly reflected in interviews conducted with surgeons who participated in
the same procedures but played different roles.
One senior surgeon emphasized a need for targeted, minimal information to

support decision-making in high-stakes moments:

“Is there a variation of the anatomy? Is there a special situation
about this patient? And where actually in the operation am I? Am
I near the vessels? So then I know now I have to take it slow and
really take my time to dig out the vessels. And don’t make a quick
cut or something like that. I think that is really enough. I don’t
need to see everything all the time.”

In contrast, a junior surgeon highlighted how the AR system offered valuable
guidance by making the spatial structure of the operation more legible:

“When I participated in this type of operation for the first cou-
ple of times, I never understood what the chief surgeon was doing,
because I didn’t know where he was going in, I didn’t know which
vessels he wanted to focus... With this system (ARAS) and visu-
alizing all of the 3D models (of vessels) during operation, I think
I understood this operation better as I could clearly see where the
vessels are.”

These examples illustrate the importance of designing systems that are sen-
sitive to user role, experience level, and task-specific needs. Techniques such
as contextual inquiry, task analysis, and persona development are essential
in early design stages to align AR functionality with the cognitive workflows
and expectations of different users [193]. Neglecting these differences increases
the risk of cognitive dissonance, underutilization, or outright rejection of the
system.

8.1.2. Usability and System Design

Usability remains a cornerstone of system adoption and performance. Ac-
cording to Norman [193], systems must afford intuitive interactions, visible
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affordances, and clear feedback. In AR interfaces, this becomes more complex
due to spatial interaction, gesture inputs, and layering of digital elements onto
real-world environments.

Endsley’s theory of situation awareness is highly relevant here. She argues
that effective decision-making relies on maintaining an accurate perception of
the current environment, understanding its dynamics, and anticipating future
states [74]. AR has the potential to enhance this awareness, if it delivers timely,
relevant, and non-intrusive information. Otherwise, it becomes a cognitive
burden and impairs performance, particularly during emergencies.

Effective system design in AR must therefore go beyond visual fidelity to
include ergonomics, gesture consistency, and contextual clarity. These factors
help reduce user friction and improve performance under real-world pressures.

A key design principle observed during testing sessions for ARAS with sur-
geons, and consistently emphasized across feedback interviews, was the philos-
ophy of “less is more.” This principle should guide multiple layers of system
design: from the setup process to the user interface, interaction, and especially
to information visualization strategies.

The information visualization must be minimalistic, highlighting only the
most critical data relevant to the task at hand. Overloading the user with un-
necessary or static data increases cognitive burden and distracts from decision-
making. Instead, a progressive disclosure model should be used, offering details
on demand when needed [235]. This approach aligns well with the dynamic
and focused nature of the critical medical domain.

Additionally, the system initialization and setup should be as straightfor-
ward as possible. For instance, in busy operating rooms, there is minimal
tolerance for cumbersome configuration or system calibration. A streamlined
system initialization reduces preparation time, technical friction, and resis-
tance from clinical staff.

These requirements were clearly encapsulated by a surgeon, who emphasized
the importance of fast system initialization requirements, easy interaction, and
details-on-demand in time-critical procedures.

“I think ideally the system should just run and show only the po-
sitions of the vessels and tumor once you run it without a need
to do much, so we can just quickly check before starting vascular
preparation or tumor resection. You don’t have the time to waste
on having a menu and choosing the options during the pancreas
surgeries. It would be nice to know that you have the options to
control what you see if you need it, but without spending too much
time on it.”

However, while minimizing complexity, it is equally important to maintain
a balance between simplicity and control. Over-simplification can undermine
transparency and user trust. Users must understand why the system displays
or hides specific information; otherwise, they may develop under-reliance or
over-reliance on the system, both of which can be harmful in critical scenarios.
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Trust is shaped not only by the technical accuracy of the system but also by
interface cues, feedback mechanisms, and the perceived controllability of the
system. Systems that allow users to validate, override, or explore underlying
logic foster more calibrated and responsible trust. At the same time, designers
must avoid overwhelming users with excessive justifications or options, which
could slow down decision-making or cause frustration.

8.1.3. Learning Curves and Training Support

Even intuitive AR systems require training, especially when they introduce
fundamentally new ways of interacting with digital content. In the context of
AR, users are often required to manipulate and interpret spatial data, perform
mid-air gestures, or engage with voice or gaze inputs, interaction modes that
go beyond the flat, screen-based paradigms most users are familiar with.

The learning curve varies by user group and system complexity, but ne-
glecting structured onboarding and long-term skill support reduces long-term
adoption. Not all users will be “digital natives,” and the system must accom-
modate a wide range of technical fluency levels. This is particularly relevant
in clinical domains, where many users, especially senior medical professionals,
may have limited exposure to emerging technologies or non-traditional inter-
action models. Unlike software developers or engineers, clinicians typically do
not interact with 3D interfaces, virtual environments, or head-mounted dis-
plays in their day-to-day work. As a result, introducing AR tools into such
environments requires careful preparation, onboarding, and gradual exposure
to new interaction models. From a design perspective, this means antici-
pating resistance or uncertainty and embedding progressive learning scaffolds
directly into the system. The goal is to reduce friction between the user’s men-
tal model, shaped largely by 2D interfaces, and the interaction model offered
by AR, which often requires spatial reasoning, gesture memory, and a stronger
sense of embodied interaction. Designing for graceful degradation, where the
system can still provide value with minimal interaction, is one strategy to
support less tech-savvy users without overwhelming them.

From an HCI standpoint, fostering learnability, the extent to which users
can improve their performance with experience, is essential to long-term adop-
tion [193]. Interfaces should become more efficient with repeated use, while
retaining fallback guidance for occasional or returning users.

Ultimately, recognizing the learning curve as a core design concern, rather
than an afterthought, enables smoother integration of AR systems into the
medical domain. It also ensures that the technology empowers clinical users
rather than placing additional cognitive or procedural burdens on them.

8.2. Clinical Environment and Workflow Integration

While usability and human-centered interaction are foundational to AR system
design, they are insufficient on their own if the system cannot be meaningfully
integrated into the dynamic and constrained environments of clinical practice.
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The success of any augmented reality solution in the medical domain depends
heavily on how well it fits into existing clinical workflows, tool ecologies, spatial
constraints, and collaborative structures. Clinical environments are not static
or generic, they are highly context-sensitive, time-pressured, and shaped by
organizational norms, interdependencies, and physical limitations.

Designing for such environments requires attention to situated practice,
workflow compatibility, and in-situ evaluation.

8.2.1. Situated Use and Context-Aware Design

A central principle in HCI is that user interaction is shaped not just by in-
terface design but by situated action, the real-world context in which the ac-
tion takes place. Suchman’s foundational work argues that behavior emerges
dynamically in context, rather than following predefined plans [244]. This in-
sight is particularly salient in clinical environments, where the same treatment
procedure or operation may be performed differently depending on patient
anatomy, team composition, or unexpected incident developments.

AR systems must be designed not only for users but for the situations in
which those users operate. Context-aware design in AR entails detecting and
adapting to variables such as the phase of the procedure, the role of the user
(e.g., lead surgeon vs. assistant), the available space, and concurrent device
usage.

8.2.2. Workflow Compatibility and Seamless Integration

Clinical workflows are intricate and tightly choreographed. A single disruption,
whether from misaligned technology, interface delays, or unclear output, can
compromise safety or efficiency. Therefore, AR systems must be designed to
augment clinical practice without interrupting it.

The SEIPS model (Systems Engineering Initiative for Patient Safety) devel-
oped by Carayon et al. [38] emphasizes the integration of tools, tasks, people,
and organizational structures in healthcare environments. This model pro-
vides a useful lens for understanding how AR tools must be evaluated not in
isolation, but as part of the larger sociotechnical system.

For example, an AR interface used in the operating room should integrate
with existing imaging systems, avoid interfering with sterile fields, and respect
the temporal pacing of procedures. Features such as hands-free interaction,
voice control, and gesture-based navigation can facilitate this integration, but
only if they are robust to environmental noise, surgical gloves, and movement
constraints.

8.2.3. Spatial and Physical Constraints

Clinical settings are often characterized by spatial limitations, crowded team
dynamics, and competing technologies. Unlike desktop computing environ-
ments, where the interaction space is controlled and predictable, clinical AR
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applications must contend with shared physical spaces that are already satu-
rated with equipment and personnel.

Isella et al. [117] demonstrate how spatial dynamics in hospital environ-
ments, captured through wearable sensors, expose dense, fast-paced interac-
tion patterns among clinicians. These findings highlight how unpredictable
spatial flows and human proximity patterns can complicate the deployment
of sensor- or gesture-based AR systems, especially in multi-user environments
like operating rooms or ICUs.

In the design of AR systems, this means avoiding obstructive visual pro-
jections and ensuring reliable performance across varying lighting conditions,
user positions, and viewing angles, all while maintaining compatibility with
sterile protocols. Furthermore, interaction modalities, such as gesture, gaze,
or voice input, must be carefully adapted to the physical realities of clinical
environments, including the use of gloved hands, ambient noise, and the need
for unobtrusive operation within shared, high-traffic spaces.

8.2.4. Real-World Evaluation and Iterative Refinement

Effective integration cannot be validated solely in labs or simulated environ-
ments. It requires in-situ evaluation, testing and refining the AR system in
real-world clinical workflows, with all their unpredictability and constraints.

The effective integration of AR systems into healthcare workflows requires
more than controlled lab testing or high-fidelity simulations. While such set-
tings are useful in early-stage development, they rarely capture the full eco-
logical complexity and unpredictability of real-world clinical practice. In HCI
research, this limitation is well recognized: systems often behave differently
when removed from the tightly controlled lab and introduced into context-rich
environments where human routines, technical infrastructure, and physical
constraints interact in unpredictable ways [36, 66].

In-situ evaluation, the process of testing systems within the actual environ-
ments in which they will be used, offers a critical methodology for uncovering
issues that remain invisible in abstracted settings. Such evaluations provide
insight into situated action and emergent practices, how people adapt their
use of a system in real time and how the system, in turn, shapes the flow of
work [244]. For AR systems, in-situ testing is particularly essential due to
their embodied interaction models, reliance on spatial fidelity, and sensitivity
to real-time environmental input.

Our study with the ARAS system, an AR-based surgical navigation tool,
exemplifies the value of in-situ, iterative testing. Early lab-based feedback
was positive, but only through multiple rounds of field testing with surgi-
cal teams in real operating environments did subtle yet critical design issues
emerge. Iterative refinement based on these findings allowed the ARAS system
to gradually evolve into a more context-sensitive, workflow-aligned tool. This
process reflects well-established principles in HCI, particularly those of partic-
ipatory design and human-in-the-loop evaluation, which stress the importance
of continuous feedback loops between system design and user practice [96].
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Furthermore, in-situ evaluation fosters user trust and system credibility,
two key factors in the adoption of novel technology in high-risk domains like
healthcare. As noted by Blandford et al. [26], designed systems must be tested
not only for usability, but also for their capacity to integrate seamlessly into
existing work systems without compromising safety, efficiency, or professional
autonomy.
In sum, deploying AR systems in healthcare settings requires more than

technical excellence; it demands a deep commitment to contextual adapta-
tion, empirical validation under real-world conditions, and responsiveness to
the evolving needs and feedback of users. In-situ evaluation is not an optional
step in this process, it is an essential practice for ensuring that AR technolo-
gies move beyond conceptual promise to practical, trustworthy, and impactful
clinical tools.

8.3. Interdisciplinary Collaboration and the Imperative of
Co-Creation

Developing and deploying AR systems in healthcare is not merely a technical
challenge, it is a deeply interdisciplinary endeavor. It demands close, sustained
collaboration across clinical practitioners (e.g., surgeons, nurses, radiologists),
system designers, HCI researchers, regulatory experts, and often ethicists or
patient advocates. Each group brings a unique perspective on what constitutes
value, risk, and success.
This collaboration is not only desirable, it is essential. In clinical prac-

tice, the ultimate responsibility for patient safety and outcomes rests with the
healthcare professionals. If these users are expected to rely on AR systems in
time-critical, high-consequence environments, they must also be empowered
to evaluate, question, and understand those systems. However, such evalua-
tion is only possible when users trust the underlying design and development
process, a trust that cannot be achieved through documentation or training
alone.
As our own development work has also shown, trust is significantly en-

hanced when clinical users are involved as co-creators, not merely as testers
or end-users. When clinicians actively contribute to shaping system behavior,
visualizations, and interaction models, they not only improve the system de-
sign and quality but also develop a deeper sense of ownership and confidence
in the technology.
This dynamic was evident throughout our study with ARAS. As surgeons

gained familiarity with the AR system and experienced its positive impact on
surgical precision and efficiency, their trust and willingness to use and con-
tribute to improving the technology grew. This observed increase in user
acceptance correlated with surgeons consistently reporting ARAS’s useful-
ness during the postoperative interviews. This observation also aligns with
davis1989perceived’s work, which shows that perceived usefulness strongly cor-
relates with user behavior. This chain of influence reflects a well-established
pathway in HCI and technology acceptance research, where participatory in-
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volvement supports both system credibility and long-term integration into
practice.

In many cases, however, the collaboration between technical developers and
clinical staff is hindered by disciplinary silos, terminology gaps, or mismatched
incentives. Addressing these challenges requires creating shared spaces, con-
ceptually and practically, where mutual learning and joint decision-making
can occur. Methods from participatory design, action research, and reflec-
tive practice in HCI provide effective frameworks for enabling this kind of
interdisciplinary engagement [237].

Moreover, interdisciplinary research contributes to research legitimacy itself.
Clinical users are more likely to commit their limited time and professional
credibility to validating a system if they see their concerns reflected in its as-
sumptions and design choices. In contrast, systems developed without clinical
input often face invisible resistance, where users opt out of real-world testing
or undermine deployment through passive non-engagement.

In short, the co-creation of AR systems is not just a design strategy, it is
a mechanism for building trust, ensuring responsibility, and enabling robust
evaluation in the high-stakes context of clinical care.

8.4. Ethical Considerations

Systems designed for use in healthcare inherently carry risks, particularly when
they influence clinical decisions, expose sensitive patient data, or operate semi-
autonomously. For AR to gain legitimacy and trust in the clinical domain,
its design and implementation must be guided by principles of responsible
innovation, value-sensitive design, and regulatory alignment.

8.4.1. Embedding Ethical Values Through Design

AR systems mediate perception, decision-making, and behavior. As such,
they are not ethically neutral tools, but active agents in shaping clinical prac-
tice. The HCI concept of Value Sensitive Design (VSD) provides a structured
approach to embedding human values, such as privacy, accountability, and au-
tonomy, into the design process from the outset [89]. Unlike approaches that
treat ethics as an afterthought, VSD emphasizes proactive ethical deliberation
during requirements gathering, prototyping, and evaluation.

For example, in surgical AR systems, decisions must be made about which
anatomical structures are visualized, when alerts are triggered, and who con-
trols the display. These choices can have ethical implications, for instance, by
reinforcing hierarchical control, obscuring critical information, or unintention-
ally biasing the user toward a particular decision path.

Involving diverse stakeholders (e.g., surgeons, nurses, ethicists, IT staff) in
participatory design activities is key to ensuring that such systems reflect the
moral and professional values of their intended users.
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8.4.2. Algorithmic Transparency and the Risk of Over-Reliance

As AR systems increasingly incorporate intelligent and data-driven compo-
nents, including automated annotation, predictive modeling, and computer
vision, the issue of algorithmic opacity becomes a central ethical and practical
concern. Systems that interpret and display complex patient data through AR
interfaces can inadvertently shape clinical decision-making, sometimes without
clearly communicating their reasoning or limitations. Mittelstadt et al. [183]
highlight how such systems may obscure biases, amplify errors, and create
accountability gaps when their outputs are not transparent or contestable.

In clinical AR, these risks are compounded by the perceptual authority of vi-
sual overlays. When a system highlights a vessel, or prioritizes one anatomical
region over another, clinicians may feel compelled to follow its guidance, even
in the absence of clear justifications. This phenomenon, known as automation
bias, can undermine critical thinking and lead to over-reliance, particularly in
users with lesser clinical and surgical expertise.

When embedded within AR systems, LLMs have the potential to enhance
interpretability and user trust by delivering natural language explanations,
generating contextual summaries, or serving as an intuitive bidirectional com-
munication interface. As demonstrated in our work, LLMs can simultaneously
simplify system design, by consolidating multiple input/output pathways, and
support more natural, human-centered interaction. For example, a clinician
might ask, “Why is this region highlighted?”, and receive a concise explana-
tion grounded in anatomical context or statistical inference. This functionality
supports real-time sensemaking and aligns closely with emerging research in
explainable AI (XAI) and interactive transparency, which emphasizes the need
for systems that foster human oversight, comprehension, and agency [7, 64].

However, LLMs also carry risks. Their outputs may appear fluent and
confident while being factually incorrect or contextually misaligned with clin-
ical realities. The ambiguity in source attribution, lack of standardization in
explanation quality, and potential for hallucinations present significant bar-
riers to safe integration in clinical workflows. Without proper safeguards,
LLM-generated feedback may reinforce over-reliance rather than mitigate it,
particularly when embedded in visually authoritative AR environments.

To address these challenges, beyond implementing strong safeguards, they
must include transparency scaffolding: visual or verbal indicators of uncer-
tainty, options for verifying model outputs, and access to underlying data or
rationale. Effective automation must not only be technically accurate but
also communicative about its confidence levels, assumptions, and boundaries.
Embedding these features within AR interfaces, without overwhelming or dis-
tracting the user, requires careful interaction design and continuous evaluation
in situ.

8.4.3. Patient-Centered Ethical Considerations

While much of the discussion around AR system design in healthcare focuses
on technical feasibility and clinical usability, the primary ethical responsibility
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lies with safeguarding the rights, well-being, and dignity of the patient. Any
intervention, technological or otherwise, that influences diagnosis, treatment,
or clinical decision-making must be designed with the patient as the ultimate
stakeholder. This includes ensuring patient safety, data privacy, consent, and
the avoidance of harm, in both direct and indirect forms.

Safety is a fundamental concern. AR systems that misrepresent information,
delay decision-making, or introduce visual or cognitive distractions can com-
promise clinical outcomes. Because these systems are often integrated into
time-critical and high-risk workflows, even small usability failures can have
serious consequences.

Privacy is another cornerstone of patient-centered ethics, particularly given
the data-intensive nature of AR systems. These platforms may access or vi-
sualize sensitive health information, imaging scans, physiological signals, or
real-time biometric data, raising concerns about data exposure, unauthorized
access, and secondary use. Developers must implement privacy-by-design prin-
ciples, including strong encryption, role-based access control, and transparency
in data handling practices [89, 183].

Moreover, informed consent becomes increasingly complex in AR-enhanced
settings. Patients may not fully understand what data is being collected, how
it is being visualized, or who has access to it, especially in contexts involving
telepresence, mixed-reality training, or AI-generated overlays. Ensuring com-
prehensible and context-specific consent procedures is crucial, as is offering
patients meaningful choices about how their data is used and shared.

Finally, ethical design must also account for patient dignity and the human
experience of care. Technologies that reduce patients to data points, diminish
interpersonal interaction, or overly medicalize routine procedures may inadver-
tently dehumanize the care experience. AR designers should therefore strive
to create systems that are not only functional and efficient but also respectful,
empathetic, and transparent in how they intersect with the patient’s body and
narrative.

8.5. Generalizability and Domain-Specific Constraints

A recurring challenge in the design of AR systems for healthcare is the ques-
tion of generalizability: to what extent can findings, methods, or interaction
patterns developed in one clinical context be transferred to another, or even
to different domains entirely? From a HCI perspective, this challenge reveals
the tension between universal design principles and the situated nature of use.

Traditional HCI has often sought to develop reusable design patterns and
heuristics that apply across settings, promoting scalability, efficiency, and con-
sistency. However, as Suchman’s theory of situated action emphasizes, user
behavior and system use are heavily shaped by context, including physical en-
vironments, professional roles, organizational norms, and temporal pressures
[244]. In healthcare, these contextual variables are especially pronounced: dif-
ferent clinical specialties, institutional cultures, and even surgical teams may
exhibit divergent practices, mental models, and risk tolerances.
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In our work with different medical specialties, it became evident that in-
teraction modalities, information needs, and even trust dynamics varied sig-
nificantly, not only across institutions, but among individuals with different
clinical roles and levels of experience. This reflects a broader pattern noted
in HCI literature: while generalizable frameworks (e.g., participatory design,
value-sensitive design) can guide development, interface-level generalizations
are often inappropriate or misleading in safety-critical domains [26, 51].
Moreover, the medical domain imposes unique constraints that further limit

generalizability. Unlike consumer or enterprise software, clinical systems must
align with regulatory standards, integrate into highly structured workflows,
and accommodate responsibilities that carry legal and ethical weight. Design
decisions that succeed in one surgical workflow may prove infeasible or unsafe
in another due to differences in available technology, staff roles, or procedural
pacing. In this sense, seeking a “universal” AR solution for healthcare is not
only impractical, it may be actively counterproductive.
Instead, researchers and developers must approach clinical AR system de-

sign with a focus on contextual fit, iterative adaptation, and local validation.
HCI practices such as in-situ evaluation, design ethnography, and reflexive par-
ticipatory methods offer more appropriate paths forward than one-size-fits-all
toolkits or interface templates.
In conclusion, while some foundational design insights may transcend do-

mains, the development of clinical AR systems must embrace situatedness,
specificity, and responsiveness as core design values. Attempting to generalize
without grounding solutions in real-world clinical variation risks overlooking
the very complexities that define healthcare practice.
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Chapter 9
Conclusion and Future Directions

9.1. Summary of Contributions

This dissertation investigates how augmented reality can be harnessed to im-
prove human performance in tasks that demand substantial cognitive effort,
precise motor control, and rapid decision-making under pressure. Critical
medical procedures, in which these challenges are inherently present, serve
as the primary context for this investigation. Through an interdisciplinary
approach that integrates computer science and medical practice, the work de-
velops methods designed to support clinicians in high-demand environments.

Rather than approaching AR in healthcare from a single disciplinary per-
spective, the thesis adopts a mixed methods framework that combines en-
gineering design, human-computer interaction, real-world clinical evaluation,
and outcome-based analysis. As a result, it provides a cohesive and practi-
cally oriented contribution that addresses both the technical foundations and
the human and clinical contexts necessary for the meaningful adoption of AR
technologies in healthcare.

The work begins by establishing foundational knowledge for the medical
domain, investigating how hardware and software-related factors influence hu-
man performance and usability in AR systems. This contribution integrates
literature review, empirical evaluation, and user-centered studies to identify
key constraints that inform design and deployment decisions (Chapter 2 and
Chapter 3). It further advances system engineering and development through
two implemented applications: one to support the acquisition of procedural
and motor skills (Chapter 4), and another for preoperative and intraopera-
tive cognitive support during pancreatic surgery (Chapter 5). Together, these
systems illustrate scalable engineering and design approaches to enhance user
performance using AR in cognitively challenging and time-pressured domains
across an extended spectrum from training and skill acquisition to real-time
cognitive support within surgical contexts. By exploring the design space for
support under cognitively demanding environments such as intraoperative sce-
narios, the thesis also proposes an innovative use of large language models to
enable context-aware system design that reduces cognitive load, accelerates
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task completion, and simplifies system development (Chapter 7).

In addition, the thesis provides a rigorous evaluation of these methods in
ecologically valid environments. By conducting clinical trials, it demonstrates
the downstream real-world impact of augmented reality technologies on both
surgical performance and patient outcomes (Chapter 6). Finally, in its en-
deavor to expand knowledge in human-computer interaction for the medical
domain, the thesis synthesizes insights from interdisciplinary collaboration,
user feedback, and HCI theory to propose a holistic framework for design in
safety-critical contexts, emphasizing co-creation, workflow integration, human-
centered design, and ethical considerations (Chapter 8).

Taken together, these contributions form an integrated framework that ad-
vances augmented reality in medicine from conceptual innovation to practical,
clinically deployable solutions. By uniting system engineering, adaptive intel-
ligence, human-centered design, and empirical validation, this work provides a
replicable model for the future development of augmented reality technologies
in healthcare, demonstrating how interdisciplinary approaches are essential to
achieving both technical excellence and clinical relevance.

9.2. Future Works

As AR technologies mature and begin to find applications in high-stakes med-
ical environments, several critical directions emerge for future research. One
of the most pressing gaps in the development of AR systems for medical appli-
cations is the absence of domain-specific benchmarks and standardized eval-
uation protocols. The pursuit of perfection of technical performance when
it comes to the medical field, in the absence of context-aware benchmarks,
risks obscuring the actual value AR technologies bring to practice. Current
evaluations tend to emphasize raw technical metrics such as spatial accuracy,
latency, and visual fidelity, often without sufficient consideration of the clinical
context in which the system will be deployed.

While technical excellence is undoubtedly important, there is a common
misconception that perfection, typically defined in terms such as millimetric
accuracy for virtual object registration or flawless system stability, is univer-
sally required across all medical domains. This assumption overlooks the fact
that what constitutes “perfection” or even “usability” can vary significantly
between and even within clinical fields.

A system that slightly compromises on precision but enhances clinician sit-
uational awareness, reduces procedure time, or supports better training out-
comes may be far more impactful than one that achieves near-perfect tracking
in a lab but fails in real-world adoption. Without domain-specific standards,
such trade-offs are difficult to quantify or justify, leading to both underreport-
ing of meaningful benefits and overemphasis on technical refinements that may
not translate to clinical utility.

Future research should therefore focus on establishing domain-specific bench-
marks that align performance evaluation with the specific goals, risks, and
workflows of different medical contexts. Such benchmarks should be devel-
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oped in collaboration with clinicians and domain experts to ensure clinical
relevance, and they should include not only system-centric metrics, such as
latency, tracking stability, or field of view, but also human-centric measures
such as task efficiency, error reduction, cognitive load, and decision confidence.
Equally important is the need to standardize measurement approaches. At
present, the variety of tools, methodologies, and protocols used to assess AR
systems leads to fragmented results and complicates comparison. Agreement
on how performance is measured will be essential for building a coherent evi-
dence base.

Moving forward, the field must recognize that effectiveness in medical AR
is not universally defined by extreme precision. At the same time, impact
should be assessed in relation to the specific clinical function the system serves.
Establishing robust, domain-appropriate benchmarks and standardizing mea-
surement approaches are critical next steps toward ensuring that AR technolo-
gies are not only technically impressive but also clinically meaningful, scalable,
and trusted in practice.

Complementing the need for standardized evaluation, another promising di-
rection for future research is the development of personalized and intelligent
AR systems that adapt dynamically to individual users and clinical contexts.
Most existing medical systems are designed with a one-size-fits-all approach,
offering little adaptation to the user’s experience level, task complexity, or sit-
uational demands. As a result, the burden typically falls on the user to learn
and adapt to the system, rather than the system accommodating the user.
However, clinical environments are inherently variable, and users differ widely
in cognitive load tolerance, procedural familiarity, and interaction preferences.
Future AR systems should be capable of tailoring content delivery and inter-
action modalities based on user profiles, such as expertise level (e.g., trainee
vs. senior surgeon), physiological states (e.g., stress or fatigue indicators),
or past performance. The integration of intelligent agents, including large
language models, further opens the possibility for context-aware guidance,
decision support, and real-time adaptation. For instance, an intelligent AR
system could offer more detailed step-by-step instructions to a novice, while
providing high-level cues or alerts to an expert. It could also detect procedu-
ral deviations or user hesitation and respond proactively with timely prompts
or additional resources. Developing such personalized and adaptive systems
will require interdisciplinary research across human-computer interaction, ma-
chine learning, and clinical informatics. Key challenges include maintaining
user trust, avoiding over-reliance on automation, and ensuring that the system
adapts in ways that enhance rather than distract from clinical performance.
Nevertheless, personalization and intelligent responsiveness represent a critical
frontier in making AR not just an overlay technology, but a truly integrated
and supportive part of clinical decision-making and performance.

Altogether, personalization and intelligent responsiveness represent a vi-
tal step forward in making AR not just a visual augmentation tool, but a
deeply integrated and supportive element of clinical decision-making and per-
formance. When paired with robust benchmarking and evaluation standards,
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these future directions promise to move the field beyond technical demonstra-
tion toward truly impactful, scalable, and safe clinical deployment.
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Appendix A
Glossary of Medical Terms

Neoadjuvant chemotherapy Chemotherapy administered before surgery to
shrink a tumor and increase the chances of complete removal.

Hepatopancreatobiliary (HPB) A medical field concerning diseases of the
liver (hepato-), pancreas (pancreato-), and biliary system (bile ducts
and gallbladder).

Retroperitoneum A space in the abdominal cavity behind the peritoneum.
Organs such as the pancreas, kidneys, and aorta are located here.

R0 resection A complete surgical removal of a tumor with no cancer cells at
the microscopic level along the resection margins.

R1 resection Tumor removal where cancer cells are present at the resection
margin under the microscope, indicating incomplete excision.

Clavien-Dindo classification A system to grade the severity of surgical com-
plications based on the type of treatment needed, ranging from minor
(Grade I) to fatal (Grade V).

Postoperative pancreatic fistula (POPF) Leakage of pancreatic fluid from
the surgical site; classified by severity using ISGPS definitions.

Delayed gastric emptying (DGE) A condition where the stomach fails to empty
normally after surgery, leading to delayed oral intake and prolonged re-
covery.

Postpancreatectomy hemorrhage (PPH) Bleeding that occurs after pancre-
atic surgery. It is categorized into grades A, B, or C depending on
severity and intervention required.

Appleby procedure A radical surgical technique involving removal of the dis-
tal pancreas and the celiac artery, typically used for tumors involving
major arteries.
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A. Glossary of Medical Terms

Borderline resectable pancreatic cancer Tumors that involve nearby major
blood vessels. Surgery is possible but challenging; often treated with
preoperative chemotherapy to improve outcomes.

ISGPS International Study Group of Pancreatic Surgery: An expert panel
that standardizes definitions of complications related to pancreatic surgery.

PPPD (Pylorus-preserving pancreaticoduodenectomy) A type of surgery that
removes the head of the pancreas while preserving the stomach’s pylorus
(outlet valve), commonly used for pancreatic cancer.

ASA classification A grading system developed by the American Society of
Anesthesiologists to assess the preoperative health status of a patient.

Vascular resection Surgical removal of blood vessels that are invaded by a
tumor; often involves reconstruction of the vessel during surgery.

Extended organ resection Surgical removal of additional organs (e.g., colon,
stomach, liver) that are directly involved or invaded by the tumor.

Resection margin The edge of the tissue removed during surgery. Analysis
determines whether the tumor was entirely excised (R0) or not (R1/R2).

Superior mesenteric artery (SMA) Amajor artery that supplies blood to the
small intestine. Its proximity to the pancreas makes it a critical structure
in pancreatic surgery.

Celiac axis A major artery branching off the aorta, supplying blood to the
liver, stomach, and spleen. Often involved in advanced pancreatic can-
cers.
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